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FOREWORD

The material covered in this report includes the work of several

Laboratory divisions, each of whose activities is coordinated by the

Nuclear Safety Program Director through the division representatives.

Most of the programs are funded by the USAEC Division of Reactor Develop-

ment and Technology and administered by branches reporting to the Assis-

tant Director for Nuclear Safety, J. A. Lieberman, including the Research

and Development Branch under S. A. Szawlewicz, the Engineering and Test

Branch under H. G. Hembree, the Environmental and Sanitary Engineering

Branch under W. G. Belter, and the Analysis and Evaluation Branch under

A. J. Pressesky. Small amounts of work are performed for the Division

of Production and the Division of Technical Information. However, for

convenience in the presentation of technical information no attempt is

made in this report to identify the support for each project.

The ORNI Nuclear Safety Program involves tasks in several laboratory

divisions and is closely related to programs at other Laboratories. Or-

ganization of the Laboratory program is shown in the chart appended to

this report. Some of the work in this program is in direct support of

other commission programs, e.g., the LOFT program at Phillips Petroleum

at the National Reactor Testing Station and the CSE (Containment Systems

Experiment) of Battelle Northwest Laboratories at Hanford. Complementary

activities are conducted at a number of Laboratories, which in addition

to those mentioned above, include Battelle Memorial Institute-Columbus,

Brookhaven National Laboratory, Argonne National Laboratory, the Harvard

Air Cleaning Laboratory, and others. In addition, the program now has

subcontracts with more than a dozen other research or engineering instal-

lations.

There have been several significant changes in the scope of our work

since the last report. These changes reflect both growth and change in

the nuclear industry, as well as the Commission's emphasis on integrated

programs, frequently with less emphasis on laboratory research. The new

programs initiated during the past year include spray and pressure-sup-

pression technology, prompt fission-product release, RDT reactor standards,
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design criteria for nuclear piping, and the computer handling of reactor

data for safety.

Starting in calendar year 1966 the formal progress report describing

the activities of the Nuclear Safety Program was issued annually at the

end of the calendar year. These reports are restricted to summaries of

work in progress and contain less detail than in the past. Detailed tech-

nical information will appear in comprehensive topical reports that are

being issued in increasing numbers. However, in order to provide adequate

information for the Commission and their other nuclear safety contractors,

an informal bimonthly report is prepared. A list of all reports issued

during the past year is appended to this report (see Bibliography). The

present progress report is the tenth in the series describing the Nuclear

Safety Program being carried out at the Oak Ridge National Laboratory as

a part of the Reactor Safety Program of the Reactor Development and Tech-

nology Division, U.S. Atomic Energy Commission. The previous reports in

this series are:

ORNL-3319 Period Ending June 30, 1962
ORNL-3401 Period Ending December 31, 1962
ORNL-3483 Period Ending June 30, 1963
ORNL-3547 Period Ending December 31, 1963
ORNL-3691 Period Ending June 30, 1964
ORNL-3776 Period Ending December 31, 1964
ORNL-3843 Period Ending June 30, 1965
ORNL-3915 Period Ending December 31, 1965
ORNL-4071 Period Ending December 31, 1966

Wm. B. Cottrell
Nuclear Safety Program Director
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INTRODUCTION AND SUMMARY

The siting of large nuclear power reactors in populated areas in-

volves the reconciliation of opposing economic and safety viewpoints.

The lack of definitive information on the degree of safety of particular

reactor facilities has forced the use of extremely conservative assump-

tions in the evaluation of acceptable sites. The Nuclear Safety Program

at Oak Ridge National Laboratory is directed toward obtaining a better

understanding of various aspects of nuclear accidents. The information

developed through controlled experiments and their theoretical interpre-

tation will allow the use of more realistic assumptions on safety to be

made in the evaluation of reactor sites. The program is graphically de-

scribed in the organization chart presented at the end of this report.

Although the ORNL Nuclear Safety Program includes research directed

to specific reactor concepts (water-, gas- and salt-cooled reactors), a

large body of the technology is applicable to safety problems in general.

These general studies include aerosol filtration and absorption technology,

spray and pool-suppression technology (a new program), pressure vessel and

piping technology, fuel transport criteria, RDT reactor standards, anti-

seismic design of nuclear facilities, the Nuclear Safety Information Cen-

ter, and the computer handling of reactor data. However, at the present

time several other projects are directed toward the immediate siting

and/or safety problems of a specific reactor type.

In water-cooled reactors, the type that includes most U.S. power re-

actors, the loss-of-coolant accident is considered to be the most likely

maximum credible accident. The events that take place in this accident

are, briefly, rupture of the primary coolant circuit and loss of coolant,

failure of the fuel element cladding due to internal pressure, fission-

product release, operation of core flooding and/or spray systems to re-

move decay heat, and fission-product transport and dispersal throughout

the containment system and in the spray cooling solutions. The processes

by which fission products would be released during the events of a nu-

clear accident are complicated by changes in core geometry that lead to

changes in fuel environment as the events proceed. The changes in



xiv

environment may result in changes in the forms in which fission products

exist. Extensive experimentation has been carried out in both in-pile

and out-of-pile investigations at ORNL to study the behavior and charac-

teristics of fission products released under simulated accident condi-

tions.

In gas-cooled reactors, fission-product release could occur because

of overheating resulting from failure of the coolant system or from chemi-

cal damage resulting from coolant contamination. Experimental and theo-

retical investigations are being carried out on the release of fission

products and their transport and deposition under the conditions of hypo-

thetical accidents to gas-cooled reactors.

Molten-salt reactors, on the other hand, have inherently different

and apparently less severe safety problems. They have neither the large

stored energy in a high-pressure primary coolant nor the potential of

metal-water or steam-graphite chemical reactions. However, in an attempt

to assess their safety problems, studies of reactor system dynamics, re-

activity coefficients, afterheat generation, and fission-product behavior

were undertaken.

As a fission product, iodine is of biological importance, and it

can appear in many chemical forms. For example, methyl iodide has been

observed in these experiments, and it is particularly difficult to trap.

Therefore iodine, in general, and methyl iodide, in particular, are re-

ceiving major attention in each of the release, filtration, and spray

programs. The goals of these investigations are to develop guidelines

in the form of mechanistic models from which predictions of the extent

of fission-product release to the environment can be made for specific

sets of conditions and to develop adequate safeguards for the control

of these fission products.

With the increasing number of nuclear reactors under construction

or undergoing licensing review, there has been not only a decided trend

toward standardization by the reactor manufacturers but also a tendancy

for the important safety questions to emerge more clearly from among the

many issues examined during the regulatory review process. As a conse-

quence, many of the research programs are of greater interest to reactor

designers, manufacturers, and operators than ever before. Industry
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cooperation has been particularly apparent and desirable in programs such

as spray-suppression technology, heavy-section steel technology, RDT re-

actor standards, and CHORD-S, as well as many others.

Our entire nuclear safety program is broadly divided into eight cate-

gories that correspond to the eight parts of this report as follows:

1. Characterization and Behavior of Accident-Released Fission Products

2. Filtration and Adsorption Technology

3. Spray and Absorption Technology

4. Safety Studies for High-Temperature Gas-Cooled Reactor

5. Safety Studies for MSBR

6. Pressure Vessel and Piping Technology

7. General Nuclear Safety Studies

8. Nuclear Safety Information

Part 1. Characterization and Behavior of Accident-
Released Fission Products

Knowledge of the behavior of accident-released fission products con-

tinues to be a fundamental prerequisite to the safety evaluation of a nu-

clear power reactor. The emphasis of the program for obtaining this

knowledge has shifted in the last year in response to the needs imposed

by the large water-cooled power reactors now being built. The necessary

assumption that emergency core cooling systems (ECCS) will be effective

has shifted the fission-product release work from molten fuels investi-

gations to the study of the prompt release that would occur from fuel

rods that failed during the initial transient, even with emergency core

cooling. Progress has been made in the in-pile and out-of-pile charac-

terization of simulated fission-product aerosols that are to be used in

the Containment Systems Experiment (CSE) at Battelle-Northwest. The LOFT

assistance program is being reoriented in support of the new ECCS LOFT

program. A low-level program on the prediction of chemical equilibria of

fission product-fuel mixtures has proceeded to the point where a method

of analysis has been developed. The study of fission-product transport

in the absence of sprays or other engineered safety features has continued

on a low level. Four experiments were run in the Nuclear Safety Pilot
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Plant (NSPP), flow behavioral analyses are well under way, and a boundary

layer analysis on mass transfer in the presence of condensing steam was

completed.

The objective of the prompt release program is to study the prompt

release of fission products, primarily iodine, tellurium, cesium, and

ruthenium, from Zircaloy-clad U02 fuel capsules under conditions typical

of a loss-of-coolant accident in a current power reactor. Three prelimi-

nary experiments utilizing short-lived 130I were performed; more than 50%

of the iodine was released in each case. Twelve fuel capsules were ir-

radiated at relatively high heat ratings and examined nondestructively.

Nine of these capsules will be tested in the Prompt Release Facility in

the near future.

The TREAT fission-product release experiments are being reoriented

to investigate the prompt release phase of the loss-of-coolant accident.

A cluster of seven 27-in.-long Zircaloy-clad U02 fuel rods will be used.

The center rod will be irradiated at high power in the MTR, and the prompt

release test will be performed in TREAT while sufficient 1311 remains for

radiochemical analysis. TREAT will operate at steady power so that clad-

ding rupture will occur in about 30 sec. Flowing steam and helium will

carry the released fission products into a collection system. The exami-

nation and analysis will be performed at ORNL.

Two methods have been developed for calculating the amount of radio-

active fission gas released to the void spaces of U0 2 fuel rods. One

method uses an empirical diffusion parameter (D") based on in-pile release

of stable fission gas to the plenums of capsules and rods. In this method

the release rates and fractional release are presented in terms of the

linear fuel rod power. Application of this method to the Browns Ferry

Reactor shows that about 0.6% of the 1 33Xe will be in the fuel-rod void

spaces at production-diffusion-decay equilibrium. The second calculational

technique is called the postirradiation annealing method. Fission-gas

release rates are derived from high-burnup U0 2 heated out-of-pile. Fickian

diffusion equations are used to apply the postirradiation release rates

to in-pile conditions for both stable and radioactive fission gas. The

postirradiation annealing method predicts significantly greater release

of xenon and iodine than the empirical method.



xvii

A portable sampling device containing sequential May packs and par-

ticle filters, a composite diffusion tube, and a fibrous filter analyzer

was used in analyzing fission product forms and behavior in three contain-

ment facilities. The primary purpose for the use of the sampler is to

evaluate the validity of the fission-product simulation technique being

used at the Containment Systems Experiment (CSE) at Battelle-Northwest,

where the aerosol is produced by passing fission-product vapors from in-

dividually heated generators over molten U02 in an induction furnace.

The combined vapor and aerosol is then swept into the containment tank

for study. Experiments were performed in the Containment Mockup Facility

and the Containment Research Installation at ORNL and at the Aerosol De-

velopment Laboratory of the CSE at Battelle-Northwest. Sampler operation

was successful and gave results comparable to those of the standard sam-

pling devices used at each installation. Comparison of the results ob-

tained to date with those from a high-burnup run to be made in the near

future will provide the basis for establishing the validity of the CSE

type of simulant. Experiments were also planned for the Oak Ridge Re-

search Reactor (ORR), in which the behavior of simulated aerosols will

be compared with the behavior of real fission products.

The continuation of the validation tests of the simulated fission-

product aerosol proposed for the Containment Systems Experiment (CSE) pro-

vided several new bases for comparisons that show a relatively wide spread

in the deposition behavior for different radioactive species. The sig-

nificance of the high efficiency of vaporization of the metallic tin in

Zircaloy-2 (>l% by weight) is also of concern. This may be a limiting

factor in the quality of simulation, as well as in the behavior of the

resulting aerosol.

In-pile fuel melting tests of Zircaloy-clad U02 under moist air con-

ditions were continued both in the ORR and in-TREAT. The experiments in

the ORR indicated relatively large release and transport values for iodine

and cesium. Approximately 3% of the total iodine released was in an or-

ganic form. Desorption of iodine from the walls of the aging chamber when

hot and conversion to more penetrating species were observed. The se-

ries of underwater transient-melting experiments in TREAT with fuel speci-

mens containing 32 g of U0 2 were extended to include studies of the effect



xviii

of pressure during melting. In each experiment, most of the melted UO2

and cladding flowed into a collecting cup and solidified in a dense solid

mass. Some small particles adhered to the inside of the primary vessel.

As expected, about 45% of the zirconium cladding reacted with water to

form hydrogen. Fission-product release and distribution were nearly iden-

tical in the two experiments. Compared with the four previous underwater

melting experiments, the transport of fission products out of the fuel

autoclave was much lower. The volatile fission products tellurium, cesium,

and iodine carried out of the fuel autoclave in experiments 11Z and 12Z

ranged from 0.4 to 2.2% of the total. In previous experiments the range

was 2.2 to 19%. The transport of the nonvolatile ruthenium, cerium,

zirconium, and UO2 was lower by more than a factor of 10 compared with

previous experiments.

ORNL studies in fission-product behavior in support of the new ECCS

LOFT program are being reoriented to provide the most direct contribution

to the LOFT immediate objectives. Interpretation of the significance of

a change in the LOFT design to include a stainless-steel-lined containment

vessel instead of the typical reactor coating would be of major benefit

to the CRI program. The CRI is especially designed to change readily from

a coated liner on concrete or steel and back to stainless steel. The in-

core spray is designed to limit fission-product release from the reactor

fuel and therefore from the primary vessel; however, the extent and nature

of that fraction of volatile fission product not retained in the water or

on metal surfaces can only be speculative. The relative ease with which

this effect can be demonstrated by heating a long fuel rod in the CRI pri-

mary simulator and by following with spray cooling suggests that this is

the most productive direction for the CRI program.

The planned experiments on fission-product diffusion from UO2 fuel

are more nuclear safety studies than strictly LOFT assistance; however,

the calculation of cladding-gap activity, which is fundamental to LOFT,

is so entirely dependent on these values that a consistent series of well-

characterized basic measurements is required before any level of confi-

dence can be expected in a proposed model for gap-activity estimation.

We proposed to extend the parametric diffusion-release studies to include
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the grain-growth region in order to determine a release rate for both

regimes (equiaxial and columnar) equivalent to the diffusion parameter.

The problem of predicting the equilibrium vapor pressures of chemi-

cal compounds containing fission products above overheated failed fuel

was studied. The techniques developed were tested by the uranium-oxygen

and the uranium-oxygen-strontium system. Published data obtained by mass-

spectrometer-Knudsen cell experiments giving the partial pressures of the

chemical compounds above U02+x, where x was carefully determined, was

used as a base point for the computations.

It was found that for the uranium-oxygen systems, the gas-phase con-

centration (e.g., the relative amounts of U, 0, 02, UO, U0 2 , and U03)
could be predicted by a multicomponent thermochemical equilibrium program,

given the equilibrium constants of formation of the components existing

in the gas phase, and the experimentally determined total pressure and

atom ratios in the gas phase. The U-Sr-O system was estimated by relating

the chemical species in the gas phase (U, 0, 02, U0 2 , U0 3 , Sr, and SrO)

to a computed equilibrium composition of the same species in the condensed

phase. The pressures of the strontium bearing species were then computed

by using estimated Henry's law coefficients.

The total amount of strontium in the gas phase is most highly affected

by the oxygen-to-uranium ratio in the solid, the equilibrium constant of

formation of SrO, and the activity coefficient of strontium, in decreasing

order. As would be expected, the computations show that reducing condi-

tions enhance the total amount of strontium in the gas phase.

Four experiments (runs 16 through 19) were conducted in the Nuclear

Safety Pilot Plant to collect data to test fission-product transport mod-

els within containment vessels. During runs 16 through 18 the vessel at-

mosphere was essentially quiescent, while during run 19 the vessel atmo-

sphere was kept in continuous agitation by an electric fan. Although it

was intended that runs 16, 17, and 18 have identical experimental condi-

tions, the results indicate that this was not the case. Two major uncer-

tainties that could affect the data are (1) the probability that the dust

concentration in run 16 was significantly higher than in runs 17 and 18,

and (2) a possible high-temperature zone on the vessel wall caused by the

hot iodine transport gas that may have produced significant bulk motion
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of the air in the vessel. Apparently, rather subtle phenomena can strongly

affect fission product behavior in a "quiescent" vessel. Analyses of the

data are continuing.

The results from run 19 (with continuous agitation) appear to indi-

cate that significant methyl iodide formation occurred - approximately

2% of the initial iodine present in the vessel. The data from this run

fit the model of reversible adsorption with partial wall coverage proposed

by Watson, Perez, and Fontana.

With India ink as a tracer, an experimental study of free-convection

flow produced by a small low-temperature hot plate placed on the floor

of a 6-in.-diam water-filled containment vessel mockup was completed.

The apparatus was operated to model the containment vessel of the Nuclear

Safety Pilot Plant, and it appears that when converted to conform to con-

ditions in the NSPP, the maximum velocity was 0.7 0.1 in./sec (210 ft/hr)

and the total flow was 140 ft3/hr (probably -40 ft3/hr). In order to

study similar conditions with the hot plate maintained at 5 C above ambi-

ent, a larger apparatus was assembled and some preliminary results were

obtained. Although, as before, the gross flow characteristics above the

hot plate could be obtained, it was exceedingly difficult to observe the

detailed flow structure.

A study was initiated of the feasibility of obtaining numerical so-

lutions to problems of natural convection within closed vessels by using

difference forms of the equations of motion, and a suitable computer pro-

gram was written for the IBM 360/75 computer. Test cases being run on

this problem indicate that the time steps required to effect a stable so-

lution may be small enough to make it highly desirable to effect some op-

timization of the entire calculational procedure. This is being accom-

plished.

In formulating the boundary-value problem of mass transfer, a

boundary-layer approach and a vertical flat-plate model were used to pre-

dict the rate of transport of matter during the condensation of vapor from

a mixture of vapor and noncondensable gas to the walls of a large contain-

ment vessel. The resulting equations of motion and of conservation of mass

are solved numerically. Charts have been presented for the deposition of
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molecular iodine from steam-air mixtures for two different air concentra-

tions in the bulk mixture. The present analysis is useful in predicting

the rate of transport of matter in large containment vessels in the pres-

ence of condensation from vapor and noncondensable gas mixtures. The

analysis shows that condensation can enhance deposition rates signifi-

cantly.

Part 2. Filtration and Adsorption Technology

Once activity is released to the atmosphere, as during the melting

of a fuel element, the circulation of this contaminated atmosphere through

filters and adsorbers is the most effective proven and feasible technique

of "fixing" the activity. Indeed, filters and adsorbers have been em-

ployed since the beginning of the nuclear age, and the technology out

dates it by many years. Nevertheless, each new fuel material, fuel clad-

ding, and/or accident condition has an effect on the resulting fission-

product gases and aerosol that can be determined only by experimentation

under carefully controlled conditions. In addition to the many variables

involved, the technology is inherently concerned with the reliable main-

tenance of high removal efficiencies for all fission products throughout

the design life of the filter media. The presence of moisture, such as

would exist in the containment atmosphere following a light-water power

reactor accident, generally has a detrimental effect on filter performance.

Investigation of the removal of radioactive methyl iodide from flow-

ing humid air and steam-air was continued. Most of the effort has been

directed toward evaluating the CH3131I removal capabilities of commercial

iodized charcoals, which are useful for this purpose via an isotopic-ex-

change reaction. Some new iodized charcoals have been tested, with re-

spect to CH3131I removal capability, both at room temperature and in

steam-air systems, while others have only been tested at room temperature.

According to results now available, at least five types of commercial io-

dized charcoal are effective for trapping 0H 3
1 3 1I over a wide variety of

conditions, including 77 to 280 F, 14 to 60 psia, and relative humidities

that do not exceed 90% by too wide a margin. Some effort has been applied

to finding or developing a noncombustible CH3
13 1I trapping agent that is
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effective in humid atmospheres; thus far, however, no significant degree

of success can be reported.

While iodized charcoal has been found to be useful for trapping ra-

dioactive methyl iodide, the question has been raised as to whether the

iodizing process reduces the capacity of the charcoal for elemental io-

dine (12) to an unacceptable level. Investigations have been made at

room temperature and very high relative humidities, 98 and 100%. At 100%

relative humidity, the charcoals were waterlogged, and they exhibited

erratic 12 removal. This somewhat unpredictable behavior is probably as-

sociated with sweep gas channeling in the charcoal bed rather than over-

loading of the charcoal with 12- Obviously, operational conditions that

might result in waterlogging should be avoided if efficient trapping of

12 is required. At a relative humidity of 98%, the iodized charcoals

tested possessed ample capacity for 12 at 25 C.

Iodized charcoals have been observed to emit impregnant when heated.

The possible loss in effectiveness and/or a possible release of radioac-

tivity if the charcoal has trapped radioiodine is being investigated by

labeling the impregnant with 1311 and then heating the charcoal at pro-

gressively higher temperatures to determine any losses of 1311. Results

have been obtained for five types of iodized charcoal and for a triethyl-

enediamine (TEDA)-impregnated charcoal. All samples were observed to

be quite stable with respect to retention of impregnant or radioactivity

at 150 C and under the other conditions imposed. At 2000C, three of the

iodized charcoals were still observed to be fairly stable, as was the

case, except to a slightly lesser degree, with the TEDA-impregnated char-

coal. At 250 C (and higher), losses of radioactivity ranging upward from

about 5% of the original amount resulted.

Weathering (or exposure to humid air flow), aging, and poisoning may

also deleteriously affect the CH3
13 11 trapping capability of iodized char-

coal. While all three of these processes are currently receiving atten-

tion, the experiments actually in progress are most directly concerned

with determining the effect of weathering. Iodized-charcoal samples are

being subjected to long-term weathering and periodic testing in both the

Oak Ridge Research Reactor (ORR) building and in the laboratory in cleaned

and humidified air. According to the results obtained thus far, which
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cover a period of several months, weathering-by cleaned and humidified

air causes a gradual decline in effectiveness. As might be anticipated,

the samples exposed in the ORR building exhibited a slightly greater rate

of decrease in CH3
13 1I-removal efficiency compared with the rate for the

samples exposed under rather ideal conditions. Precautionary measures for

extending the useful life of adsorbers containing iodized charcoal are

briefly discussed, along with the probable need for appropriate in-place

testing.

The reaction of elemental iodine with two organic coatings of inter-

est in containment experiments was examined as a possible source of or-

ganic iodides. Both Amercoat 66 and Phenoline 302 paint systems were

studied, with primary emphasis on the former. Methyl iodide and higher

members of the homologous series were produced by the reaction of iodine

vapor with either of the two paint systems. The amount of methyl iodide

formed by the Amercoat 66 system was found to be essentially independent

of the mass of iodine added. As the temperature of the reaction system

was increased, the amount of methyl iodide formed was found to increase

significantly.

In another part of the study of the reaction of iodine vapors with

organic materials in the gas phase, an effort was made to determine the

level of trace organic contamination in the atmospheres of various reac-

tor buildings at ORNL. The quantities found would be adequate to produce

organic iodides at the level observed in various experiments. To gain

insight into the chemical processes leading to CH3I formation, an analyti-

cal study was made of calculated equilibrium and nonequilibrium concentra-

tions of CH3I for a range of conditions typical of reactor accidents. The

influence of radiation on the formation of CH3I was also considered.

Based on a detailed study of selected literature, a classification

of the mechanisms of sorption of iodine in a reactor containment vessel

was suggested and research programs were recommended. The important pa-

rameters for each mechanism are presented, and illustrations of how sur-

face chemistry parameters can be incorporated with mass-transfer equations

are given. The six mechanisms are

1. chemisorption on bare metal,

2. monolayer adsorption with dissociation on dry oxides,
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3. diffusion-controlled reaction with oxide-coated metal,

4. adsorption into water or aqueous solutions,

5. adsorption on a rapidly forming corrosion film, and

6. sorption from a damp atmosphere.

Development and testing were conducted on characterization devices

designed to distinguish and measure elemental iodine, the more penetrating

iodine compounds, such as methyl iodide, and particulate material on which

iodine adsorbs. Separation of elemental iodine and particles was not ade-

quate with conventional May-pack arrangements, and the use of a silver-

plated honeycomb was proposed and tested. Molecular iodine, which has a

larger diffusivity, should deposit and react on the diffusion channel of

the honeycomb, while the particles with much smaller diffusivities should

pass through almost completely and deposit on the second section of a

high-efficiency filter. Nonreactive iodine such as methyl iodide pene-

trates both the honeycomb and filter section and adsorbs on an impregnated

charcoal bed. Tests with elemental iodine, with an aerosol generated from

an irradiated stainless steel tube with U0 2 insert, and with mixtures of

the two were made. The results indicate that excellent separation was

attained with the honeycomb.

Filter efficiencies of several commercially available media for fil-

tering electric-arc-generated stainless-steel-U02 aerosols were measured

as a function of air velocity, humidity, and the amount of water contained

in the filter media. The method was shown to reproduce filter efficien-

cies to 0.01%. Efficiencies decrease at velocities greater than 7.5 fpm.

Two nonwaterproofed papers were shown to be significantly less efficient

(than the nominal DOP efficiency of 99.97%) under humid conditions. Two

waterproofed media were significantly less efficient under humid condi-

tions than the other four tested. A decrease in efficiency results if

the filter media is exposed for a long period to water-saturated air at

room temperature prior to testing. It is suggested that this is caused

by condensation of water between filter fibers, which results in an appar-

ent increase in fiber diameter and loss of efficiency.

Fiber-diameter distributions were measured for four high-efficiency

filter media by optical and electron microscopy. Most of the fibers are

either about 2 or 0.15 p in diameter. These data, with other available
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information, were used to calculate filter efficiencies. It was shown

that available filter theory adequately explains observed results, that

the smaller fibers (^0.15 p diameter) are largely responsible for the

filtering action, and that the suggestion that condensation of water be-

tween (0.15 p) fibers causes the observed reduction in filter efficiency

of filter media exposed to humid atmospheres is a reasonable hypothesis.

Analysis of samples of the oxide aerosol of uranium and stainless

steel taken with thermal precipitators and by fibrous-filter analyzers

showed that the presence of moisture affects both size and shape of aero-

sol agglomerates. The smaller particle size encountered in a wet envi-

ronment explained the measured loss in efficiency when a wet aerosol was

filtered through packs made from roughing filters. It was shown that

humidity does not bring about physical changes by operating on the elec-

trical properties of the aerosol. Probably, surface tension forces from

films of condensed water on agglomerates are responsible for the changes

in particle size and shape observed.

An experimental system to study coagulation of aerosols of interest

is being assembled. A measurement of particle size distribution of a

coagulated arc-generated stainless steel aerosol is reported. The median

diameter (in terms of distribution of weight of disperse phase) was 0.15 p.

The Friedlander "self-preserving size" distribution was found to apply in

the diameter range between approximately 0.15 and 1.5 p. A model is sug-

gested that allows the calculation of airborne concentration as a function

of time and takes into account the factors of coagulation and settling in

a stirred tank. The calculation is very simple and appears to give rea-

sonable results.

Development work on the fibrous-filter analyzer (FFA) as a sampling

device for characterizing radioactive aerosols continued. Additional cali-

bration of the device is being carried out by the Particle Technology

Laboratory, University of Minnesota, with monodisperse aerosols of known

size; diameters of the aerosol particles have been varied from 0.07 to

1.3 p. The response of the FFA has been as predicted by filtration theory.

Future studies will involve polydisperse aerosols.

Two different impactor samplers for the measurement of different

sized aerosol particles were designed, fabricated, and calibrated. One
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is a conventional multistage inertial impactor operating at atmospheric

pressure, whereas the second operates at low pressure in order to measure

smaller particles. Both devices are passive, inherently dependable in-

struments, and their operation is very simple and readily adaptable to

remote applications. The atmospheric sampler has four impactor stages

plus a final filter stage and has been calibrated with monosize aerosol

particles of a fluorescent dye. At a sampling rate of 6.25 liters/min

and particles of 4-g/cm3 density, the cutoff points of the four stages

are 2.6, 1.1, 0.4, and 0.16 p in diameter. The low-pressure device is

also operational and separates aerosol particles into seven size fractions

that extend the range down to particles 0.001 p in diameter.

Charcoal adsorbers for radioiodine constitute an important part of

the safety systems for the removal of accident-released fission products

from the containment volume, either during recirculation of the atmosphere

or as it is being exhausted from the containment shell. To aid in assess-

ment of the probability of such a situation occurring and the consequences,

a third in-pile ignition experiment (IGR-3) was performed to study MSA

85851 iodized charcoal. The initial ignition event for this charcoal, in

the presence of fresh fission gases, was noted to be 35 C lower than the

ignition temperature of 370 C measured in the laboratory. This behavior

is quite different from that noted for noniodized charcoals examined pre-

viously; in these experiments the initial ignition event took place at the

same temperature, either in-pile or in the laboratory. Data were also

gathered to illustrate the effect of air flow rate and heating rate on

ignition temperature; both parameters tend to raise the measured ignition

temperature. The ignition temperatures of two new varieties of iodized

charcoal were measured with the provisional "standard" ignition apparatus.

The charcoal ignition temperature is defined in terms of a simple

theoretical model. The result is a working equation that relates ignition

temperature to several parameters: the chemical activity of the charcoal

(including the effect of surface area, promoters, and inhibitors), the

chemical activity of oxygen at the reacting surface (including the effect

of air velocity and oxygen concentration), the stoichiometry of the over-

all chemical reaction, and the activation energy of the rate-determining
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step of the mechanism. The use of the working equation is demonstrated

in regard to the following parameters: surface area, ash content, and

air velocity. It is hoped that this model will be used to correlate avail-

able data and give direction to new investigations.

A process for separating noble gases from air is being developed that

is based on the more rapid permeation of xenon and krypton than oxygen and

nitrogen through a dimethyl silicone rubber membrane. The Research and

Development Center of the General Electric Company has developed a method

for preparing approximately 2-mil-thick silicone rubber membranes that

are free of holes and physically supported on Dacron mats. Measurements

of the permeability factors of xenon, krypton, oxygen, and nitrogen through

the unsupported membrane at room temperature were made at General Electric,

and measurements with a 2-ft2 sheet of membrane about 2 mils thick sup-

ported between two sheets of Dacron about 4 mils thick were made at ORNL.

The permeability was about a factor of 2 greater with an unsupported mem-

brane. The ORNL measurements also indicated that the permeability factor

decreased but the separation of the gases increased with both an increase

in pressure across the membrane and a decrease in temperature. Measure-

ments with dilute mixtures of xenon or krypton in oxygen, nitrogen, or

argon showed that the permeability of the dilute gas is directly propor-

tional to the permeability of the carrier gas. A computer code was pre-

pared from fundamental engineering flow equations that predicts experimen-

tal results at low pressure and cocurrent flow conditions. Work on this

code will continue in an attempt to correlate other operating conditions.

Preliminary calculations of the cost of a membrane cascade for separating

noble gases from the air in a reactor containment building following a

loss-of-coolant accident indicate that this process is economically com-

petitive with other proposed processes.

An engineering manual is being prepared to provide guidelines for

the proper design and specification of high-efficiency air-cleaning sys-

tems for nuclear reactors, laboratories, and processing operations. Ma-

terial for this manual was obtained from the published literature and the

experience of a large number of dissatisfied users. Inadequacies in high-

efficiency filtration systems stem from lack of written standards; failure

to fully appreciate the hazards involved and what it takes, in terms of
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engineering and construction, to avoid these hazards; and failure to ex-

ercise contractual control over designers and constructors. Failure to

appreciate the interrelationships between operation of the filter sys-

tem and operation of the overall ventilating system of which it is a part

has led to the application of conventional design practices for industrial

ventilation systems and thus to inadequacies and less-than-satisfactory

operation. The manual is intended to fill the existing information gap

and to point out some of the major problem areas.

Part 3. Spray and Absorption Technology

In a loss-of-coolant accident involving a large power reactor, even

with effective cooling of both the core and containment building, some

release of volatile fission products into the containment building may

occur. A means of minimizing the release of the fission products from

the containment building would favorably affect the siting requirements

for the reactor. Water sprays are now included in a number of reactor

plants as a pressure-reduction device, and the use of additives to the

spray solution used for pressure reduction can result in a reduction of

the fission-product concentration in the building. The spray program was

established to make a thorough investigation of the various spray solutions

considered for use in a spray system from the consideration of efficiency

in removing contaminants, and significant progress has been made in most

areas under investigation. The major portion of the effort has been de-

voted to collecting information about spray systems proposed for use by

industry in the immediate future. Close liaison with industry has been

maintained so that the data generated are directly applicable to systems

now being designed. The long-range objective of the program will be to

evaluate a large number of spray-solution additives and their characteris-

tics so that the results of the program can be applied to future plants

with different requirements.

In the spray-solution search a method is employed for experimentally

determining the capacity of aqueous solutions for removal of iodine from

air streams in which the iodine content of the stream, after passing

through the solution, is monitored continuously by titration of the gas
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against a standard thiosulfate solution. The onset of escape of measurable

iodine is found to be dependent on the rate of transfer from gas to solu-

tion and hence upon efficiency of the dispersion and the contact time.

The capacity, expressed as a distribution coefficient, is linear in the

amount of reactive additive (thiosulfate or base) used. The use of small-

scale laboratory techniques will permit study of many more solutions than

could be evaluated in a comparable period of time with larger experimental

facilities. The solutions examined to date include pure water, 3000 ppm

boron as H3B03 with H20, KI, KI in the H3B03 solution, Na2S203 with and

without H3B03 , an NaOH. The information generated in this part of the

program is used to select the most promising solutions for study in the

single-drop wind tunnel experiments.

The mass transport of methyl iodide into a water drop is being deter-

mined by suspending drops of various solutions in a wind tunnel, through

which an air stream containing methyl iodide is directed. Specific em-

phasis has been focused on the role of additives on both the kinetics and

thermodynamics of methyl iodide removal by aqueous solutions. At low

concentrations (~-O.2 wt %) such diverse additives as NH 2 -NH 2 , (NH 4 ) 2 S,

and Na2S203 enhance the mass transport of CH3I in a common manner, with

the differences in the specific effectiveness becoming apparent at higher

additive concentrations. Drop size studies indicate that the CH3I trans-

port process is controlled by a combination of surface effects, as well

as the circulation of the solution in the interior of the drop. There

exists a pronounced effect of pH and relative humidity on both the mass-

transport coefficients and the solution affinity for methyl iodide in

Na2 S2 03 . The decrease in the mass-transport values ('5 X 10~3 cm/sec)

at about 25 C on the acidic side is characterized by an activation energy

of ~10,000 cal/mole. At a pH of 7 or higher, the transport coefficients

(3.6 X 10-2 cm/sec) are approximately independent of temperature. The

mass transport of CH3I in water appears to be accelerated by photolysis;

that is,

CH3I + 7+ H20 -- CH3OH + H + I

Analysis of engineering-scale experiments will depend on the wind tunnel

studies of a single drop reacting with elemental and organic iodine.



xxx

Engineering tests of various spray solutions are performed in the

Nuclear Safety Pilot Plant. The program also includes the development

of analytical models, based on the previously determined mass-transfer

coefficients, to describe the performance of sprays. The work to date

has been directed toward the removal of elemental iodine. Eight experi-

ments were conducted with a variety of spray solutions and model contain-

ment vessel environments. Half-lives for iodine removal were observed

to be in the range 30 to 60 sec. Considerable progress has been made

toward developing the analytical model.

In addition to the NSPP tests, a few spray experiments were performed

in a laboratory facility to assess the efficiency of CH3I removal by so-

dium thiosulfate solutions. The experiment indicated that the efficien-

cies for removing CH3I from the atmosphere with either 0.1 M Na2S 203-water

solution or process water sprays without additives were practically iden-

tical at room temperature and yielded a half-time for hydrolysis of CH3I

in 0.1 M Na2S203 of approximately 1 min in the hood tank.

An important aspect of the use of sprays is the stability of the

solutions when applied in the high-radiation-field high-temperature steam-

air environment that would exist in a containment building following a

major accident. One of the major points of interest is the radiolysis

of the spray solution and the effect this will have on containment build-

ing pressure and the ability of the solution to retain the fission products

in solution. The work carried out to date has been restricted to five

basic solutions, with the major emphasis being on the thiosulfate solu-

tions, one acidic (pH ~ 4.9) and one basic (pH ~ 9.2). The radiation

data clearly indicate that, in terms of radiation stability, the basic

thiosulfate solution is the better choice of the two as a proposed spray.

The radiation damage per unit of radiation in terms of iodine capacity

(reaction) shown by the basic solution is less than one-half that suffered

by the acid solution.

The radiolytic hydrogen production of all solutions studied is of

large enough proportions to be a possible source of concern. The amount

produced by a given radiation dose per volume of solution has been found

to be largely a function of available oxygen, as expressed by the gas-
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liquid rates. The chemical composition of the solution, insofar as radio-

lytic hydrogen is concerned, is of lesser importance unless the oxygen

is depleted. The radiolytic hydrogen production and change in iodine

capacity have been shown to be linear functions of total dose, with the

dose rate showing little effect.

Work was started on the effectiveness of pressure-suppression pools

in removing fission products during the blowdown phase of an accident.

A literature survey of the various fields was completed, and a basic re-

search program was started to obtain the necessary information to analyti-

cally model the behavior of fission products in a pressure-suppression

pool.

Part 4. Safety Studies for High-Temperature
Gas-Cooled Reactor

Safety studies for high-temperature gas-cooled reactors (HTGR) are

a continuing part of the Commission's reactor development program. The

safety research activities at ORNL are, therefore, based primarily on

concepts and problems identified in recent reactor designs, particularly

the Fort St. Vrain Nuclear Generating Station. Five programs for the

study of chemical phenomena of importance to HTGR safety are being con-

ducted. Steam-graphite reactions are being investigated on a small scale

in-pile and out of pile and on a large scale in which the combined ef-

fects of reaction rate, mass transport, and flow are observed and compared

with the results of computations based on the fundamental parameters mea-

sured in the small-scale experiments.

The two remaining experimental programs are concerned with fission-

product behavior. In the Oak Ridge National Laboratory program the prop-

erties of various chemical forms that would exist in the gaseous state

are being measured. The other program is primarily a scoping experiment

for identifying the more important fission products released at high ac-

cident temperatures.

The fuel proposed for the Fort St. Vrain reactor consists of pyro-

lytic-carbon-coated fuel particles in a carbon matrix (i.e., a bonded bed)

cast within cylindrical holes of the moderator graphite. Rates of
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oxidation of bonded fuel compacts, pyrolytic-carbon-coated fuel particles,

and EGCR moderator graphite cylinders by steam were determined in out-of-

pile experiments. Bonded fuel compacts, consisting of a bonded bed of

coated fuel particles encased in graphite, were oxidized in the tempera-

ture range 1000 to 1200 C by helium-steam mixtures having a partial pres-

sure of steam of 20 or 150 torr and a total pressure of 1 atm. Rates of

oxidation of the compacts were measured at various burnoffs, and.the oxi-

dized compacts were examined for damage. No evidence of damage to the

coatings of the particles and only limited oxidation of the graphite was

observed at burnoffs of 6 and 13 wt %. A burnoff of 50 wt % caused se-

vere damage to the graphite and bonding materials but caused failure of

only a few of the coatings.

In other out-of-pile studies, various batches of pyrolytic-carbon-

coated fuel particles prepared for irradiation testing in sweep capsule

A9-9 were oxidized at 1100 and 1200C by using a helium-water vapor mix-

ture containing 1000 ppm by volume of water vapor at a total pressure of

1 atm. Rates of reaction and fractions of failed coatings were deter-

mined for the loose particles. Marked differences in reaction rates were

observed for the various batches of coated particles that could not be

correlated with properties such as density, anisotropy, and crystallite

size of the various coating structures. Different fractions of failed

coatings were observed at comparable burnoffs for a number of batches of

the coated fuel particles.

Oxidation rates of hollow and solid cylinders of EGCR moderator

graphite were measured at 1000, 1100, and 1200C with a helium-steam mix-

ture having a partial pressure of steam of 20 torr and a total pressure

of 1 atm. Hollow cylinders of this graphite were impregnated with barium

nitrate solution containing radioactive 13 3Ba, heat treated in dry helium

at 1200 or 1400*C, and subsequently reacted with wet helium at 1200 or

1400 C. Alumina specimen holders and deposition tubes were employed to

observe any transport of barium away from the graphite under these con-

ditions. No transport of barium was observed in wet helium, but a sig-

nificant movement occurred in dry helium at 1400C.

The first of a series of in-pile measurements of steam reaction

rates with model HTGR fuel was made. The experiment was run to extreme
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burnoff of carbon to match the range investigated out of pile. The fuel

particles were shown to be well protected against oxidation by steam at

approximately 100 C by their binder and surrounding structural carbon.

Even when the element was almost completely destroyed, fission-product

release was small. Future experiments in this series will cover varia-

tions in conditions of typical interest in assessing the results of steam

generator leaks and failures.

The application of fundamental data on reaction rates developed in

small-scale experiments to calculations of engineering significance is

being investigated by a combination of analytical and experimental studies

of a large-scale configuration. An engineering-scale testing facility

was constructed to study the reaction between steam and graphite at tem-

peratures up to 1500 C; however, difficulties related to heating the graph-

ite test specimen delayed the successful operation of the facility. Al-

ternate methods of heating the test specimens are now being considered.

An analytical model, designated "Steamcar," describing the reaction

rate under flow conditions was programmed for the IBM 360/75 digital com-

puter. The program is capable of calculating the distribution and amount

of attack due to the water vapor-chemical reaction with carbon and of

estimating the quantity of hydrogen released.

Irradiation of the first HTGR nuclear safety poolside capsule was

terminated after one ORR cycle, instead of the planned two cycles, be-

cause of an internal leak. This capsule was designed to measure and char-

acterize the gaseous and nongaseous fission products released from a

bonded bed HTGR fuel element during a simulated reactor accident that re-

sulted in a fuel-temperature excursion. The capsule operated satisfacto-

rily for 23 days at a fuel temperature of 1220 C before the leak appeared.

The capsule temperature was then reduced until near the end of the reac-

tor cycle, at which time a 9-hr temperature excursion to a fuel tempera-

ture of 1720 C was carried out. Postirradiation analysis is in progress.

The bonded fuel stick shows no sign of damage. Fission-product analysis

of the fuel capsule components and fission-product traps shows that, with

the exception of iodine and ruthenium, essentially all the nongaseous fis-

sion products were retained in the fuel. Not all the 1311 and 1 0 3RU
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calculated to be present was found in the analysis of the fuel. However,

no significant amounts of these isotopes were found anywhere else.

Chemical species of fission products that exhibit significant vola-

tility have been the subject of experimental and theoretical study in sup-

port of the HTGR safety studies at ORNL. Enhanced volatility of certain

oxides in the presence of water vapor has prompted the experimental study

of vapor pressures of tellurium and ruthenium oxides. These studies of

the volatility of TeO2 under oxygen-water vapor atmospheres at 955K in-

dicate a dependence of the apparent vapor pressure, pTeO2, of TeO2 on the

vapor pressure, pH2O' of water, which is given by

p* = 2.21 x 10-4 p + 0.0283 ,
TeO2  H20

where both peO and pH20 are in units of torr. Although the numerical

constants are subject to further small corrections that must be applied

to the experimental data, these considerations will not materially affect

the observation that the enhancement in the vapor pressure of TeO2 due

to water vapor, though significant, is not as pronounced over the 0- to 1-

atm pH2O range as reported previously in the literature.

A simplified description of fission-product deposition along a ther-

mal gradient tube was developed on the basis of thermodynamic arguments

alone. The deposition profile described by this treatment is qualita-

tively in agreement with experimental data, although more detailed ex-

periments (which are currently planned) are required to investigate the

limitations of the model. In particular, it is necessary to assess the

contribution of the diffusive effects ignored in the mathematical treat-

ment.

A survey of the HTGR safety program was undertaken for the purpose

of redefining the objectives of the ORNL program. This work will be com-

pleted in early 1968.

Part 5. Safety Studies for MSBR

Successful operation of the Molten-Salt Reactor Experiment and evalu-

ation of capabilities of large molten-salt power breeder reactors have led
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to further development of the design of a high-gain breeder. The MSBR

Safety Studies will be coordinated with the design development to bring

about earlier identification of safety problems and to make explicit use

of safety criteria in establishing reactor designs.

The safety studies, as a comprehensive effort, were initiated in

early fiscal year 1968. At this time the studies consist principally of

investigations that are fundamental to the safety of typical molten-salt

reactor systems, rather than involving questions of reliability, which

are dependent on design details. As a basis for investigation a specific

1000-Mw(e) MSBR was used for the initial work. Variations of this con-

cept will, however, be considered in future studies with the view to

making it practical to consider safety as well as economic and other tech-

nical factors in design decisions.

Some preliminary results of studies of reactor system stability, re-

activity coefficients, fission-product behavior, coolant fluid mixing,

and afterheat generation in molten-salt reactors are presented.

The temperature coefficient of reactivity for the reference MSBR was

calculated, and the isothermal value was found to be -4.3 x 10-5 reac-

tivity/0C. If only the fuel salt were to increase in temperature, which

approximates the condition during a power transient, the temperature co-

efficient would be about -8.0 X 10-5 reactivity/OC. Thus, the reactor

system should have inherent temperature control and good safety character-

istics. These characteristics were verified in reactor dynamics studies,

in which the time behavior of the reactor following specific reactivity

introductions was considered, and in reactor stability analyses. The

time-dependent system response of the MSBR was obtained by analog com-

puter studies. Following a step change in reactivity of 0.00075, the

reactor power increased from its design level of 556 Mw(th) to a value

of 775 Mw(th), followed by rapid attainment of the new equilibrium con-

ditions. In additional cases, reactivity changes associated with fuel-

pump coastdown and startup were slow, and the reactor responded readily

without any resulting difficulties. Response to load changes was quite

adequate, with the power closely following the load signal.

Initial MSBR stability studies were performed with all components

of the system represented. The associated equations of motion were
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linearized and the roots of the resulting characteristic equation ana-

lyzed. It was found that the MSBR concept was inherently stable.

Deposition of fission products influences emergency cooling require-

ments of the MSBR and, also, safety requirements. Fission-product be-

havior in molten-salt systems is being inferred by obtaining fission-

product concentrations in the salt and gas regions of the Molten-Salt

Reactor Experiment. It was found that sampling methods previously em-

ployed gave high values for the concentrations of the noble-metal fission

products in the fuel salt. Present results indicate that a large frac-

tion of the noble-metal fission products can escape from the fuel salt

into the pump-bowl gas volume. In other studies of fission-product be-

havior, it was found that MoF3 disproportionates at 700C into MoF6 and

Mo (metal). This disproportionation can influence fission-product depo-

sition in the reactor system and, thus, afterheat generation.

If a failure of the primary MSBR heat exchanger occurred, coolant

salt might leak into the fuel salt. The present MSBR coolant salt is

primarily sodium fluoroborate, while a single fluid MSBR would utilize

a salt containing BeF2-UF4-LiF2-ThF4 (BULT). In compatibility studies

of BULT and NaBF4, it was found that no solid phases resulted from mix-

ing these salts at reactor operating temperatures.

Studies were made of emergency cooling requirements due to fission-

product deposition in various parts of the MSBR system. If 100% of the

noble-metal fission products plate out uniformly on the surfaces of the

fuel heat exchanger, the afterheat associated with fission-product decay

is 0.134 w/cm of tube immediately after reactor shutdown. If the heat

exchanger were drained of fuel and coolant salts, this heat generation

rate would, under conservative estimates, lead to a peak internal tube

temperature of 2370 C, which is excessive. Thus, it is important that

better estimates of actual fission-product behavior be obtained.

Afterheat generation is also associated with the diffusion of fis-

sion-product gases into the core graphite. About 1 Mw of thermal energy

needs to be removed from the reference MSBR graphite due to xenon and

krypton diffusion (and associated decay reactions) under reactor operat-

ing conditions and with a xenon poison fraction of 1.4%; the heat-genera-

tion rate decreases to about 0.1 Mw ten hours after reactor shutdown.
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A computer program is under development for calculating fission-

product inventories in various parts of the reactor system under a vari-

ety of conditions. As better fission-product behavior data become avail-

able, they will be incorporated into the program.

Part 6. Pressure Vessel and Piping Technology

The ORNL safety programs in the field of pressure vessel and piping

technology are primarily research activities in support of the concerted

effort of the AEC and industry to assure the integrity of the primary

coolant systems in water-cooled reactors. During the year a report on

the general state of technology of steel pressure vessels was completed,

and three research programs on heavy-section steel pressure vessels, noz-

zles, and piping components were continued.

The Heavy-Section Steel Technology (HSST) program is an engineering-

oriented program aimed at evaluating the effects of flaws, variation of

properties, stress raisers, and residual stresses on the strength and

structural reliability of present and contemplated boiling-water and pres-

surized-water reactor pressure vessels. The program is being carried out

in very close cooperation with the materials, fabrication, and design in-

terests of the nuclear power industry.

The initial activities under the HSST program have emphasized pro-

gram planning, material procurement, and material inspection. Four 10-ft

by 20-ft by 12-in. plates of ASTM A 533 steel, weighing around 55 tons

each, were purchased and are being heat treated mainly to Class 1 mate-

rial. Thermocouples were used to record the temperature gradients during

quenching, and studies of these results are currently under way. Ultra-

sonic inspection of the first plate before and after heat treatment re-

vealed some anomalies, which are currently being investigated further.

Materials control and accountability procedures were established.

Four research subcontracts were negotiated. The first deals with

plane-strain and plain-stress elastic-plastic analyses applicable to the

crack-tip region of a flawed structure. Two size-effect studies are un-

der way. One deals with the size effect of drop-weight specimens as

governed by geometric similitude, and the second is concerned with size
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effects in the dynamic tear tests. A fourth effort is an evaluation of

periodic proof-testing and warm prestressing as a means of guaranteeing

the safe operation of reactor pressure vessels.

Characterizations of the material properties of the HSST program

plates are currently under way. Properties being obtained are tensile,

Charpy V-notch, and drop weight as a function of location within a plate.

Dynamic-tear and fracture-toughness data are also being obtained under

subcontract.

A simulated service test is being carefully examined and detailed

planning is under way. A total integrated plan for the HSST program is

currently being written. The first semiannual information meeting was

held, and the first semiannual progress report was issued.

Experimental and analytical investigations of stresses in the region

of nozzles are well advanced in cooperation with the Pressure Vessel Re-

search Committee of the Welding Research Council. Several typical con-

figurations of nozzle-to-shell attachments, including clusters of noz-

zles, are being studied under combinations of loadings by internal pres-

sure, axial thrust, and bending. Some experimental results have been

compared with theoretical analyses developed in this program with good

overall agreement. Several reports on specific developments were pub-

lished during the year.

Existing codes for piping are being supplemented in a joint AEC-

industry effort to reflect in codes and standards the requirements for

high quality in nuclear power plant piping. In support of this, ORNL is

determining stress indices and flexibility factors to be incorporated in

the USAS B31.7 code for Nuclear-Service Piping and the ASME Code for

Pumps and Valves for Nuclear Service. The experimental and analytical

work necessary for developing these parameters is under way. Since the

application of these codes will cover a broad range of situations the

program requires well-coordinated participation of industry. ORNL is

managing the AEC-supported portion of the joint program and providing

technical coordination with industry.

Piping tees, elbows, meters, and bends, as well as valve bodies,

pump casings, and flanges, are being considered. Dimensional surveys for
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determining the important characteristics of the components are being

made. Theoretical methods for relating stresses to the stress indices

used in the codes are being developed by a combination of analytical and

experimental work.

Part 7. General Nuclear Safety Studies

A number of more or less independent projects that serve to indicate

both the breadth and depth of work in the nuclear safety program are in-

cluded in the category of general nuclear safety studies. In addition to

the four projects continued from last year - (1) fuel transport cask

studies, (2) HTGR Safety Program Office, (3) discussion papers on vari-

ous aspects of nuclear safety, and (4) seismic consideration in the de-

sign of nuclear structures - the one new project - RDT Reactor Stan-

dards - encompasses all aspects of plant design, including the reactor,

primary and secondary systems, containment structure, and all auxiliary

systems.

All pertinent cask. design and performance data produced to date are

currently being accumulated, analyzed and developed into simplified cri-

teria that will provide a framework within which the AEC can determine

whether a cask meets the regulations. Because a cask may be judged by

the criteria, it may also be designed by the criteria, and therefore the

criteria may help not only the regulatory bodies but also the cask de-

signer and the cask safety analyst.

Probably the most important of the criteria are the guidelines pro-

vided to the cask designer on the structural aspects of the cask. Equa-

tions were developed to describe the proper thickness of steel to be used

for the inner and outer shells of a lead-shielded cask in order to pass

the puncture test and conform to good engineering practice. The equations

for the outer steel shell are based on extensive tests performed on models

with weights ranging from 35 to 85,000 lb that satisfy the puncture re-

quirements of the regulations.

Criteria on materials of construction, fabrication, criticality sta-

tus, and heat transfer were completed. The philosophy embodied in the
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criticality criteria is to allow the designer to utilize his own criti-

cality codes to prove compliance with the regulations but also to compare

results of that experiment with the results of others. The fire analysis

criteria describe finite difference techniques for calculating the tem-

perature distribution and thus the physical state of the lead throughout

a cask during and after a fire. This analysis has been coded for the

computer and is now operational- at ORNL. In summary, the criteria are

almost complete and a draft report will shortly be available for AEC use.

The HTGR Safety Program Office (SPO) was established at ORNL to act

as an extension of the AEC-DRDT in evaluating and coordinating the exist-

ing high-temperature gas-cooled reactor safety programs, as well as to

undertake studies resulting in recommendations for future research. Since

a portion of the existing HTGR research within its purview is already a

part of the ORNL Nuclear Safety Program, the office is not an integral

part of the safety program but reports independently to the Laboratory

Directors' staff.

The present areas of high-temperature gas-cooled reactor investiga-

tions include fission-product behavior, coolant chemistry, and reactor

physics, although the last is largely concerned with later generation

reactors. The most important areas of fission-product research currently

involve:

1. rates and mechanism of release from fuel particles,

a. integrity of coated particles,

b. fission-product behavior,

2. fission-product migration in graphite,

3. fission-product evaporation from graphite surfaces,

4. plateout and desorption.

Eight discussion papers on various aspects of nuclear safety were

prepared. Each of these papers presents, at the technical management

level, current practice and the present state of technology in each area

as viewed by acknowledged experts. This work was conducted under the

Nuclear Safety Information Center because all printed materials were

available there. In each case an ORNL expert was assigned the responsi-

bility for the preparation of the paper, and a consulting group of expert
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advisors was established. The task has required extensive traveling and

consultation, not only with the expert consultants but in order to get

the latest information from all other groups involved. It is believed

that studies of this nature will prove to be a very practical way to as-

sess the present status of a specific area, including the identification

of needed research and development projects. The eight papers and their

authors are as follows:

Title

Missile Generation and Protection in
Light-Water Reactor Plants

Potential Metal-Water Reactions in
Light-Water Power Reactors

Emergency In-Core Cooling Systems for
Light-Water Power Reactors

Air Cleanup as an Engineered Safety
Feature in Light-Water Power Reactors

Testing of Containment Systems Used
with Light-Water Power Reactors

Consideration of Additional Nuclear
Reactor Plant Safety Features for the
Control of Accident Released Activity

Earthquakes and Plant Design

Protection Instrumentation Systems on
Light-Water Reactor Plants

Author

R. C. Gwaltney

H. A. McLain

C. G. Lawson

G. W. Keilholtz and
C. E. Guthrie

F. C. Zapp

R. C. Robertson

T. F. Lomenick and
C. G. Bell

C. S. Walker

ORNL-NSIC No.

22

23

24

25

26

27

29

All papers should be cleared for publication in the spring of 1968.

The RDT Reactor Standards Program was instituted at ORNL to prepare

and promulgate standards, methodology, manuals, and guidelines for the

tasks of designing, procuring, building, testing, and operating reactors.

The program is proceeding with the preparation of standards for water-

cooled reactors, with attention initially focused on the needs of current

AEC reactor programs. Information for the program is being provided from

(1) many AEC installations in the form of standards, specifications, op-

erating and maintenance reports, procedures, and other pertinent data,

(2) the nuclear safety program at ORNL, (3) codes and standards groups,

and (4) industry. Standards applicable to liquid-metal-cooled reactors
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are being prepared at the Liquid Metal Engineering Center operated by

Atomics International at Santa Susana, California. This foundation will

assure that reactor designers, material suppliers, fabricators, and op-

erators will have available current proven technology for the design, con-

struction, and operation of safe and reliable reactors.

Development of an engineering staff for the program was accelerated

to fulfill AEC stated objectives. The services of a number of consultant

organizations were enlisted in the form of contracts. Additional proposals

are being studied to establish specific tasks for which consulting ser-

vices may be obtained.

A preliminary format is being reviewed and preliminary standards

have been transmitted to DRDT for review. Seventy-one standards have

been submitted, the bulk of which are in the materials area. Of the

standards approved by DRDT, 12 have been revised and distributed as "ten-

tative" to AEC installations for use where applicable and for comment.

Special studies were undertaken to determine the feasibility of using

the Nuclear Instrument Module standard for reactor instrumentation, to

study vibration-induced tube damage in heat exchangers, to prepare a com-

mentary on "Inspection and Testing Requirements for Reactor Coolant System

and Certain Associated Systems of Nuclear Power Reactors," and to deter-

mine effective techniques for storage and retrieval of standards infor-

mation.

The proposed location of a nuclear reactor in the vicinity of earth-

quake faults has given rise to concern that future earth movement might

extend to the nuclear site and both cause a major accident and invalidate

the engineered safety features provided with the facility. The ORNL pro-

gram is directed to the design problem of differential displacement, to

development of more efficient methods for resisting earth shaking, and to

accumulating information and methods that may lead to better site selec-

tion and better design standards to insure that an earthquake will not

increase the risk of exposure from a nuclear facility.

Various concepts for antiseismic designs of nuclear structures are

being developed. The initial approach was to employ four architectural

firms to study the ability of current reactor designs to accommodate
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differential ground displacement and to make a preliminary study of the

practical degree to which these designs can be modified within current

engineering practice to accommodate more extensive ground displacements.

In addition to the design studies, a parallel effort is being made to

evaluate the efficiency of scale-model studies of modified designs.

Part 8. Nuclear Safety Information

The activities of the Nuclear Safety Information Center, the publi-

cation of the bimonthly technical progress review Nuclear Safety, and a

new project, CHORD-S, Computerization of Reactor Data for Safety, comprise

the work reported in this section. It is of interest to note that the

genesis of each of these information projects relates directly to some

aspect of the information explosion: NSIC collects, stores, collates,

analyzes, and disseminates nuclear safety information of both a specific

and general nature, Nuclear Safety provides a mass means of communication

within the nuclear safety community, and CHORD-S is a tool to assist the

AEC Division of Reactor Licensing in the examination of the design data

on nuclear facilities submitted for licensing. It is also a commentary

on information technology in general that these three tasks are related

and are dependent to a varying degree on the computer processing of in-

formation, with remote consoles and access to a large computer on a time-

sharing basis, a vital aspect of the computer's use.

The Nuclear Safety Information Center, now in its fifth year of op-

eration, was established by the USAEC Division of Reactor Development and

Technology as a focal point for the collection, analysis, and dissemina-

tion of information concerning nuclear safety. Over 17,000 references

have been indexed into its storage files since it became operational in

1963. Although there have been no changes in the scope of the Center,

there has been a significant increase in the number of documents processed

that relate to the licensing and regulation of nuclear facilities. To

expedite computer processing of the information, telecommunications equip-

ment has been installed. Testing has been initiated, and it is expected

that the station will soon operate on a routine basis with more efficient

input to and retrieval from the master storage files.
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NSIC's Selective Dissemination of Information (SDI) program has con-

tinued to experience rapid growth. It was initiated in October 1965, and

the number of participants doubled in the past year until there are now

about 1000 members of the nuclear community receiving the biweekly abstract

service. Those in government agencies, research and educational institu-

tions, and the nuclear industry who wish to receive the SDI cards selected

according to the interests of each participant may do so by submitting to

NSIC a completed facsimile of one of the application forms to be found in

Section 8.1 of this report.

Nine reports with the ORNL-NSIC designation were issued since the

last reporting period. The Center received and answered 534 technical

information requests and had 146 visitors, who either came to consult with

the technical staff or use the information storage files that contain re-

actor safeguards reports which are not generally available. Use of the

Center's facilities by qualified members of the nuclear community who have

problems or questions in the area of safety is encouraged.

Preparation of the technical progress review Nuclear Safety is carried

out in conjunction with NSIC, although it is separately funded. Five is-

sues were distributed during 1967, and a sixth was in press. This resulted

from the Journal's being approved for bimonthly publication in midyear in

response to suggestions from readers and to make the information distribu-

tion more current. Three Nuclear Safety authors were nominated for the

National Safety Council's Metropolitan Life Awards Contest in accident

prevention for studies that appeared in the Journal. A total of 61 authors

contributed articles to Nuclear Safety during 1967, including 35 from ORNL,

six from foreign countries, and 20 from U.S. organizations other than ORNL.

The first KWIC (Keyword in Context) index to Nuclear Safety was pub-

lished and distributed as an NSIC report in early 1967 and was made avail-

able to readers as an aid in locating articles of interest. The index was

cumulative over the (then) seven-year life of the Journal and included

a chronological index, a permuted title index, and an author index. The

index will be reissued at the close of each Journal year. Another first

during 1967 was the automatic issuance to each author of five reprints of

his current article and additional reprints as requested. A special

Nuclear Safety reprint cover was designed for this use.
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At the request of the U.S. Atomic Energy Commission (AEC), Computer

Handling of Reactor Data - Safety (CHORD-S) was initiated in early 1967

as a part of the Oak Ridge National Laboratory (ORNL) Nuclear Safety Pro-

gram. A computerized information system is being developed for storage

and retrieval of design, construction, and operating safety characteris-

tics of selected reactor facilities. While the information storage and

computer retrieval system will be initially established to be of maximum

usefulness to the AEC's Division of Reactor Licensing (DRL), it will also

be designed to provide for the needs of other AEC divisions such as Com-

pliance, Safety Standards, Reactor Development, and Operational Safety

for the same and related information.

There exists an urgent need within DRL to improve the efficiency of

safety evaluations of light-water power reactors. The number of reactors

currently being processed is already leading to problems of coordination,

consistency, and a clear identification of evolutionary changes in reactor

safety characteristics as they occur. These problems will be aggravated

as the number of reactors being reviewed continues to increase, and this

type of documentation will become increasingly more important to aid in

maintaining the high caliber of DRL reviews.

The CHORD-S information storage and retrieval network system is set

up so that reactor design data of primary significance to safety evalua-

tions is stored in the computer memory in such a fashion that a family of

users can conduct rapid selective searches of the data file from remote

locations by means of time-shared telecommunications terminals. Direct

access to information concerning particular technical categories for a

selected reactor, or for groups of reactors, is accomplished by a conver-

sational-mode computer language that includes special lead-in capabilities.

The program includes a capability for comparing automatically the design

features of a number of nuclear power plants in an optional mode whereby

the computer reads out only significant differences.

During the past year, a substantial volume of data defining selected

characteristics of seven nuclear power stations was entered into the memory

of a central computer. Trial retrieval operations have been successfully

accomplished, both from localized batch processing and by means of a tele-

communications terminal.
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1.1 PROMPT RELEASE OF FISSION PRODUCTS FROM
ZIRCALOY-CLAD U0 2 FUELS

G. W. Parker M. F. Osborne
R. A. Lorenz G. E. Creek

P. L. Rittenhouse

The extent of fission-product release immediately after failure of

the cladding of Zircaloy-clad U02 fuel elements is of primary interest in

evaluating the consequences of a loss-of-coolant accident in a power reac-

tor utilizing such fuel. It is assumed that emergency core cooling systems

would prevent gross fuel meltdown and that only a small fraction of the

elements would rupture and release the gaseous fission products existing

in the element void spaces as a result of normal operation. Consequently,

a study of the behavior of the fission products that are volatile at clad-

ding failure temperatures, principally iodine, tellurium, cesium, and ru-

thenium, was initiated. The rare gases krypton and xenon were studied pre-

viously in a similar program with which comparisons will be made.1

The overall objective of this task is therefore to ascertain the ex-

tent of fission-product release that would result from a loss-of-coolant

accident in a water-cooled reactor before the termination of the accident

by emergency core cooling. The program is divided into the following four

subtasks:

1. out-of-pile experiments with fuels irradiated at high heat-generation

rates,

2. prompt fission-product release studies in TREAT,

3. calculation of amount of volatile radioactivity in fuel rod void

spaces,

4. studies of Zircaloy tube-burst phenomena.

The following sections describe the progress on each of these sub-

tasks.

Out-of-Pile Experiments with Fuels Irradiated
at High Heat-Generation Rates

Irradiated Zircaloy-U02 fuel capsules are to be heated to failure

in a flowing helium-steam or helium atmosphere in a ceramic-lined tungsten-
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element resistor furnace. The released volatile fission products and the

carrier gas will be passed through a fractionation train for separation

and collection of the fission products. A diagram of the system is shown

in Fig. 1.1. After an appropriate high-temperature excursion, the rup-

tured fuel element will be analyzed for the remaining fission products.

The various elements of the characterization train - the absolute filters,

silver membranes, and charcoal cartridges - will be analyzed for type and

quantity of fission products.

Shakedown Tests of Unirradiated Fuel with 1301 Tracer

The need for data on iodine behavior in the system plus the desir-

ability of thoroughly testing the equipment at relatively low levels of

radioactivity prompted a series of experiments with a Pyrex vial contain-

ing 12.5-h 1301 implanted in an unirradiated Zircaloy-clad U02 fuel speci-

men. Fabrication of the fuel specimens required remote welding in a

helium atmosphere. Three experiments were completed, and the results are

summarized in Table 1.1.

Experiment PR-l. In the first experiment, neutron activation of

sodium in the Pyrex vial caused a counting interference that limited data

interpretation. The pretest inventory of 1311 was not determined, so the

tabulated data are based entirely on posttest counting. The fuel capsule

was heated slowly to failure at 1225*C. When the activity release had

stabilized, the steam flow was stopped, and the system was subjected to

three pressure-reduction cycles (1.0 to 0.1 atm). Apparently a pressure

surge during the first reduction ruptured the absolute filters and allowed

an unusual amount of iodine to pass through to the silver membranes.

Experiment PR-2. The second experiment was performed in dry helium,

and the temperature was slowly increased to the melting point of the

Zircaloy cladding. Considerable reaction with the Zr02 boat was observed.

No 24Na activity was present, and the sum of posttest counting data agreed

well with the pretest inventory.

Experiment PR-3. The experimental procedure was altered for the

third experiment to provide rapid heating of the capsule from about 800

to 1350 C by repositioning within the furnace. In addition, a narrow

2-in.-long slot had been milled half way through the capsule wall to
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Table 1.1. Release of 130I from Ruptured Fuel Capsulesa

Fraction of Total 130I Inventory at Indicated
.aFurnace 1301 Fraction Sample Location

Experiment and Heating Temperature Retained in
Conditions ( C). Fuel Capsule Furnace Teflon Absolute Silver Hot

Tube Header Filter Membrane Charcoal Total

PR-lb 1350 0.44 (c) (c) 0.433 0.087 0.039 0.559

15 min at constant pressure 0.430 0.065 0.007 0.502

40 min with three pressure- 0.003 0.022 0.032 0.057
reduction cycles

PR-2 1800 0.248 0.329 0.0104 0.412 0.0002 <0.0001 0.7516

40 min at constant pressure 0.368 0.0002 <0.0001 0.3680

20 min with two pressure- 0.0440 <0.0001 <0.0001 0.044
reduction cycles

PR-3 1400 0.0789 0.255 0.111 0.4616 0.00050 0.00079 0.8289

6 min at constant pressure 0.3173 0.00003 0.00001 0.3173

60 min with three pressure- 0.1443 0.00047 0.00078 0.1456
reduction cycles

aBased on counting 0.66-Mev

bData for PR-1 are inferior
tory not known.

cNo sample.

gamma rays.

because of 24Na interference; pretest inven-
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establish the location of the failure. The fuel capsule is shown in

Fig. 1.2; the large rupture in the cladding and the rapid rise of the

radioactivity at the detector both indicated that this capsule suffered

sudden, catastrophic failure, whereas in both experiments PR-1 and PR-2

iodine was released at a lower rate, apparently from a much smaller frac-

ture. The much higher heating rate used in experiment PR-3 (~l00C/min

versus ~10*C/min) probably influenced the type of failure.

As shown in Table 1.1, more than 40% of the iodine was collected on

the absolute filters in each experiment, and very little iodine penetrated

to the silver membranes and charcoal cartridges. Two possible reasons

for the larger release in experiment PR-3 than in PR-2 are the more rapid

failure and the presence of steam in the latter case.

PHOTO 90684

OAK RIDGE NATIONAL LABORATORY

(a)

PHOTO 90082

OAK RIDGE NATIONAL LABORATORY

(b)

Fig. 1.2. Zircaloy-Clad U0 2 Fuel Capsule Tested in Experiment PR-3.
(a) 0*. (b) 90 . Large rupture and general swelling apparent.



These data indicate a much larger fraction of iodine release than

reported by some investigators. For instance, Collins, Hillary, and

Taylor2 reported less than lo release of iodine at 1000 *C. In addition

to the temperature difference, the present data would be higher because,

since the iodine was not formed within the U0 2 , there was 100% release

and the cladding ruptures were very large compared with the small laser-

produced holes in the fuel cans used by Collins, Hillary, and Taylor.

Preparations for Tests with Irradiated Fuels

In the next phase of the program a series of 12 fuel specimens will

be tested that were irradiated in the GETR at high heat-generation rates

(up to 500,000 Btu/hr-ft2) by the General Electric Company (San Jose).

The irradiations were completed November 5, 1967, and nondestructive ex-

aminations, which included neutron radiography, gamma scans, and dimen-

sional measurements, were performed at Vallecitos Atomic Laboratory. Ir-

radiation data and results of examinations are summarized in Table 1.2.

The neutron radiographs and gamma radioactivity scans of the high-power

specimens showed irradiation effects, such as central void formation in

the fuel pellets and fission-product migration, that were consistent with

Table 1.2. Irradiation Data and Results of Examinations of Zircaloy-Clad
U02 Fuel Specimens Irradiated at High Heat-Generation Rates

Design 131G
Fuel Volumetric Maximum Fuel Inventory Central Gamma

Specimen Average Heat Flux Burnup at 60 d Void Radio-

No. Temperature (Btu/hr-ft2) (Mwd/T) Decayorme activity

( C) (curies) in Fuel Spikes

x 103

011 800 232 443 4.4 No No
012 1400 507 990 10.4 Yes Yes
013 1100 388 799 8.2 Yes Yes
021 800 275 525 5.0 No No
022 1400 515 1006 9.9 Yes Yes
023 1100 407 839 8.5 Yes Yes
031 800 260 679 2.2 No No
032 1400 453 1197 5.6 Yes Yes
033 1100 413 1125 5.3 Yes Yes
041 800 27.2 535 2.8 No No
042 1400 416 803 5.7 Yes No
043 1100 285 546 3.9 No No
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Fig. 1.3. Comparison of Gamma Scans of Low-Power (a) and High-Power
Specimens (b). Note gamma radioactivity spikes at fuel-pellet interfaces
and central void in specimen 012.

the heat fluxes calculated from neutron flux data. The gamma scans shown

in Fig. 1.3 illustrate the apparent migration of fission products to fuel-

pellet interfaces of a high-power specimen (012) as compared with a lower

power specimen (041). These data were used in selecting three specimens

for destructive examination; the other nine specimens will be shipped to

ORNL for testing in the prompt-release experiments. Although this series

of experiments includes only tests of low-burnup fuel, later experiments

to study prompt fission-product release at burnups representative of exist-

ing and near-term reactors are anticipated.

Prompt Fission-Product Release Studies in TREAT

Fission heat will be used to simulate the decay heat (and initial heat

content of U0 2 above cladding temperature) of a real loss-of-coolant acci-

dent in the in-pile TREAT experiments. The TREAT reactor will be operated

at steady power so that fissioning in the test fuel rods will heat the
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cladding to failure in a steam-helium atmosphere in about 30 sec. The

maximum U02 temperature expected is about 1500*C.

A batch of fuel rods built to Dresden I specifications will be used

initially in the experiments. These rods contain 94-dense 1.5%-enriched

U02 pellets clad with 0.568-in.-OD Zircaloy-2. The fueled length is about

27 in., and the rods have a void volume of about 5 cc. A cluster of seven

rods will be used. The center rod will be irradiated for one 18-day cycle

in the MTR to build up fission products under conditions similar to those

of the peak rod of modern water-cooled reactors. A linear heat rating of

15.2 kw/ft will duplicate the fission-gas release rate expected in the

peak rod of the Browns Ferry Reactor. One cycle in the MTR at 15.2 kw/ft

will produce 20.6 cc of stable fission gases, of which about 1.3 cc will

be released to the void spaces. The burnup will be 810 Mwd/T, and the

1 33Xe release to the voids will be about 5%.

A hot cell at Idaho will be used to place the irradiated rod in the

experimental assembly as soon as possible so that the prompt release may

be performed in TREAT and the radiochemical analysis performed at Oak Ridge

before the 133I has decayed too long. The outer circle of six unirradiated

rods will be monitored with thermocouples attached to the cladding. Some

of these unirradiated rods will be pressurized with helium so that the

pressure threshold of rupture can be determined. The ruptures in the un-

irradiated rods will be compared with those in the irradiated rod. If

extra irradiated rods are available, they may be placed in the outer circle

of six.

To perform the prompt-release phase of the experiment in TREAT, the

fuel rod cluster will be heated to about 280*C with external electric

heaters. A gas flow of 22 liters/min, consisting of equal parts of helium

and water vapor, will pass upward through the cluster and into a fission-

product collection train. This train consists of a heated fiberglass fil-

ter pack, a radiation monitor on the gas outlet tube, a condenser, a warm

charcoal bed, a freeze trap, and a cold charcoal bed. The TREAT reactor

will then be raised to a steady power level so that fission heating in the

test fuel rods will heat the U02 and cladding to rupture temperature in

about 30 sec. Shortly after rupture the gas flow will be switched to a
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second collection train so that the delayed fission-product release may

be determined.

At ORNL the fuel rods will be examined, and fission-product release

from the rods will be determined. The releases of 1291, 1311 133Xe, and

$5Kr will be compared. An effort will be made to determine 1311 retained

in the void spaces by analyzing for the 131mXe daughter and by direct

chemical leaching for 1311.

In future experiments, fuel rods with higher burnup will be used.

VBWR fuel rods are available with burnups of several thousand Mwd/T that

can receive additional irradiation in the MTR.

Calculation of Amount of Volatile Radioactivity
in Fuel Rod Void Spaces

Methods of Calculation

Two methods of calculation were developed for the estimation and

correlation of volatile radioactive fission products in fuel rod void

spaces for prompt-release experiments. The D' (empirical) method involves

an empirical diffusion parameter based on the in-pile release of stable

fission gas to the plenum of capsules and rods. The method is suitable

for metal-clad U02 fuel rods of normal construction where the U0 2 density

is 92 to 95% of theoretical. In this method linear fuel rod power is cor-

related with stable fission-gas release by use of an empirical parameter

D'. Fick's volume diffusion equations are used to correct for time and

to extend the correlation from stable-gas release to the release of radio-

active fission gases at production-diffusion-decay equilibrium.

The postirradiation annealing method considers fission-gas release

rates from high-burnup U02 heated out of pile. Fickian diffusion equa-

tions are used to apply the postirradiation release rates to in-pile con-

ditions for both stable and radioactive gases in production-diffusion-

decay equilibrium.

The D' (empirical) method was developed to predict the amounts of

stable and radioactive fission gases that are available for prompt release

from fuel rod void spaces. "Prompt release" refers to the immediate es-

cape of volatile and gaseous fission products from void spaces in high-
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burnup fuel rods when cladding is ruptured following a loss-of-coolant

blowdown accident in pressurized-water and boiling-water reactors. Clad-

ding rupture in these accidents is a result of high internal gas pressure

and low cladding strength because of high temperature following loss of

coolant.

Correlation of Data

To provide background information about fission-gas release for de-

sign of experiments and analysis of results, a literature survey was un-

dertaken. The main objective was to look for correlation between fuel

operating conditions, the "diffusion" release of short half-life isotopes,

and the release of stable fission gases. Much work was done on the re-

lease of stable fission gas under normal fuel operating conditions, but

there is little agreement on correlation or prediction. The only study

of short half-life isotopes was made in continuous sweep experiments,

usually at low burnup and low temperature.

Since no satisfactory correlation was found, it was necessary to de-

velop one. For this correlation of the release of radioactive and stable

fission gases with U02 -fuel operating conditions, the "classical" diffu-

sion release equations developed by Booth and Rymer3,4 and also by Beck5

were used. These equations, based on Fick's law of volume diffusion, de-

scribe the release of both stable and radioactive fission gases. The ap-

proximate equations are

F = 4 and F = 3

(where F < 0.2) for small fractional release of stable and radioactive

fission products, respectively. In these expressions F is the fraction.

of generated fission gas in fuel rod void spaces, D' is the empirical

fission-gas release parameter described above, t is irradiation time, and

7 is the decay constant for the radioactive species. The two pertinent

equations plus correction factors for F greater than 0.2 are plotted in

Fig. 1.4.

It is now known that fission-gas release, especially at high tempera-

ture, is dependent on a variety of parameters, such as burnup, grain growth,
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trapping, bubble migration, and possibly temperature cycling. However,

the time and radioactive-decay dependencies described in the diffusion

equations may be valid, and therefore consideration is being given to the

use of a fission-gas release parameter, Di, whose temperature dependence

is empirically determined.

The temperature-equivalent parameter chosen for the correlation was

the linear power (w/cm of length) of a cylindrical fuel rod. Linear

power is convenient to use because all experimental capsule, rod, and re-

actor rod data may be expressed in these terms by using burnup data and

time at power based on a heat output of 182 Mev/fission. The investiga-

tions showed that most of the current generation of metal-clad U02 fueled

reactors use fuel of similar composition, density, and manufacture, so

the resulting correlation is suitable for most boiling-water and pressur-

ized-water reactors.

The basis for the determination of D' (empirical) was to use the re-

lease of stable fission gas in capsules and fuel rods as reported by

AECL. 6 - 1 0  The AECL work was chosen because of the large number of care-

fully conducted and well-reported experiments. The effect of density on

thermal conductivity was accounted for by applying a correction factor to

the linear power. Data for burnup of 1000 Mwd/ton or higher were used,

and it was assumed that sintering, grain growth, cracking, and bubble

. . . 1 1 .1 .11 .1 .1 .1 1 .. .1 .1 . ..1 1 .1 .1 .1 ......111 . lillllli III

I
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formation in the first 1000-Mwd/ton burnup would minimize the effect of

initial structure on fission-gas release.

A value of Di was obtained from Fig. 1.4 for each AECL test capsule

by using the measured fractional release of stable fission gas and the ir-

radiation time. D is plotted in Fig. 1.5 as a function of linear power.

ORNL-DWG 68-4070
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The relative fractional releases of stable and radioactive fission

gases were calculated from the dashed line in Fig. 1.5 and are shown in

Fig. 1.6. The release of stable gas is a function of time, but the re-

lease of radioactive gas reaches an equilibrium after a period of time

equal to several half-lives.

The resulting correlation was used to estimate fission-gas release

in the Browns Ferry Reactor fuel elements. Table 1.3 summarizes the re-

sults for the average rod, peak rod, and core total. The axial flux gra-

dient in the rods results in greater fission-gas release than that which

corresponds to the thermal average. For example, linear power in the peak

rod ranges from 64 w/cm at the outlet end to 600 w/cm at the peak loca-

tion. The thermal average is 400 w/cm, and the integrated fission-gas
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Table 1.3. Browns Ferry Fission-Gas Release Summary Based on Release Rates
Calculated by D' (Empirical) Method

D, Empirical Fraction of Fraction of Fraction of

Heat Flux Linear Power Diffusion Stable Fission 1 33 Xe in 1 3 11in
Condition (H t2 Coefficient for Gas Released Plenum at Plenum at

kw/ft w/cm Xenon-Krypton to Plenum in a

(sec ) 10 sec Equilibrium Equilibrium

Peak rod Thermal average 283,000b 12.2 400 3.6 x 1011 0.133 0.014 0.036

Fission-gas average 354,000 15.25 500 5.2 x 10~10 0.388 0.060 0.136

Thermal peak (fission- 425,000b 18.3 600 3.0 x 10-9 0.73 0.133 0.310

gas peak)c

Total core Thermal averaged 163,200 7.04 231 ~5 x 10-1 -0.005 ^0.0005 ^0.0014

Fission-gas average 251,000 10.82 355 6.6 x 10-12 0.058 0.0063 0.0155

Thermal peak (fission- 425,000 18.3 600 3.0 x 10-9 0.73 0.133 0.310

gas peak)c

Average rod Thermal averaged 1 6 3 ,2 00b 7.04 231 ~5 X 10-14 0.005 ^0.0005 -. 0014

Fission-gas average 204,000 8.80 289 4.4 x 10~1 0.015 0.0016 0.0040

Thermal peak (fission- 24 5,000b 10.57 346 4.5 x 10-12 0.048 0.0055 0.0128

gas peak)

iffusion coefficient for iodine assumed to be four times that of xenon.

bData contained in private communication from General Electric Company.

cIdentical for peak rod and total core.

dIdentical for total core and average rod.

HON
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release corresponds to a linear power of 500 w/cm. The average linear

power that yields the reactor total fission-gas release by this model is

355 w/cm (10.8 kw/ft).

Comparison of Fission-Gas Release Calculated by the D' (Empirical)
Method and by the Postirradiation Annealing Method

The postirradiation annealing method uses fission-gas release rates

determined by postirradiation annealing of 95%-dense U02 irradiated to

4000 Mwd/T.1 1 Classical Fickian diffusion coefficients were obtained from

these experiments after correction for the initial "burst" release. The

resulting diffusion coefficients are represented as straight lines in

Fig. 1.7. The postirradiation annealing method used here is essentially

the same as that used previously,12 except that diffusion equations are

used to calculate the release of radioactive and stable gases.

A direct comparison between the D' (empirical) method and the post-

irradiation annealing method is difficult because the release rates are

correlated by linear power in the D' (empirical) method and by tempera-

ture in the annealing method.

The average thermal rod and the peak rod of the Browns Ferry Reactor'

are suitable for comparing the two methods. The volume and temperature

distributions for these rods were obtained from the General Electric Com-

pany,13 and those for the average rod are listed in Table 1.4.

The diffusion constants for the temperature limits of each zone

(Table 1.4) were obtained from Fig. 1.7. The mean diffusion coefficient

for each zone was estimated by Simpson's rule, and the fractional release

for each zone was obtained from Fig. 1.4. The fractional release in each

zone was then adjusted for volume fraction and summed. The sums were ad-

justed to account for the axial flux gradient. *The difference calculated

previously by the D' (empirical) method was used.

Table 1.5 compares the calculations by the two methods for Browns

Ferry average and peak rods. The agreement is rather poor, with the dif-

ferences varying between factors of 2 and 6. It must be recognized, how-

ever, that the release rates for the two methods came from completely

different sources: the D' (empirical) data were obtained from the in-

pile release of stable gas in capsules and rods, and the postirradiation



Table 1.4. Fission-Gas Release in Browns Ferry Reactor from Average Thermal Rod
as Determined by Postirradiation Annealing Method

Fractional F (1 33Xe) Fractional F (131I) Fractional F (Stable)

Zone Volume Temperature D Mean D'afor Release of Corrected Release of Corrected Release of Corrected

No. Fraction (C) (sec) Zonea 
133Xe for I at for Stable Gas for

(sec-1) at Equilibrium, Volume Equilibrium Volume in 108 sec, Volume

F = 3/D /A Fraction F = 3 4D7/A Fraction F = 4 1Dot Fraction

1400 1.4 x 10-9

1 0.04 * 1.0 x 10~9 0.077 0.00308 0.19 0.0076 0.56 0.0224

1330 6.0 x 10-10

2 0.12 1.5 X 10-"0 0.030 0.00360 0.074 0.0089 0.26 0.0312

1020 6.0 x 10-12

3 0.20 1.33 x 10-12 0.0021 0.00042 0.007 0.0014 0.026 0.0052

760 1.6 x 1014

4 0.28 9 x 10-15 0.0002 0.00006 0.0006 0.0002 0.0021 0.0006

570 ^10-15

5 0.36 5 X 10-16 0.0005

360 ~,10-16

Rod total for uniform axial fission-product production 0.0072 0.018 0.058

Rod total for a factor of 1.35 increase for rod having peak-to-average 0.0097 0.024 0.079
flux ratio of 1.5

aMean D' determined by Simpson's rule.

bDiffusion coefficient of iodine estimated to be four times that of xenon.

H



Table 1.5. Comparison of Fission-Gas Releases Calculated by D' (Empirical) Method
and by Postirradiation Annealing Method

Equilibrium Release Equilibrium Releasea Release of Stable Gas
of 1 3 3Xe (f) of 131I () in l0 sec (f)

D/ (Empirical) Annealing D' (Empirical) Annealing D' (Empirical) Annealing
Method Method Method Method Method Method

Browns Ferry average 0.16 0.97 0.40 2.4 1.5 7.9
rod

Browns Ferry reactor 0.63 3 .3b 1.55 6.7b 5.8 19b
average

Browns Ferry peak 6.0 27 13.6 35 39 50
rod

aDiffusion rate of iodine estimated to be four times that of xenon.

bEstimated in relation to average rod and peak rod.

H
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of Xenon from U02 as Determined by Postirradia-

annealing data were obtained from reirradiated high-burnup fuel heated

out of pile. The release rates are very sensitive to temperature. The

disagreement points up the need for additional data, preferably from ir-

radiated rods containing short-half-life gas at equilibrium release. Ex-

periments will be run at ORNL to obtain more accurate postirradiation

annealing data by extending the annealing times from 5 to 24 hr or more.

The relative releases of 1 3 3 Xe, 131I, and stable gases by each method

agree because the same diffusion equations were used in both methods.
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The diffusion rate of iodine was estimated to be about four times that of

xenon,12 and this factor was used in the calculations. The relative re-

lease rates of iodine and xenon are not known accurately and are to be

investigated.

Studies of Zircaloy Tube-Burst Phenomena

A loss-of-coolant accident in a light-water reactor would result in

a rapid increase in the temperature of the fuel rods. By the time the

emergency core cooling system functioned, much of the fuel cladding would

be at temperatures in excess of 1500*F. At these temperatures the strength

of the cladding would decrease by at least an order of magnitude and the

stress on it would double. Swelling and rupture would occur in many tubes.

If the cooling system failed to function, hot-spot temperatures would ex-

ceed the melting point of the cladding in 1 to 2 min. All the cladding

would be molten in less than 1 hr.

The purposes of the long-range program proposed for studying these

phenomena are to determine (1) whether diametral expansion or distortion

of the cladding will be great enough to hinder or prevent functioning of

the cooling system; (2) the time and temperature at which the cladding

will rupture; and (3) the type and extent of rupture (e.g. pinhole, ex-

plosive, etc.).

At present it seems most logical to consider the problem in four

phases. The first three will fall, generally, into chronological order,

while the fourth phase should be considered coincident with the first three.

Phase I - Testing of Irradiated Cladding from Existing Reactors

During the first phase a determination would be made of what material

was available for testing and arrangements would be made to acquire clad-

ding from various loadings. Design and construction of hot-cell equipment

for tube burst testing could proceed during this time. It is anticipated

that it will be necessary for each temperature transient studied to test

a minimum of ten fuel pins for each of, say, three burnup levels from each

reactor loading. The anticipated time-temperature envelope will need to

be specified, as well as the desired number of transient cases to be
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examined. If this number is no greater than four, three complete sets of

irradiated cladding of various origins can be examined each year for a

minimum of three years. These cladding tubes may be of slightly different

sizes. They will have experienced various environments, and they will

have perhaps been produced by different manufacturers with different pro-

cedures, so detailed histories will almost certainly not be known. They

will have different crystallographic preferred orientation (texture),

since they may be Zircaloy-2 or Zircaloy-4, and will.have various hydrogen

contents and different degrees of corrosion contamination. All these are

variables over which there will be no control, and perhaps little, if any,

information will be available.

Phase II - Irradiation and Testing of Cladding of Existing and
Planned Fuel Elements and Different Types of Tubing

Phase II studies will be based on the information developed in phase

I and the results obtained in phase IV. The experimental variables will

be controlled, however, to a much greater extent than in phase I. Clad-

ding tubes of present and planned fuel element design will be selected

for controlled irradiation before testing. Neutron fluence, initial in-

ternal pressure, and time-temperature cycle will be selected from the re-

sults of phase I. Hydrogen content, corrosion weight gain, etc., will

be specified and controlled. In addition, zirconium-alloy tubing produced

by various manufacturing procedures with different textures will be se-

lected. The materials considered will probably be Zircaloy-2, Zircaloy-4,

and the zirconium-niobium alloy used in Canada for both fuel sheathing

and pressure tubing.

Phase III - Fabrication, Irradiation, and Testing of Cladding
That Meets both Design and Safety Requirements

From phase I, II, and IV investigations it should be obvious whether

a certain alloy and/or texture is superior with respect to reactor safety.

It will also be known, from other work by this group, what is best in terms

of design requirements (hydride content, orientation, texture strengthen-

ing, etc.). The superior material will be obtained, and a procedure simi-

lar to that used in phase II will be employed to test it. Specifications
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will be written as to alloying content, texture, manufacturing procedure,

design limits, etc.

Phase IV - Support Activities

Phase IV will be vital to the successful implementation of the pro-

gram. Initially, the primary concern will be in attaining complete knowl-

edge of what experiments to perform. Also, cooperative information ex-

change will be set up with other groups working in this field.

A broad background of information on zirconium metallurgy is avail-

able in the Zirconium Group of the Metals and Ceramics Division. They

have determined uniaxial and biaxial properties, studied textures, and

manufactured zirconium-alloy tubing. Material and equipment are available

or can be quickly devised to perform necessary experiments. In addition

to control experiments (testing of unirradiated tube specimens with con-

trolled history under the desired transient conditions), several other

very important points should be studied. For example, under certain con-

ditions of stress and strain rate it is possible, particularly near a

phase boundary, to obtain ductility on the order of hundreds of percent

elongation. This superplasticity has been observed in zirconium alloys

heated near the alpha-to-beta phase-transformation temperature under ex-

ternal loading and could prove to be extremely important in connection

with-the swelling problem. In addition, there is considerable strain or

distortion associated with the transformation itself.

Conclusions

The prompt-release phase of the loss-of-coolant accident is being

investigated in a comprehensive program of experiments with high-heat-

rating fuel capsules, experiments in TREAT, calculations of the amount of

volatile radioactivity in fuel rod void spaces, and a metallurgical pro-

gram investigating Zircaloy tube-burst phenomena.

Preliminary experiments with the apparatus for prompt release from

fuel capsules showed that this equipment was operating satisfactorily for
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the planned program. The iodine tracer experiments showed that Zircaloy

fuel capsules seal welded at atmospheric pressure rupture readily at

1300 C in steam and that more than 50% of the available iodine (that re-

leased from the Uo2) is likely to escape when the cladding ruptures. The

results of nondestructive examination of the high-heat-rating fuel cap-

sules indicated that actual irradiation conditions closely approached the

design values. Consequently these specimens should be appropriate for

study under this program.

Fission heat will be used in the in-pile TREAT experiments to simulate

the decay heat (and initial heat content of U02 above cladding temperature)

of a real loss-of-coolant accident. For these experiments, 27-in.-long

rods containing 131I at high-heat-rating equilibrium distribution will be

used. The TREAT reactor can provide realistic heating to cladding failure

in times of between several seconds and 1 or 2 min.

The D' (empirical) method for calculating fission-gas release from

U02 demonstrates good correlation of stable-gas release in a variety of

Canadian fuel capsules. Linear fuel rod power is a convenient correlating

parameter. Application to the Browns Ferry Reactor shows that about 0.6%

of the 1 33Xe will be in the fuel rod void spaces at production-diffusion-

decay equilibrium.

The postirradiation annealing method of fission-gas release calcula-

tion predicts significantly greater release of xenon and iodine than the

D' (empirical) method for Browns Ferry Reactor average and peak rods.

Experiments are planned at ORNL to improve the accuracy of the postirra-

diation annealing method.

A program outline is being developed by which the behavior of Zir-

caloy tubing can be determined under accident conditions. Of primary

interest are predicting (1) whether diametral expansion or distortion of

the tubing when used as fuel element cladding will be great enough to

adversely affect operation of the emergency core cooling system, (2) the

time and temperature at which the cladding will rupture, and (3) the type

and extent of rupture.
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1.2 CHARACTERIZATION OF SIMULATED ACCIDENT AEROSOLS

R. E. Adams T. H. Row
G. W. Parker W. J. Martin
G. E. Creek S. H. Freid

B. F. Roberts

The large volume of the Containment System Experiment (CSE) at

Hanford (30,000 ft3) makes impractical the use of irradiated fuel to fur-

nish realistic fission-product levels. Neither is it feasible to use

simulated high-burnup fuel pellets of the type used in the Containment

Mockup Facility (CMF) or in the Nuclear Safety Pilot Plant (NSPP). The

simulation techniques devised for use in the CSE involve vaporization of

suitable quantities of fission-product elements containing radioactive

tracers and passing the vapor over molten unirradiated U02 before it

enters the containment vessel. In order to determine how well the aero-

sols produced by this technique simulated those produced from actual over-

heated high-burnup fuel, it was necessary to make direct comparison under

similar conditions.

Portable Sampler for Characterization of Simulated Aerosols

T. H. Row R. E. Adams

A portable device was designed for sampling in facilities that use

Containment Systems Experiment (CSE)-type fission-product aerosol simu-

lation. The use of a common sampling device should make it possible to

compare aerosols produced by the simulation technique with those produced

by induction heating of irradiated materials, as was done extensively in

past work. The sampler was used in experiments at ORNL in the Contain-

ment Mockup Facility (CMF) and the Containment Research Installation (CRI)

and at Battelle-Northwest in the Stainless Aerosol Tank (SAT) associated

with the CSE.

The sampling device includes four different samplers to evaluate

the aerosols in the various facilities. A six-tube May-pack sampler is

used to provide time-dependent data, and a six-tube particle sampler is

used in obtaining representative electron-microscopy samples. These two
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devices are operated sequentially so that the material deposited on the

particle filters is obtained at about the same time as the May-pack sample.

In addition to the sequential samplers, a diffusion tube and fibrous-

filter analyzer are used as single-sample devices. These two are operated

at a preselected time during the experiment when the aerosol form is of

greatest interest. Selection of this time is based on previous experi-

ments in the facility that point out general aerosol behavior. The dif-

fusion tube contains a silver desiccant, rubber, and impregnated charcoal

sections. The fibrous-filter analyzer contains Dacron fiber mats for par-

ticle analysis.

The first experiment in which the sampler was used was CMF run 1007,

in which 1000-Mwd/T-burnup fuel was simulated in a steam-air atmosphere.

The isotopes were volatilized by heating pellets on platinum ribbons. The

vapors were then swept over molten U02 in an induction furnace before

entering the CMF tank. The results of the experiments indicated good

agreement between standard CMF May packs and the portable device both on

concentration and characterization. The observed half-lives for 1 0 3Ru,

1311, and 1 34Cs were 60, 93, and 63 min, respectively, as shown in Fig.

1.8.

The sampling device was then transported to the CSE, where it was

used in run S-85 of the SAT. The run was isothermal at'80C and 1 atm,

abs, with a 50 wt % steam-50 wt % air mixture. The simulant contained

iodine, cesium, and ruthenium, which were volatilized and passed over a

zirconium-clad U02 fuel element before entering the tank.

The portable sampler gave concentrations lower than those obtained

with the CSE-type samplers in the early phases of the run, but the con-

centrations agreed during the later part. The early differences were

probably due to inlet losses. The iodine concentrations measured by the

ORNL and CSE samplers are shown in Fig. 1.9.

The portable sampler was also used in CRI run 107 with a 7000-Mwd/T-

burnup simulant produced by the meltdown technique used in CMF run 1007.

Analysis of the data from this run has not been completed.

Analyses of the available experimental results indicate, however,

that the portable device gives a representative sample of the gas
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concentration. Additional samples will be taken during a high-burnup run

scheduled for the CRI, and the results from the four different runs will

be compared to establish the validity of the CSE type of simulation of

high-burnup fuel.

Out-of-Pile Tests of CSE Simulant

G. W. Parker W. J. Martin
G. E. Creek

For the purpose of comparing simulants and highly irradiated U02 in

the same facility, the Battelle-Northwest method for aerosol generation

was tested on a miniature scale. Extremely small, densely compacted pel-

lets containing suitable radioactivity and the required amount of non-

radioactive fission-product elements were heated on small ribbons or fila-

ments by low-voltage resistance. The vapors were then passed through a

hot zone containing melted U02. A final series of experiments will be

conducted in which the CSE-simulated aerosol will be compared directly

with the aerosol produced by the in-pile melting of U02 fuel.

The mockup for the CSE-simulation on a scale compatible with the

relatively small CMF and CRI was first accomplished by the method of com-

pressing miniature pellets of separated isotopes and resorting to neutron

activation before placing them on high-temperature vaporization filaments

in a furnace in which U02 was melted by induction coupling. In the pre-

vious CMF runs, the experimental arrangements for vaporizing the several

sources coincident with the U02 melting were only partially successful.

Several runs were made, however, and were described previously.1 4

The work was transferred to the CRI because of larger containment

vessel size, improvements in sampling techniques, and the opportunity to

test simulants in the environment provided by an all-stainless-steel sys-

tem, as well as by a painted coating. In the new location (CRI) the amount

of simulant used was increased, and one run was successfully completed,

although the filament provided for vaporization of the strontium activity

did not perform satisfactorily. The results of the run are summarized

in the curves of airborne concentration in the tank for iodine, cesium,
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tellurium, and ruthenium in Fig. 1.10. Distinct differences in plateout
are shown.

The results are compared in Table 1.6 with data from the CMF and for

one high-burnup real-fission-product aerosol. Since the total time of

containment in the CRI is long (20 hr) compared with that in the CMF
(5 hr), some differences were expected. One of these was the difference
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Table 1.6. Comparisons of Radioactivity Distributions Obtained in CMF and CRI Runs

Iodine Cesium Ruthenium

Run CMF Run CMF Run CRI Run CMF Run CMF Run CRI Run CMF Run CMF Run CRI
4-1 1 -66 a 1008b 10 7b 4-1 1 -6 6a 1008b 10 7b 4-1 1 -66a 1008b 10 7b

Time in containment vessel, hr 4.5 4.7 20.6 4.5 4.7 20.6 4.5 4.7 20.6

Activity, %

Tank washes and deposition coupons 51.6 38.9 84.1 63.8 67.9 61.8 88.0 78.5 95

Condensates 22.6 45.1 14.8 28.7 15.0 26.7 3.5 8.9

Total 74.2 84.0 98.9 92.5 82.9 88.5 91.5 87.4 95

Airborne activity at end of aging
period, %

Gas samples 0.1 2.1 0.06 0.4 3.1 1.0 0.5 3.0 1.2
Released on venting 9.0 6.0 0.55 1.1 8.4 4.5 1.2 5.2 3.5
Recovered by argon sweep 13.6 7.9 0.43 5.9 5.5 6.0 6.7 4.5 0.3
Recovered by air sweep 3.1 0.1 0.03

Total 25.8 16.0 1.04 7.5 17.0 11.5 8.4 12.7 5.0

aZircaloy-clad U02 sample irradiated to 7100 Mwd/T.

Simulant designed to mock up Zircaloy-clad U02 sample irradiated to 7000 Mwd/T.

0
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in airborne iodine at the end of the aging period. Cesium behavior was

somewhat comparable in all three runs, as was ruthenium behavior, with

about 10 to 20% remaining airborne at the end of condensation.

A direct measurement of the particulate cesium and iodine is re-

ported for run CRI-107. The data show little or no particulate iodine

(1%), in apparent agreement with the 1% or less found remaining airborne

at the end of the aging period.

As part of the experimental program for the CRI, some informative

experiments were performed with the CSE-simulated aerosol. In order to

show the similarity or difference between runs, it was decided to compare

the results of several CRI experiments, including a CSE type.

Data from CRI runs 104, 105, 107, and 108 are summarized in Table

1.7, along with information concerning the conditions of operation and

results. Radioiodine tracer was used in compiling the data concerning

the activity distribution, since it was the common radioactivity for all

experiments. An examination of the activity distributions shows that the

distributions are similar for all the experiments, except CRI-l08, in

which the deposition was lower on the tank walls and higher in the steam

condensate. This could possibly be due to the low humidity in the tank

at the start of the run and also to an observed "smoke" generated while

melting the Zircaloy-clad U02. It should be noted that run CRI-107 with

CSE-type aerosol was not significantly different from runs 104 and 105.

Run 108 is discussed separately in this section.

In Figs. 1.11 through 1.14 (CRI runs 104, 105, 107, and 108, respec-

tively) the airborne activity concentration in the containment vessel,

expressed as the ratio of the concentration at time "t" to that at time

zero, is plotted versus aging time in minutes. The concentration at time

zero is determined from an inventory compiled by totaling all the activity

found in the containment vessel for the entire experiment. It should be

noted that there is an abrupt drop in the iodine concentration at the

start of an experiment. This indicates rapid removal of iodine, probably

by deposition on the tank walls. In Figs. 1.13 and 1.14 (runs 107 and

108 with melted U02 ), where other activities are shown, it can be observed

that the initial drop for these activities is not so rapid, probably be-

cause of their deposition on particulates. Of particular interest is



Table 1.7. CRI Run Operating Conditions and Results

Run 104 105 107 108

Radioactivity used 130I H1 30 I Simulant run Cs, I, Sn, Co, Sba

Ru, Sr, I

Conditions in the containment vessel at
the start of the run

Air pressure, psia 22.93 37.61 33.72 37.44

Steam pressure, psia 22.27 13.89 13.48 10.96

Relative humidity, % 66.1 97.9 63.8 46

Temperature, *C 125 99 110.5 114

U0 2 melted in experiment No No Yes Yes

Sprays used No No No Yes

Aging time of aerosol, hr 20.9 21.7 20.6 23.2

Distribution of activity reaching con-
tainment vessel, %

On the walls of the containment vessel 84 86.7 83.9 62.6b

In the steam condensate 15.3 13 14.7 35.9

In exhaust gases from tank when tank 0.18 0.07 0.55 0.6
is let down to atmospheric pressure

On filters after cyclic filtering of 0.35 0.06 0.48 1
the tank contents for final cleanup

aIrradiated Zircaloy used with tracer iodine.

LActivity in the spray solutions was included as a tank wall wash.
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in Run CRI-104

the effect of spraying on the concentration of airborne activities, as

shown in Fig. 1.14. It should be noted that if the antimony, cobalt,

and tin activities are assumed to be on particulates, as would be assumed

from their deposition behavior, the effect of spraying on particulate

concentration is, in this instance, negligible. In Figs. 1.11 and 1.12

the values obtained with the LOFT-type sampler are plotted in addition

to those obtained from the CRI-type sampler. The LOFT-type gas sampler
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is an internal ball-type sampler, and its erratic behavior is evident in

Figs. 1.11 and 1.12. Complete descriptions of both the CRI and LOFT

samplers were given previously.1 5

In Figs. 1.15 through 1.18 the distributions of sample activity on

various parts of the May-pack gas samplers are plotted against time. The

term "washes" refers to activity washed from supporting structures in
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the sampler (screens, gaskets, rings, etc.) and the sampler housing. The

figures indicate similarities in distribution.

In Fig. 1.19 the total condensate in the vapor phase in the four

runs is plotted against time. Most of the condensation half-times listed

are in the region of 300 min. It should be noted that for run CRI-log

the points depart more rapidly from a straight line than do the points

for the other runs. Based on the abrupt drop in iodine concentration

shown in Figs. 1.10 through 1.13, it can be inferred that there is con-

siderable difference in the half-time for the removal of the major portion

of the iodine activity and that for the condensation of the steam.
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Following the last CSE simulant run (107), a modified simulant run

designated log was conducted in which only radioiodine was used with the

molten Zircaloy-clad U02. A sample of Zircaloy cladding was obtained

that had previously been highly irradiated and had aged for a period such

that the induced radioactivity consisted of similar quantities of 12 5Sb,

1 1 3 Sn, and 60Co. The run was conducted with an extended melting period

for the U0 2 and cladding, and it was qualitatively observed that the

vaporization of the metallic tin component was extensive.

In-Pile Test's of CSE Simulant

The necessary procedures and components are being developed to per-

form two in-pile tests that will permit direct comparison of aerosols from

an actual fuel melt with those of the CSE aerosol simulant. The components

being fabricated consist mainly of an in-pile simulant generator, new

May-pack designs, and modified transfer lines. In addition, analytical

techniques for resolving simulants and fission products are being de-

veloped. Two samples are to be used in this program; first, a high-burnup

(>l8,000-Mwd/T) Zircaloy-clad U02 capsule with no additional simulants

and, second, a trace-irradiated Zircaloy-clad U0 2 capsule with simulants.

Conclusions

It is increasingly apparent that during the course of the simulant

testing program, it has been virtually impossible to control all the

variables of importance in an approach toward duplicating the concentra-

tion form and environment of the released fission-product aerosol in even

consecutive runs in the same facility. Characterization devices capable

of adequately describing aerosols have only recently become available,

and aerosols used in future experiments will be more fully characterized

than they have been. However, there is still concern for the probable

lack of similarity of the test parameters used by the various experimen-

ters. Full recognition must be given to these experimental differences

in order to assess the quality of fission-product simulation.
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1.3 IN-PILE RELEASE OF FISSION PRODUCTS IN
SIMULATED REACTOR ACCIDENTS

Fission-product release and transport are being studied in in-pile

simulated loss-of-coolant accidents in the Oak Ridge Research Reactor

(ORR). Small-scale U02 fuel elements are heated under their own fission

heat to cause cladding melting, U0 2-grain growth, fuel melting, and fis-

sion-product release and transport into various characterization devices

and into an aging chamber. Samples of aerosols are obtained from the

aging chamber as a function of time. The results of the first two experi-

ments with the aging chamber are reported in the following section. Iodine

release rates for several ORR experiments were reported previously,1 6 and

a new analytical model,1 7 the Light Bulb Model, for predicting the frac-

tional release of fission products was discussed.

In simulated transient accidents in TREAT, the series of underwater

transient-melting experiments with 32-g U02 fuel specimens was extended

to include studies of the effect of pressure during melting. The effects

of cladding material and rate of steam release from the melting region

were explored in experiments 7, 8Z,18 9, and 1OZ.1 9  (The letter Z desig-

nates experiments in which Zircaloy-2 cladding was used; in the other ex-

periments the cladding on the fuel was stainless steel.) Two other ex-

periments, 11Z and 12Z, more realistically simulated a transient accident

in a water reactor by including a sealed primary vessel around the fuel

and water.

Simulated Loss-of-Coolant Accidents in ORR

S. H. Freid C. E. Miller, Jr.*
B. F. Roberts 0. Sisman

In-Pile Experiment Description

Two experiments were performed with the experimental facilities de-

scribed in the previous report.1 6  In both experiments there was a moist

air atmosphere in the furnace area and dry air in the aging chamber. In

the first experiment, experiment 30, the chamber was maintained at the

*Now at Argonne National Laboratory, Argonne, Illinois.
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reactor pool temperature, 35*C, and in the second, experiment 31, it was

maintained at 103*C. These temperatures were kept constant both during

meltdown and subsequent sampling periods. Aerosol sampling in the chamber

was performed with May packs and bulk gas samplers.

In experiment 30, the moist air was passed over the molten pool for

5 min, and the flow was continued for 15 min after the furnace was re-

tracted from the reactor core. In experiment 31, however, due to a rapid

rise in pressure in the aging chamber, the assembly was retracted after

3.25 min, and the flow of moist air was halted. Postirradiation examina-

tion showed that in both cases the fuel completely melted. In addition,

since the behavior of the cesium species in the chamber was identical in

both cases, no apparent gross changes in the aerosols produced were indi-

cated.

Experimental Results

The percentages of 1311 and 1 3 7 Cs that were found in various segments

of the facility are listed in Table 1.8. In both experiments there was

1% or less release of 9 5Zr, 1 4 0 Ba, 1 4 1 Ce, and 1 4 4 Ce from the furnace area.

Figures 1.20 and 1.21, respectively, show the relative concentrations of

the iodine species in the chamber as a function of time in experiments

30 and 31. Although the total amount of iodine reaching the chamber was

different in the two cases, the extrapolated amount of organic iodine

initially produced was approximately the same, 2.8? in experiment 30 and

Table 1.8. Distribution of 131I and 1 3 7 Cs in
Segments of Facility

Amounts Found (%)

Location Experiment 30 Experiment 31

1311 1 3 7 Cs 1311 1 3 7 Cs

Furnace area 46.5 45.5 12.9 40.6

Transfer lines 22.5 1.3 14.8 18.0

Aging chamber 31.0 53.2 71.3 41.3
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3.4% in experiment 31. Figure 1.21 also indicates that considerable de-

sorption from the hot chamber walls and conversion to a more penetrating

iodine form occurred. Gas chromatographic analyses of the bulk gas sam-

ples gave retention times for the organic iodine species that were identi-

cal with ethyl and methyl iodide retention times, with ethyl iodine being

the predominant species.

Simulated Transient Accidents in TREAT

G. W. Parker R. A. Lorenz

In-Pile Experiment Description (Runs llZ and 12Z)

In TREAT experiments 11Z and 12Z a small void space was allowed for

limited expansion of water and steam and two rupture disks were used to

fix the accident pressure (Fig. 1.22). One rupture disk allowed release

of steam at a predetermined pressure, and a flow restriction was provided

(by small-diameter tubing) to establish an equilibrium between heat trans-

fer, pressure, and steam release. The second rupture disk provided for

unrestricted flow release at about 7000 psi in each experiment in the

event of excessive pressure buildup. The amount of water surrounding the

fuel was reduced compared with that used in previous experiments in order

to duplicate the water-to-fuel ratio of typical large boiling-water and

pressurized-water reactors.

The two experiments differed in that a 300-psi rupture disk with

8 in. of 1/16-in.-ID tubing for flow restriction was used in.experiment

l1Z, whereas a 2500-psi rupture disk with 16 in. of tubing for flow re-

striction was used in experiment 12Z. In addition, since experiment 12Z

was to test fission-product release under high-pressure conditions, the

primary vessel was also prepressurized with 500 psi of helium. The

fuel specimens consisted of 32 g of 10.7%-enriched U02 sintered into

pellets 0.400 in. in diameter with 0.020-in.-thick Zircaloy-2 cladding.

About 40 ml of water was used in each experiment. The fuel specimens,

preliminary irradiation, reactor transient (510 cal/g of U02), release

into water traps, and sampling by filter papers and charcoal-loaded papers

were essentially the same as in previous underwater melting experiments
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(Fig. 1.23). The condenser section (small-diameter tubing cast in alu-

minum) was not used in order to more nearly duplicate natural-convection

condensation in the water-trap tanks. All the experimental apparatus was

initially evacuated, except for the primary vessels.

The operating and irradiation conditions are summarized in Table 1.9.

The experiments functioned as planned with the lower pressure disks re-

leaving the steam pressure in both experiments. Figures 1.24 and 1.25

show some of the temperatures and pressures measured during the experi-

ments. The fission heat input values are based on a previously determined

relationship of 1 cal/g of U02 equal to 0.835 Mw-sec of reactor energy

release. As in previous underwater melting experiments the fuel auto-

claves were preheated electrically, and about 9 min after the transient

they were again heated electrically to 300 C to boil out any remaining

water. According to the thermocouple records the fuel autoclaves boiled

dry not later than 2 1/2 min after the transient.

The calculated U02 and cladding temperatures are shown in Fig. 1.26,

along with measured primary vessel pressures. The computer-calculated

ORNL-DWG 67-2877

GAS-COLLECTION AUTOCLAVE

CHARCOAL-FILLED FILTERS
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PRESSURE CELL NO.1
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-FUEL AUTOCLAVE

SAFETY RUPTURE DISK
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Fig. 1.23. Schematic Diagram of Apparatus for Melting Fuel Submerged
in Water Under Transient Melting Conditions. Experiments 11Z and 12Z.
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Table 1.9. Operating Conditions in TREAT Experiments 11Z and 12Z

Experiment l1Z Experiment 12Z

Energy input

Fission energy, cal/g of U02
Electrical preheat, cal/g of U02
Total (from 0*C ), cal/g of U0 2

Initial reactor period, msec

Reactor integrated power, Mw-sec

Temperature range from before transient to maximum (not
including electrical afterheat)

Estimated U02 temperature, *C
Cladding temperature, C
Autoclave wall temperature, *C

Top
Middle
Bottom

Autoclave thermowell temperature (near bottom), *C
First water trap temperature, *C
Second water trap temperature, *C
Filter pack and gas-collection tank temperature, *C

Pressure range, psia

Primary vessel
Fuel autoclave

Conditions of preliminary irradiation in ORR

Dates
Burnup, Mwd/T
Burnup, % U
Fissions

Conditions of transient irradiation in TREAT

Date
Fissions

Total energy release

Total fission heat input, cal
Heat from metal-water reaction, cal
Total fission and chemical heat, cal
Chemical contribution to total, %

494
7
501

51.5

591

515
7
522

52.2

616

120 to 3200 120 to 3200
120 to 2000 120 to 2000

114 to 164
119 to 168

118 to 164 124 to 167
103 to 163 94 to 148
24 to 116 26 to 115
27 to 56 26 to 63
34 to 70 27 to 80

25 to 650 to 25 700 to 2200 to 30
0 to 25 0 to110to 30

11-7 to 11-13-66 11-7 to 11-13-66
13.5 10.7
1.4 X 10-3 1.11 X 10-3
1.0 x 1018 7.9 X 1017

12-14-66 12-15-66
2.56 x 1015 2.66 x 1015

15,850 16,520
4,180 5,340
20,030 21,860
21 24

temperatures are of value in estimating the time of fuel specimen collapse.

Because of flux depression in the 10%-enriched U02 and the high rate of

heat input, the maximum U02 temperature occurred between the surface and

center. The oxidized Zircaloy cladding and the cool U02 surface layer

probably prevented collapse until 0.3 to 0.4 sec.

Most of the melted fuel specimen fell into the collection cup. In

both experiments the cup contained a homogeneous-appearing mass with a

"cooling depression" in the center (Fig. 1.27). Some small pieces adhered
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to the inside of the primary vessel. The exteriors of both primary ves-

sels were darkened by oxidation or deposited materials, and the darkened

area of the vessel used in experiment 12Z contained areas that looked

like high-water marks. No metallographic examinations were made.

Metal-Water Reactions

Reaction between heated cladding and steam occurs in all underwater

melting experiments. The quantities of hydrogen formed by the reaction

of Zircaloy-2 cladding in experiments 11Z and 12Z were 1320 and 1685 cc

(STP), respectively. These quantities are equivalent to oxidation of 43

and 55% of the Zircaloy-2 cladding in the respective experiments. The
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ment 12Z.

Variation of Pressure and Temperature in TREAT Experi-

percent reaction and the ratio of chemical reaction energy release to

total energy release were in good agreement with those found in similar

experiments performed at Argonne National Laboratory.2 0

Fission-Product Distribution

The distributions of fission products in experiments llZ and 12Z were

essentially identical (Table 1.10), and the pattern of distribution was

essentially the same as in earlier open-top crucible experiments. For

example, the iodine and cesium collected in the water trap were water

soluble, the barium and strontium were partially soluble, and the other

fission products were generally insoluble. Also, very little material

passed through the water traps.
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Table 1.10. , Distribution of Material in TREAT Experiments 11Z and 12Z in Which Zircaloy-2-Clad U02 Was
Melted Underwater by Transient Fission Heat Input of 510 cal/g of U02

Experiment Material Found in Each Location (%)
LocationNo

No. 1311 
137Cs 129Te 14 0Ba 89Sr 10 3Ru U0 2  

144Ce 95Zr

Material remaining in fuel autoclave

Fuel pieces 1lZ 64 77 95 97 98 98 98 98 98
12Z 70 63 87 93 93 95 95 93 95

Inside primary vessel l1Z 10 5.1 2.0 1.7 1.6 1.6 1.7 1.7 1.6
12Z 8.2 10.2 5.7 5.6 5.5 4.7 4.5 6.4 5.1

Fuel autoclave l1Z 24 17 2.2 0.44 0.37 0.23 0.11 0.14 0.086
12Z 20 25 6.8 0.90 0.78 0.45 0.18 0.44 0.20

Total 11Z 97.8 98.5 99.6 99.6 99.8 99.997 99.999 99.999 99.999
12Z 98.3 98.6 99.6 99.5 99.7 99.997 99.999 99.997 99.999

Material released from fuel autoclave

Condensate in water traps (fil- 1lZ 1.9 1.0 0.0010 0.015 0.025 7 X 1 0-6 a 1.7 x 10-6 35 x 10-6 1 x 10-6a
tered) 12Z 1.2 1.1 0.0003 0.12 0.057 1 x 10-6a 1.4 x 10-6 8 x 10-6 2 x 10-6a

Walls of water-trap system 11Z 0.34 0.44 0.43 0.21 0.059 0.0033 0.00032 0.00061 0.00011
12Z 0.47 0.24 0.40 0.24 0.096 0.0031 0.00040 0.00099 0.00023

Membrane filter papersb 1lZ 0.0003 0.0011 0.00066 0.030 0.0022 20 x 10-6 3 x 10-6 64 X 10-6 2 x 10-6
12Z 0.0002 0.0027 0.0 0 0 0 6a 0.051 0.0034 10 X 10-6 3 x 10-6 68 x 10-6 8 x 10-6

Charcoal-loaded papersb and gas- 1lZ 0.0016 0.076 0.0002 a 0.16 0.15 1 x 10- 6a 30 X 10-6 0.00067 10 x 10-6a
collection tank 12Z 0.0017 0.102 0.0 0 0 5 a 0.10 0.13 2 x 10- 6a 51 x 10-6 0.0 0 2 2 a 3 x 10-61

Total liZ 2.2 1.5 0.43 0.42 0.24 0.0033 0.00035 0.0014 0.00012
12Z 1.7 1.4 0.40 0.51 0.29 0.0031 0.00045 0.0033 0.00024

aPlus or minus 100%.

bThe relatively large amounts of cesium, barium, strontium, and cerium in these locations are a

result of rare-gas precursors formed during the transient and spread throughout the experimental ap-
paratus before decaying into the isotopes analyzed.

H
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The condenser was not used in experiments 11Z and 12Z in order to

slow down the condensation rate and allow particles to escape entrainment.

Therefore the amount of material collected on the filters was much greater

than in previous experiments, especially with reference to the amount car-

ried out of the fuel autoclave (about 20 times as much for U02, cerium,

and zirconium). The first filter papers were colored light gray by the

collected material, and, in contrast with experiments 6 through 10Z, there

was sufficient deposited material to make a particle-size-distribution

determination from electron micrographs. The mean particle diameter of

particles collected on the first filter was 0.3 p, almost ten times larger

than that found in experiments 3 and 4, in which the U02 was only 65%

melted in moist air atmospheres. Direct comparison of available electron

micrographs showed that larger particles (primary particles and agglom-

erates) were collected on filters of experiments in which U02 was melted

underwater with about 500 cal/g heat input compared with experiments 1

through 4 in which U02 was partially melted in inert or moist air atmo-

spheres. Particles collected on the filters in TREAT experiments are not

exactly representative of those formed near the melted specimen because

plateout and condensation preferentially remove the smallest and largest

particles before the gas stream reaches the filters.

The amount of material that penetrated the filters and was collected

in the charcoal bed or in the gas-collection tank was also very small,

as usual. Those isotopes which were transported as gaseous precursors

and later decayed into the isotopes analyzed (13 7Cs, 14 0Ba, and 89Sr)

were in the greatest amounts. Since only 0.004% of the 1311 was found

in the charcoal bed, it appears that these were only negligible amounts

of filter-penetrating forms such as methyl iodide.

Castleman, Tang, and Munkelwitz2 1 have investigated the chemical

form of iodine released from heated uranium, U02, and U3 08 (without clad-

ding material) in steam atmospheres. They found the lowest release or

formation of methyl iodide when iodine was released from metallic uranium

and attributed this to the reducing atmosphere formed when the steam re-

acted with the uranium to form hydrogen. This is comparable to the Zir-

caloy-clad U02 case in TREAT, where the atmosphere is similar, although

the time for release is shorter and the maximum temperature is higher.
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One significant difference from previous experiments was the greater

retention of 1311 and 13 7Cs by the fuel residue. About 63 to 77% of the

iodine and cesium was retained compared with 18 to 57% in experiments 7

through lOZ. The higher pressure during the meltdown may have inhibited

the vaporization of iodine and cesium.

The biggest difference from previous experiments was the amount of

material carried out of the fuel autoclave with the flowing steam and

hydrogen. The quantities of volatile materials, iodine, cesium, and tel-

lurium, were lower by a factor of 5 or 10. The amounts of materials of

low volatility (U02, cerium, and zirconium) transported out of the fuel

autoclave were lower by a factor of 30 to 200 compared with experiments 7

through 1OZ.

There are several differences in the llZ and 12Z experimental condi-

tion's that could have caused or at least contributed to the reduction in

transported material:

1. The total amounts of water in experiments llZ and 12Z (about

40 ml in each) were less than in previous underwater melting experiments

(about 95 ml), and the fuel-to-water cross-sectional area ratio was less

at the fuel specimen location. These changes were made to bring the ex-

periment fuel-to-water scale closer to that of large reactors. The smaller

amount of water provided less "carrier" for transporting the released

fission products. In experiments 9 and 10Z the large amounts of trans-

ported volatile materials were attributed to faster release of steam from

the fuel autoclave.

2. The primary vessel and rupture disk housings provided additional

surface for deposition of material compared with the open-top crucibles

used previously.

3. The early and rapid release of steam from the primary vessel

allowed much (but not all) the steam to leave the fuel vicinity before

the fuel residue cooled. Thus, some of the fission-product release from

the fuel probably occurred under low steam flow conditions compared with

previous experiments. The fact that the amount of metal-water reaction

was the same as in previous experiments shows that the steam was not de-

pleted, at least for this reaction.
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4. The high pressure at the time of maximum fuel temperature and

fuel collapse probably inhibited fission-product release from the U02 .

The gas-phase diffusion would have been reduced by the high pressure.

All these effects probably contributed to the lower release of ma-

terial from the fuel autoclave. The recent experiments are, however,

closer simulations of a real reactor accident than previous experiments,

but additional experimentation and analysis are needed.

Conclusions

Two experiments were performed in the ORR in-pile facility with an

aging chamber. Relatively large releases of cesium and iodine were ob-

served, and approximately 3% of the total iodine released was in an organic

form. In addition it was found that iodine was desorbed from the hot

chamber walls and converted to more penetrating species.

The amount of fission products carried out of the fuel autoclave in

TREAT experiments 11Z and 12Z was less than in previous experiments by

about a factor of 10. Higher pressure, lower water volume, and earlier

steam release contributed to the reduction in transported material. The

amount of metal-water reaction was the same as in previous experiments.

Since only 0.002% of the 1311 reached the filters, charcoal, and gas-

collection tank, it appears that there was little formation or release

of unreactive iodine forms such as methyl iodide.

1.4 LOFT ASSISTANCE PROGRAM

G. W. Parker W. J. Martin

The scope of the ORNL support program for LOFT was altered to reflect

the recent change in LOFT objectives. In contrast with the U02 meltdown

process characteristic of the unperturbed-core heatup accident, the major

fission-product release mechanism applicable to the new LOFT blowdown

model is expected to be the prompt release of cladding-gap activity with

cladding failure following depressurization. It is postulated that the

release process is interrupted by the injection of emergency core cooling
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water, which generates sufficient steam to provide the major method of

fission-product transport through the pressure vessel. Deposition of

fission products from the steam, in addition to washout from the spray,

is expected to reduce the release to the containment vessel. These phe-

nomena therefore are areas of investigation.

The main objectives of the reoriented ORNL LOFT assistance program

in fission-product behavior studies in support of the Emergency Core

Coolant Systems (ECCS) tests are therefore (1) to determine, on a pilot-

plant scale, the effect of injection of the emergency core coolant on the

fission-product release and transport from fuel rods with failed cladding,

(2) to study, with irradiated capsules, the parameters that control the

release of volatile fission products from the failed cladding and to de-

termine on a larger scale (in CRI) the degree of retention of released

gas activity in the primary pressure vessel, (3) to investigate the ef-

fect of burnup on fuel release in order to provide information needed for

extrapolation of the release results obtained in LOFT from fuel with low

burnup to prompt releases from fuel with burnups typical of full-scale

power reactors, (4) to determine rate and degree of deposition and reten-

tion of radioiodine on stainless steel and painted surfaces and to char-

acterize the time-dependent chemical forms of radioiodine in typical LOFT-

type environments, and (5) to evaluate, on the CRI scale, several LOFT-

engineered safety devices.

Experimental Facilities

The LOFT assistance program at ORNL has resulted in a long-range

construction program, which is represented by the following facilities.

Containment Research Installation

The CRI (Figs. 1.28 and 1.29) was built for the LOFT assistance pro-

gram to meet the need for a larger and more versatile facility than those

available for studying the behavior of released fission products under

LOFT conditions. The CRI also provides for evaluating the performance of

engineered safety features with realistically aged fission-product aero-

sols, and the internal recycle filter system permits realistic testing



56

ORNL-DWG 67-1702A

OG
PLF 2 OG S

SERVICES

D

CONTAINMENT)

VESSEL C
CV

DBF -RF JRPDP

OG
SERVICES -== PLF

PRIMARY

VESSEL

A W DPT SUPPLY

IF ALINE
A A S

CT CT
NO.2 NO. 1DPT v

W 000
0

OSC
WD

PENTHOUSE WALL

A - AIR
B -BURETTE
CT -COLLECTION TANK
CV -CELL VENTILATION
D -DEMISTER
DBF -DEPRESSURIZATION BYPASS FILTER
DP -DECONTAMINATION PUMP
DPT - DECONTAMINATION PRESSURE TANK
HD - HOT DRAIN
IF -INDUCTION FURNACE
OG -OFF-GAS
OSC -OSCILLATOR
PMST-PRESSURE-MIST SPRAY TANK
PLF -PRESSURE LETDOWN FILTER
RF -RECYCLE FILTER
RP -RECYCLE PUMP
S -STEAM
SB -SAMPLE BOTTLE
W -WATER
WD -WATER DRAIN
() -FAIL SAFE VALVE

Fig. 1.28. CRI Equipment and Piping.

of filters and iodine-trapping systems. Provision is also made for the

evaluation of pressure-suppression chemical sprays for the removal of

various forms of radioiodine. The readily removable liners in the CRI

containment vessel (Fig. 1.30) permit direct comparison of the contain-

ment surface environmental effect on fission-product behavior. Stainless

steel and typical coated surfaces can be tested.

The CRI primary vessel simulator (Fig. 1.31) is a scaled model of

the LOFT pressure vessel that is attached by means of a blowdown pipe to

the containment vessel. It has internal structures designed to provide

both the surface environment and thermal distribution typical of the re-

actor vessel during a loss-of-coolant accident. For a complete ECCS

simulation of the fission-product release and transport and the effect

of core-coolant injection, the only required modifications to the origi-

nal design will be the addition of one multiple-nozzle spray-coolant-
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r PHOTO 83634

Fig. 1.29. CR1 Containment Vessel and Penthouse.

injection system and, in order to accomplish the internal release through

multiple-rod fracture, the addition of one welded pipe to the primary

vessel.

Removable liners provide for changing readily from stainless steel

to a selected coating on either carbon steel, stainless steel, or con-

crete. By using only the short-lived 130I isotope, the time required

for testing a particular liner may be as short as 10 days. Comparison

tests between typical surfaces for the purpose of assisting interpreta-

tion of the expected behavior of radioactivity in the LOFT containment

vessel will therefore be practical and economical and may be accomplished

within the required LOFT time schedule.
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High-Temperature U02-Fission Product Diffusion-
Release Apparatus

In Section 1.1 on the prompt release program, the importance of the

precise determination of fission-product diffusion rates to the calcula-

tion of cladding-gap activity was discussed fully. The wide variation

in the numerical values reported in the literature indicates the impor-

tance of continuing an intensive program directed toward confirming the

validity of the selected data that appear to be mutually consistent.

While it is believed that reasonable explanations can be offered for the

range in results from each of the reference experiments, it is also felt

that sufficient confirmation of the effect of several U02 manufacturing

and irradiation variables should be obtained as final proof of the va-

lidity of these generalizations.

In line with the desire to obtain fission-product transport and chemi-

cal-form data along with the total release data, the diffusion-release

equipment has been gradually improved and diversified so that the helium

cover gas that serves to transport the fission products is diluted in a

mixing chamber with moist air to maintain a realistic transport environ-

ment. The major improvements to the apparatus include the introduction

of commercially produced tungsten thermowells and crucibles, as well as

flexible tungsten-rhenium thermocouple wire leads. These are shown in

Fig. 1.32. The apparatus has also been modified to include the breakable

seal shown below the quartz mixing bulb in Fig. 1.33. The breakable seal

is a critical part of the furnace system; it insures the high-quality

vacuum necessary for the clean helium atmosphere that is vital to main-

tain the integrity of the U0 2 and the tungsten crucible and components.

Capsule-Failure Hot-Cell Facility

The Capsule-Failure Hot-Cell Facility described in connection with

the prompt release program in Section 1.1 is to be used for the small-

scale release experiments that will establish the contributing effect of

several variables and, especially, that of burnup at the low heat rating

typical of LOFT and the present generation of water-cooled reactors. The

facility consists of a ceramic-lined tungsten resistance furnace in which
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Fig. 1.32. Tungsten Crucible Thermocouples and U0 2 Fuel Pellet.

a flow of gas will be maintained over a fuel element. The data from the

capsule experiments will be used to demonstrate the entire range of gen-

eration of gap activity for the present level of heat ratings applicable

to water reactors.

Experimental Program

The intent of the ORNL program on fission-product behavior in sup-

port of the LOFT program is the development and evaluation of analytical

models for predicting release, transport, and behavior of fission prod-

ucts in the containment atmosphere. Although the programs are primarily

directed toward fulfilling LOFT needs, the data to be obtained on other



Fig. 1.33. Induction-Heated High-Temperature Diffusion-Release Ap-
paratus.
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than LOFT conditions will be of equal value to the nuclear industry in

general.

The program has been divided into the following six separate studies:

(1) release from unclad fuel, (2) release from clad fuel (small pins),

(3) release from clad fuel (long rods), (4) fission-product transport in

CRI primary vessel, (5) fission-product behavior in CRI containment ves-

sel, and (6) hardware development. The division is based partly on the

individual experimental facilities and partly on the best method of de-

riving information of the type sought. Each study is discussed below on

the basis of the nature of the experiments to be performed and the type

of data required.

Release from Unclad Fuel (Diffusion-Release Apparatus)

The study of release from unclad fuel is designed in the light of

recent exhaustive efforts by groups at Battelle Memorial Institute2 2 and

at ORNL2 3 to evaluate the analytical description of a nuclear reactor ac-

cident, to fill in certain areas of needed information, and to establish

confidence in the ability to calculate rates of fission-product release

from the fuel-rod plenum or cladding gap. While the new equipment for a

series of diffusion-release experiments was being designed, a relatively

successful procedure was developed for correlating certain existing dif-

fusion-release data. It was necessary to disqualify most of the informa-

tion in the literature on the basis that it was not mutually consistent

either with regard to the materials used or the mode of conducting the

experiments. At this time, however, the extent of discrimination against

certain data suggests that a determined effort is required to justify the

use of the preferred values.

New experiments are therefore to be conducted in a more definitive

way with thoroughly characterized materials and methods in the equipment

shown in Fig. 1.34. The tests will consist of determining the quantity

and type of fission products released as a function of time from current-

production-quality U02 at specific temperatures. The parameters to be

investigated are (1) temperature (e.g., 1400, 1750, 2000, and 2200C),

(2) U02 density (e.g., 93, 94, and 95% of theoretical), and (3) burnup
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(e.g., 1,000, 7,000, 15,000, and 22,000 Mwd/T). The fission products to

be measured are noble gases, halogens, tellurium, cesium, ruthenium,

barium, and strontium.

Release from Clad Fuel (Small Pins) (Hot-Cell Facility)

The release from clad fuel will be studied in an extension of the

prompt release program for evaluating high-heat-rating U0 2 in the form

of small clad capsules. Attempts will be made to closely reproduce

(1) LOFT irradiation conditions and (2) current water-cooled reactor con-

ditions in terms of heat rating, fuel density, and plenum volume. Since

this type of release test is rather readily adaptable to inclusion of the

burnup parameter, emphasis will be placed on this aspect because burnup

cannot be so readily studied in the prompt release program.

In these experiments, Zircaloy-clad capsules will be heated to clad-

ding failure in steam-air atmospheres in the Hot-Cell Prompt Release Fa-

cility at different heating rates. The fission products will be collected

in two groups corresponding to (1) the initial release (release during

the first few minutes after failure) and (2) the delayed release (release

up to 1 hr after failure).

The capsules are 9/16 in. in diameter and of various lengths to ac-

commodate one to four pellets of U02 (20 to 80 g). These capsules have

already been irradiated to burnups of 50, 1,000, 3,000, 7,000, and 12,000

Mwd/T but will be reirradiated at temperature at the proper heat rating

(below 100 kw/ft) in the MTR. Tests of a similar series of capsules (ir-

radiated at higher heat ratings) are described in Section 1.1. The por-

tions of these experiments that are of concern to the LOFT program involve

the low-heat-rating capsules.

Release by Cladding Failure (Long Rods) (Resistance Heated in
CRI Primary Vessel)

The primary vessel of the CRI will be modified to accommodate six

Dresden core-l fuel rods. These rods are 9/16 in. in diameter and 27 in.

long. For the experiment an assembly of six rods (five unirradiated and

one irradiated) will be installed in the primary vessel of the CRI and

heated by low-voltage electrical resistance to operating temperatures
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(Fig. 1.35). The bundle of one highly irradiated rod surrounded by five

unirradiated rods closely approximates the actual core configuration and

will be useful in determining plateout effects. The temperature of the

irradiated rod will then be raised at a prescribed rate until cladding

failure occurs. When fission products are, detected the spray ring will

be turned on and the power will be reduced. As soon as the rods are

cooled the primary system will be isolated from the containment vessel,

and fission-product transport studies will be performed in the contain-

ment vessel. Material balance studies will then be performed on the com-

ponents of the CRI, as well as the partly failed fuel rods.

The 100-kva power unit needed for the tests has been installed ad-

jacent to the CRI, and the fabrication of the water-cooled electrode as-

sembly has been started (Fig. 1.36). High-temperature transients out-

side the primary vessel are scheduled to be conducted in January 1968.

Fission-Product Transport in CRI Primary Vessel

The failure test of long fuel rods in the CRI primary vessel will

present several unique advances in nuclear safety demonstration work.

Significant fission-product deposition will occur in the vessel, par-

ticularly upon the initiation of the coolant sprays. The displacement

of volatile fission products by expanding steam will provide for a highly

realistic study of the transport process, especially since the vessel

water level (in the bottom) can be closely identified with the model ac-

cident analytical description. The tank walls will be conditioned to

present reactor-type surface oxides (spinel type) to further correlate

with the projected environment.

Fission-Product Behavior in CRI Containment Vessel

Since the major effort in the CRI containment experiments will be

to establish the comparative behavior of vessel surfaces (stainless steel

and epoxy-coating enamels), the experimental plan will be to attempt to

duplicate the rod failure tests with each surface so that each experiment

will permit simultaneous transport determinations. The available infor-

mation from these tests may be supplemented by providing for the removal
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of a metal strip of the inside tank coating after the experiment for more

detailed analysis of the adsorbed fission products. A minimum number of

spray tests of chemical pressure suppression and containment-vessel de-

contamination will be conducted. These tests will be coordinated with

the ORNL program for the development of spray technology and the LOFT

program.

Hardware Development

A detector is needed that is suitable for separating the chemical

forms of iodine in an air-steam atmosphere. Results of preliminary ex-

periments (see Sect. 2.2) indicate that a modified May pack containing

a silver-plated honeycomb may satisfactorily separate iodine into mo-

lecular iodine plus hydrogen iodide, particulate iodine, and highly pene-

trating iodine (methyl iodide) fractions. Experimental evidence of the

usefulness of this device in an air-steam atmosphere is needed.

A device for determining particle size distribution in an air-steam

atmosphere is also required. Preliminary results with a modified version

of the Anderson cascade impactor (Sect. 2.5) indicate that, in principle,

this device may be acceptable under LOFT conditions. Further development

of this device is needed.

Since reentry into the LOFT building after an experiment may be lim-

ited by the atmospheric decontamination factor for both gaseous and par-

ticulate radioactivity, it is proposed that the efficiency of the main

LOFT filter be determined on a repeated-pass or recycle basis. Tests

were conducted previously2 4 on an externally located (outside of contain-

ment) filter, and the new internally located unit shown in Fig. 1.37,

which contains the major components shown in Fig. 1.38, has been installed.

The unit consists of two inclined Teflon-fiber demisters, a Cambridge

glass-fiber roughing filter, an AEC high-efficiency particulate filter,

a 3-in. segmented activated-carbon adsorber bed, and the enclosed induc-

tion fan motor. The major incentive for placing the filter and motor in-

side the containment vessel is to simulate both the adverse environment

for the operating equipment as well as to follow the trend in power re-

actor systems to place all the safety equipment inside the containment

vessel.
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Tests of other characterization equipment may be required, such as

the tests conducted2 5 for the LOFT-designed ball-type gas-particulate and

plateout sampler intended for the LOFT unperturbed meltdown accident.

1.5 CHEMICAL EQUILIBRIA OF FISSION-PRODUCT FUEL MIXTURES

M. H. Fontana

In order to predict the consequences of a loss-of-coolant accident

in a nuclear reactor, it is necessary to know whether and in what form

and quantity fission products would be released from failed, overheated

fuel. Fundamental to this and to subsequent transport calculations is

the chemical state of the vapors within which the fission-product ele-

ments reside. If the vapor pressures and composition of the compounds

containing the fission products in the gas phase can be predicted, this

information can be fed into other models relating the rate of release

of fission products to the molecular structure of the compound,1 7 trans-

port models for deposition from a flowing stream,2 6 and models of be-

havior in containment vessels.27,28

It is probably a good assumption that during the time fission prod-

ucts are being released from the fuel, the temperature is high enough

(2000 to 3000 K) for equilibrium to exist at all instants of time during

the transient temperature rise. This is also true for some time after

the fission products leave the hot region and begin to cool down. At

some temperature, as yet unknown, kinetic effects will become important,

and an equilibrium calculation would serve only as a guide for what might

be present as quenched from some higher temperature. At any rate, the

equilibrium conditions should be known as a point of reference for ki-

netic studies.

In the conditions of interest, burnup calculations or chemical analy-

ses can give the atomic concentrations of the elements of interest in the

condensed phase (the fuel element). Of interest to nuclear safety, how-

ever, are the equilibrium conditions in the gas phase. This study has

evolved methods to predict the gas-phase vapor pressures when the total

pressures and gas-phase atom ratios are not known directly.
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The system of uranium dioxide with small amounts of strontium was

chosen as the pilot case to test the methods of solution evolved. Ura-

nium dioxide is a nonstoichiometric compound, which forms a very compli-

cated chemical system. The species to be expected in the vapor phase

above high-temperature urania containing strontium are U, Sr, 02, 0, UO,

U02 , U0 3 , and SrO, and there is no doubt that the system is of adequate

complexity to test the method of solution.

Thermodynamic properties of most of the compounds of interest were

not available in the temperature ranges of interest, and some of the prop-

erties were not available at all. For this reason, procedures were de-

veloped to estimate thermodynamic properties, and statistical mechanics

was used to compute thermodynamic data from spectroscopic data. Computer

programs were written to generate tables of data required as input by the

equilibrium computer program. The format chosen for these data tables

was that used for the JANAF Thermochemical Tables.2 9

The Uranium-Oxygen and Uranium-Oxygen-Strontium Systems

In order to experimentally characterize a system properly, the rela-

tive amounts 'of each element in the condensed phase must be known, along

with the partial pressures of each compound in the gas phase. There are

no data of this kind available for the uranium-oxygen-strontium system,

and therefore published Knudsen cell-mass spectrometer data were used to

treat the uranium-oxygen system.3 0

Ackerman, Rauh, and Chandraskhariah3 0 have published the results ob-

tained in their experiments on the urania-liquid uranium system by using

an isopiestic method with a Knudsen effusion cell in conjunction with a

mass spectrometer. They were able to determine the vapor pressures of

U, UO, and U02 in the vapor above a two-phase system of urania and liquid

uranium, as well as the vapor pressures of U, UO, U02 , and U03 over sin-

gle-phase urania having oxygen-to-uranium ratios of 1.994 0.004 and

2.005 0.004. Figure 1.39 shows an adaptation of their results at a

temperature of 2000 K.

In the current experiments it was found that the equilibrium con-

centration of the compound in the gas phase above the solid could be
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predicted by multicomponent chemical equilibrium computer calculations.

The data needed for the calculations were the equilibrium constants of

formation at the temperatures of interest of the gas phase of each com-

pound as formed from its segments in their standard states, the vapor

pressures of the elements, the total effective "vapor pressure" of UO2+x
where x is very small, and the experimentally determined oxygen-to-ura-

nium ratios in the gas. Details of the calculations are given in Ref. 31.

A sample of the results of the calculations is shown in Fig. 1.40,

which shows the comparison between experimental and calculated results

for U02.0 0 0. The case of O/U (solid) = 2.000 can be extrapolated to tem-

peratures in excess of the experimental maximum of 2185K because U02.0 0 0

is known to vaporize congruently; for example, the oxygen-to-uranium ratio

in the gas is the same as that in the solid and can be taken for calcula-

tional purposes as O/U (gas) = 2.000. The cases of O/U (solid) = 1.994

and 2.005 were also treated but are not discussed here.

In order to estimate the effects of an added third element, in this

case strontium, a technique was developed by which the equilibrium gas

composition could be related to an equilibrium calculation in the solid,

in which it was arbitrarily assumed that the species known to exist in

the gas could be taken to exist in the solid.

The pressures of the compounds that might exist above a solid having

the composition U:Sr:0 = 1.000:0.005:2.005 are shown in Fig. 1.41. The

condensed-phase equilibrium calculation showed that the oxygen associated

with uranium (not counting the oxygen gettered by strontium in forming

SrO) left a ratio of O/U (solid) = 2.000. It was assumed that this re-

sidual oxygen and uranium behaved as U02.0 0 0 and that a value of unity

could be taken for Henry's law coefficient, 2', defined as

pi= 7xp? , (1)

where p. is the pressure of compound i, x. is the computed condensed-

phase mole fraction, and p? is the vapor pressure of the pure compound.

A sensitivity analysis was performed to indicate the parameters

that most strongly affect the vapor pressures of the strontium-bearing

species. The strongest factors were the Henry's law coefficients of Sr

and SrO, the oxygen-to-uranium ratios in the solid, and the uncertainty
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in the equilibrium constant of SrO. These effects are shown in Fig. 1.42.

The effect on the total vapor pressure of the strontium-bearing species

of the oxygen-to-uranium (solid) ratio is striking and has the obvious

implication that a strong reducing agent (such as zirconium) would in-

crease the total strontium concentration in the gas phase.

Estimation of Thermodynamic Properties

Three computer programs were written to print tables of thermody-

namic data from limited available information. In order to compute equi-

libria in two-phase systems it is often necessary to have tables of data

for a phase of a compound extrapolated beyond the temperature for which

that compound is normally stable. Program ONEPHASE prints tables for

compounds with no phase change and gives the temperature, specific heat,

enthalpy difference between that temperature and 298.15 K, entropy, stan-

dard heat of formation, standard free energy of formation, and natural

logarithm of the standard equilibrium constant of formation. To do this,

the program must be supplied with the heat of formation and entropy of

the compound at one temperature, a specific-heat equation with the tem-

perature range of applicability, and an estimate of the specific heat at

the highest temperature for which data are desired, if this temperature

is beyond the range of the specific-heat equation. Also a set of cards

must be supplied for each temperature that has, for each element consti-

tuting the compound, the values of the enthalpy referenced to 298.15K

and the entropy.

It is necessary to have tables of data for elements in the gaseous

state up to temperatures of 6000 *K. Program MONAT was developed to pro-

vide these. This program computes the thermodynamic data from equations

of statistical mechanics, given the electronic energy levels.

A general-purpose program was developed for multiatomic compounds

that allows three phase changes to be accommodated in one table. This

program is called TCDATA. For condensed phases, an option is available

for computing the data from empirical specific-heat equations and from

third-law entropy calculations or from specific-heat equations pegged to

some known value of entropy. For the gas-phase properties, empirical
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equations or spectroscopic data can be used. This program requires the

heat of formation at one temperature, heats and temperatures of trans-

formation, and specific-heat equations in the condensed phase. For the

gas phase, if the option is exercised of using spectroscopic data, the

structure of the molecule must be known. The values needed are moments

of inertia along the major axes of the molecule, vibration frequencies

and degeneracies, electronic energy levels and degeneracies, and anharmo-

nicity correction factors. The program can be run without the electronic

contribution and the anharmonicity term if desired. Also needed are the

enthalpies referred to 298.15*K and the entropies of all the constituent

elements at each temperature of interest. It was found that the major

use of this program was to compute gas-phase properties of multiatomic

molecules. The structural parameters used as input are listed below:

Type of molecule Planar
0-U-0 angles 120*
0-U interatomic distance 1.96 A*
Fundamental vibration frequencies w1 = 570 cm-1; g1 = 1
and degeneracies w2 = 320 cm-1 ; g2 = 1

w3 = 7 80 cm-1 ; g3 = 2
w4 = 280 cm'1; g4 = 2

Rotational degrees of freedom 3
Symmetry number 6
Molecular weight 286
Moment of inertia, IA IB ICX 10120 7.4 X 106

All three programs will be described and listed in forthcoming pub-

lications. They can also be found in Ref. 31.

Conclusions

Analyses based on a limited amount of data on the uranium-oxygen

system indicate the following:

1. The experimental results can be treated by the methods developed

here, and the activity coefficient (Henry's law) technique is the easiest

route to estimating engineering calculations for systems involving more

than two atoms. For systems of two atoms, the influence coefficient ap-

proach might be the simplest.



2. The approach embodied in the computer program serves as a power-

ful check on the experimental data in that a successful solution is not

reached until equilibrium exists in the condensed phase, in the gas phase,

and between the two phases.

3. Experimental data on activity coefficients are absolutely nec-

essary for nonstoichiometric compounds. The wide variations in passing

from hypostoichiometric to hyperstoichiometric compounds show that there

are strong chemical valences being filled at the UO2.00 0 point.

4. The results are sensitive to the oxygen-to-uranium ratio in the

solid. Slight excesses of oxygen in the solid result in lower strontium

metal vapor pressures and lower total strontium content in the gas.

5. Excess oxygen in the gas phase has the predictable effect of

increasing the vapor pressures of SrO and U03-

6. There is a possibility, which should be checked by experimental

work, that the behavior of strontium or some other third atom is more

regular than that of the uranium-bearing compounds (other than Uo2 ).

Since for practical reasons the U02 and the fission products are of most

interest, the solution of engineering problems may be simplified by ne-

glecting the trace-uranium-bearing compounds.

1.6 FISSION-PRODUCT TRANSPORT BEHAVIOR IN CONTAINMENT
VESSELS DUE TO NATURAL PHENOMENA

L. F. Parsly N. Ozisik*
J. K. Franzreb D. Hughes*
J. L. Wantland M. H. Fontana

The transport behavior of fission products in closed vessels is

being studied. Three experiments were performed in the Nuclear Safety

Pilot Plant (NSPP) in an attempt to determine the effects in a quiescent

atmosphere, and one run was made with the air kept continuously agitated

in order to test whether asymptotic behavior of the concentration-time

curve was due to surface adsorption effects or to diffusive effects in

the bulk volume of the vessel.

*North Carolina State University.



Fundamental studies of convection in containment vessels were con-

tinued. An experimental study was made of free convection by using an

analog fluid (water) in bench-scale vessels sized with the proper scaling

laws. Also a computer program was developed that solves the complete

Navier-Stokes equations of flow for free convection in a cylindrical ves-

sel. Theoretical studies were continued under subcontract to the Univer-

sity of North Carolina on mass transfer in condensing atmospheres. These

studies involve refinement of the boundary-layer approach that appears

fruitful for nuclear-safety-oriented problems.

Transport Studies in the Nuclear Safety Pilot Plant

During the past year, four experiments (runs 16 through 19) were

conducted in the NSPP to collect data relative to the "condensation model"

of fission-product transport proposed by Watson, Perez, and Fontana.2 8

For each of these runs the 1300-ft3 containment vessel contained no steam

or intentional heat source. A vial containing 400 mg of stable iodine

and 800 me of 1311 was heated to 90 C and broken, and an air sweep was

used to transfer the iodine into the Model Containment Vessel (MCV).

Data taken included three sets of 11 May-pack samples of the MCV atmo-

sphere, two sets of 11 fallout samples, samples of the air used to purge

the vessel, samples of the vessel decontaminating solutions, a continuous

record of the gamma intensity at one point on the vessel wall, and a

continuous record of the temperature difference between the center of

the MCV and the wall. In runs 16 through 18 the draft tube was operated

for the first 10 min of the run to produce an initial uniform iodine con-

centration. After this short time the vessel atmosphere was quiescent.

In contrast, during run 19 the vessel atmosphere was kept in continuous

agitation by a 3000-cfm-rated electric fan for the entire 70-hr run.

Although it was intended that runs 16, 17, and 18 have identical ex-

perimental conditions, the results (as shown in Fig. 1.43) indicate that

this was not the case. There are at least two major uncertainties that

could affect the data. During this series of runs, excessive quantities

of dust (primarily silica gel from the air driers) were entering the MCV.

Between runs 16 and 17 the air-supply filters were replaced with a more
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effective filtering medium, and the vessel was cleaned. However, because

of the possibility of dust remaining in the supply system, it is not known

exactly when the vessel became "effectively dust free." It is highly prob-

able that the dust concentration in run 16 was significantly higher than

in runs 17 and 18, and it is possible that in run 16 a significant quan-

tity of iodine became attached to initially suspended dust particles and

that ensuing fallout accounts for the low airborne iodine concentration

for times greater than about 15 hr.

It was intended that the MCV be isothermal during these runs, but

the necessity of heating the iodine prior to its entry into the vessel

produced a possible high-temperature zone on the vessel wall. (Wall ther-

mocouples have subsequently been installed in this region.) Difficulties

were encountered in heating the iodine source, so the heating temperatures

and time periods were somewhat erratic and were certainly not the same for

I
ORNL-DWG 67 -8543A

RUN 17

RUN18

RUN 16



all runs. Convection-model studies (see the following section) have shown

*that a small temperature difference (''l/2 0C) can produce significant bulk

motion of the air in the MCV. Hence the existence of a high-temperature

zone (possibly as high as 5 to 10 C above ambient) on the vessel wall of

unknown temperature and time duration could have caused inconsistent re-

sults for these runs.

The results from run 19 (with continuous agitation) appear to indi-

cate that significant methyl iodide formation occurred. The data for the

concentration of the iodine fraction collected by the charcoal beds in

the May packs are plotted versus time in Fig. 1.44. Presumably the iodine

fraction collected is organic iodide. The concentration increased by a

factor of 4.5 during the first 12 hr and then started to decrease. The

methyl iodide formed was approximately 2% of the initial iodine present

in the MCV.
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The normalized airborne iodine concentration, exclusive of the char-

coal-seeking fraction, is plotted versus time for runs 19 (continuous agi-

tation) and 18 (quiescent) in Fig. 1.45. The run 19 data fit the model

of reversible adsorption with partial wall coverage proposed by Watson,

Perez, and Fontana by using kc = 6 X 10-3 cm/sec and a = 0.004 in their

equation : 32

= exp I-) k(1 +ca)t +a 1
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Fig. 1.45. Behavior of Iodine, Excluding Fraction Collected by
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where

C = concentration at time t,

Co = initial concentration in MCV volume,

S = MCV inner surface area, cm2 ,

V0 = MCV volume, cm3 ,

kc = mass transfer coefficient in terms of concentration, cm/sec,

a = parameter describing surface conditions, dimensionless.

The run 18 behavior is more complex, and it does not appear to fit the

above model, nor does it fit a molecular-diffusion model.

The disagreement among the results of runs 16, 17, and 18 is inter-

esting and informative. Apparently rather subtle phenomena can strongly

affect fission-product behavior in a "quiescent" vessel. Analyses of

these data are continuing, and a detailed report is to be issued.

Studies of Convection in Containment Vessels

The scaling laws previously discussed3 3 were used in an experimental

study of free-convection flow produced by a small low-temperature heat

source placed on the floor of a containment vessel. The small-scale model,

shown in Fig. 1.46, consisted of a 5.6-in.-ID Pyrex cylinder filled with

water to a depth of 8.4 in. and located in a constant-temperature water

bath. This configuration modeled the containment vessel of the NSPP. A

0.5-in.-diam "hot plate" was located in the center of the floor of the

model to simulate a 10 3/4-in.-diam hot plate in the MCV, which in turn

is intended to simulate the primary reactor vessel in an actual installa-

tion. Modified India ink was used as a tracer, and a stationary probe

was used to obtain the maximum fluid velocity above the hot plate. (The

rate of rise of a pulse of ink emitted from the probe directly above the

hot-plate center was measured.) Photographs were taken of the ink trace

produced by a movable probe swept across the region above the hot plate

to obtain records of the velocity profile.

The apparatus was operated to model the MCV containing air at atmo-

spheric pressure and 27 C with the hot plate being maintained at 1/2C

above the ambient temperature. The quantitative data discussed in the
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Fig. 1.46. The 1/2*C AT Free-Convection Model of the Nuclear Safety
Pilot Plant.

following were converted to conform to the conditions in the large ves-

sel. Qualitatively the velocity distribution above the hot plate was

approximately Gaussian. The upward flow was generally laminar in nature

and became only slightly turbulent in the upper one-fifth of the vessel.

Laterally away from the hot plate the downward fluid velocities were too

small to be observed. The maximum fluid velocity was found to be 0.7

0.1 in./sec (210 ft/hr), and within experimental error it was independent

of height for the central three-fourths of the vessel. The total flow

was calculated to be 140 ft3/hr (probably 40 ft 3/hr) by numerical inte-
gration of the velocity profile above the hot plate. Hence, under these

conditions, it is estimated that a complete volume change in the MCV

(1350 ft3 ) would occur approximately every 10 hr.

h;

W



A larger apparatus has been assembled to study similar conditions

with the hot plate maintained at 5*C above the ambient temperature. (Be-

cause of the variations of physical properties of water and the limited

water temperature difference available, it is necessary to make the model

larger to scale an increased temperature difference.) This model vessel

(a Pyrex beaker 12 in. OD by 18 in. high) is twice as large as the one

used previously and is geometrically similar to it.

Some changes were made in the apparatus and instrumentation. The

present model is completely submerged in the constant-temperature water

bath and has a transparent lid. Previously the ink probes had been made

from glass tubing drawn to a capillary, and these probes were quite easily

broken. An improved probe was made of stainless steel hypodermic tubing,

and difficulties are being encountered with plugging of this probe. Vari-

ous methods have been used to control the flow of ink from the probe, and

techniques have been fairly successful, but so far the equipment has in-

terfered with moving the probe. Development work is continuing.

Some preliminary results were obtained. Although the gross flow

characteristics above the hot plate can be obtained, it is exceedingly

difficult to observe the detailed flow structure. Because of the very

small velocities involved and the molecular diffusion of the ink tracer,

it is virtually impossible to obtain information about the downward flow

away from the hot plate, except by inference from the upward flow.

For these and other reasons a study was initiated of the feasibility

of obtaining mathematical solutions to problems of this nature by using

difference forms of the equations of motion in digital computer programs.

If a numerical representation of the development of the fluid velocity

structure with time can be obtained, it will be a comparatively simple

matter to superimpose the dynamic diffusion equation on the velocity struc-

ture to determine the time-space variations of the concentration of a con-

taminant given the original concentration distribution and the boundary

conditions.

In the idealized problem being investigated the containment vessel

is a vertically oriented right-circular cylinder. The fluid in the ves-

sel is considered to be Newtonian, and the Boussinesq approximation is

used; that is, density variations are considered only in the bouyancy



term. All other physical properties (and the density in all other terms)

are assumed to be constant. Axial symmetry and a zero-azimuthal velocity

component are assumed so that the problem is two-dimensional. All velocity

components vanish at the wall, ceiling, and floor. The ceiling and wall

are adiabatic, while the radial surface temperature at the floor is chosen

a priori and remains constant with time. Initially the fluid is station-

ary and at a prescribed uniform temperature. The specific problem of in-

terest is that in which the fluid and floor are initially at the same

temperature, except for a small circular spot (hot plate) in the center

of the floor, which is at a higher constant temperature.

Using a modification of the Marker and Cell method devised by workers

at the Los Alamos Scientific Laboratory,3 4 a program for the IBA 360/75

computer was written to obtain numerical solutions to this type of prob-

lem. Test cases are being run on two versions of the program. One ver-

sion is for a 40 by 120 array of fluid cells (for "square" cells this is

a vessel whose height is three times its radius). The other version is

for an array of 80 by 60 fluid cells that provides finer detail of the

velocity and temperature structures near the floor of the vessel for

short periods of time. These versions embody the largest arrays of fluid

cells for which the entire program can be put in the fast memory of the

computer. It is possible to enlarge these arrays by a factor of 4 by

putting the less frequently used arrays in the bulk (slow) memory. Hence

a finer grid structure can be used but at a significant sacrifice in com-

puter operation time.

Test cases indicate that in using time steps that were thought to

be sufficiently small, some temperature anomalies developed in the fluid

near the edge of the hot plate. These anomalies can be made smaller by

making the time steps quite small - much smaller than was originally

thought necessary. Although the iteration segment of the program was op-

timized by being "hand" written in assembly language, the anticipated use

of many short-time steps makes it highly desirable to effect some opti-

mization of the entire calculational procedure. The present version was

compiled by using FTN IV, OPT=l, and a compilation obtained by using FTN

IV, OPT=2 would not execute properly. The reasons for this and possible

corrective measures are being studied.
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Boundary-Layer Analysis of the Effect of Condensation
on Fission-Product Deposition

In previous work, analytical investigations3 5 were made of the ef-

fects of geometry of the containment vessel and of imperfect sink condi-

tions at the wall surface on the deposition to the wall surfaces of radio-

active species from stagnant gas in the containment vessel. A simplified

analysis was presented for the effects of a nonquiescent atmosphere in en-

hancing the rate of deposition from containment vessels.3 5'3 6  A boundary-

layer type of analysis was made of the effects of natural convection on

the rate of deposition from containment vessels,3 5 and the mass-transfer

coefficient required for mass-transfer calculations was.obtained with

heat-mass analogy from the solution of natural-convection problems.

No analysis is yet available to-predict the effects of condensation

of water vapor from the air atmosphere on deposition of matter contained

in the vessel atmosphere. When the air in the containment vessel con-

tains condensable vapor, such as steam and some radioactive species, con-

densation takes place if the walls of the containment vessel are at a

lower temperature than the saturation temperature of the vapor. In the

present analysis the problem of simultaneous condensation of vapor and

deposition of matter was analytically investigated.

In formulating the boundary-value problem of mass transfer a boundary-

layer approach is taken and the resulting four simultaneous partial dif-

ferential equations, consisting of the equations of continuity, momentum,

conservation of noncondensible gas, and the matter, are transformed into

a set of coupled ordinary differential equations by means of a similarity

transformation. The resulting system is transformed into integral equa-

tions that are solved numerically by the method of successive approxima-

tions. The results are presented in the form of charts for the steady-

state flux of matter as a function of principal parameters affecting de-

position. Figure 1.47 shows the dimensionless iodine flux, jm x/ 4/DmCnO,,

versus the dimensionless density,

(P )l 1/2

p
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Fig. 1.47. Dimensionless Iodine Flux.

with

a (T. - TW)

C =P

p APr

as a parameter, for two values of Wg , the mass fraction from condensible

gas in the volume of the vessel. The symbols are

j = diffusive mass flux of the matter of interest (e.g., iodine),

x = longitudinal coordinate (along the plate on which condensa-
tion is taking place),

Dm = binary diffusion coefficient of the matter of interest in air,

C = a constant, defined by

g(M - M ) -/4

4v2
C =,

_g g v g00

n0= concentrations of matter in the bulk gas inside the vessel,

p = density,

= viscosity,

(p4), = density times viscosity for the liquid film at the wall,

g = acceleration due to gravity,
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Mg = molecular weight of the noncondensible gas,

Mv = molecular weight of the vapor (steam),

W = mass fraction of noncondensible gas in the bulk volume of
the vessel,

v = kinematic viscosity of the mixture,

Cpl = specific heat of the liquid,

T. = temperature at the liquid-gas interface,

T = temperature at the wall,
w

= latent heat of condensation,

Pr = Prandtl number of the liquid.

The values of the parameter Cp reflect the temperature difference

across the film and strongly affect the flux of matter at the wall. For

larger values of Cp, the flux increases sharply with an increase in the

density parameter p, which is primarily affected by the total pressure

of the gas phase. The flux of iodine is reduced as the fraction of non-

condensibles is increased but not greatly in the range considered here.

The boundary-layer analysis provides an upper limit for the effects

of condensation on the rate of deposition of matter from a vapor-noncon-

densible gas mixture in the containment vessel because a boundary-layer

approach has been used and the total pressure in the bulk mixture assumed

to remain constant. An attempt was made to correlate the iodine flux

determined from the present analysis with the iodine flux computed from

the measured rate of iodine carried with the condensate in runs 8 and 9

of previous NSPP experiments,3 7 and the prediction from the present analy-

sis was orders of magnitude higher than that determined from the experi-

ments. The reason for this was that the containment vessel for the NSPP

experiments was thermally insulated; hence, the difference between the

steam and wall temperatures, which is the principal driving force, was

suppressed by the presence of the insulation layer, which slowed the cool-

ing rate of the walls. Therefore it can be concluded that if deposition

experiments were performed for a steam-air mixture in a vessel with walls

kept at a temperature lower than the saturation temperature of the steam

in the bulk mixture, the measured deposition rates would be orders of mag-

nitude higher than those reported in Ref. 37.
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Conclusions

It is very difficult to obtain quiescent conditions in large closed

vessels, and very small temperature and concentration differences can

cause flow patterns to be set up in the vessels. Since in a reactor ac-

cident the vessel atmosphere is likely to be turbulent, the boundary-layer

approach to analyzing the mass transfer from the bulk volume to the wall

may be more valid than was originally realized. The asymptotic behavior

of the iodine concentration with time appears to be due both to unreact-

ing forms of the iodine and to the effects of surfaces. Calculation of

the flow profiles was far more difficult than originally envisioned, but

steady progress is being made. The boundary-layer approach has been ex-

tended to the case where condensing steam and air are present, and pre-

liminary results show that the primary factor affecting the iodine flux

is the condensation flux, as indicated by the temperature difference

across the liquid film near the wall. The effects of the total pressure

of the gas on the iodine flux become magnified as- the condensation flux

increases.
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2.1 TRAPPING OF RADIOACTIVE IODINE AND METHYL IODIDE
BY IODIZED CHARCOAL

R. E. Adams R. D. Ackley
Zell Combs

Removal of Methyl Iodide from Moist Air Systems

Methyl iodide is one of the recognized species of airborne radio-

iodine and, in order for an air-cleaning system to be an acceptable safe-

guard against release of all forms of radioiodine that might be acciden-

tally dispersed into a reactor containment vessel, it is necessary that

the system have the capability of trapping radioactive methyl iodide.

Furthermore, in the case of a loss-of-coolant accident in a water-cooled

reactor, the methyl iodide trapping problem may be made more difficult

by the production of steam, with attendant elevation of air temperature,

pressure, and humidity. Previous work showed that certain specially im-

pregnated (iodized) charcoals have the capability of trapping radioactive

methyl iodide from flowing humid air and steam-air atmospheres under a

wide variety of conditions.1

These charcoals, which are impregnated with one or more iodine-con-

taining substances, possess this capability as a consequence of the fol-

lowing isotopic exchange mechanism:

CH 3131I + 127I (on charcoal) -+ CH3
1 2 71 + 131I (on charcoal)

Actually, only the 131I constituent of the CH3
13 11 molecule is trapped

by this process, but it has become common practice to refer to the removal

efficiency for the 1311 constituent as being that for CH3 1311.

During the past year, additional types of commercial iodized charcoal

have become available, and certain laboratory-impregnated charcoals thought

to possess possibly advantageous properties have been prepared. Therefore,

evaluation tests of the CH3
1 31I-trappingcapability of these materials

have been continued.

Experiments at 25 C

As new types of impregnated charcoal are received or are prepared,

it is customary to subject them to a semiroutine room-temperature
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CH3
1 3 1I-removal test in which the prevailing relative humidity of the air

flowing through the charcoal is in the vicinity of 70%. The types tested

are listed in Table 2.1. Because of proprietary considerations, details

of the iodizing processes used for impregnating the commercial charcoals

are not given. MSA 85851 and BC-727 contain about 5 wt % of the impreg-

nating iodine form(s); BC-272 is similar to BC-727 except that the per-

centage of impregnant is about 2%; BC-117 is a new type of iodized char-

coal and details on its impregnation are unavailable.

The results of the testing are given in Table 2.2 and, for the most

part, are self-explanatory. The group of results for the 1, 2, 3, and

5%-impregnated BC-513 were obtained in an effort to determine the optimum

level of impregnation. The lowest level (2%) that gives high CH3 I-

removal efficiency is probably preferable in terms of having adequate

residual fission-product 12 capacity and of having greater resistance to
loss of impregnant on heating. (These subjects are treated more exten-

sively in subsequent sections of this report.) Results of UKAEA tests

on methyl iodide removal by charcoals impregnated with 0.5% KI or 5%

Table 2.1. Impregnated Charcoals Tested

Impregnated Base Charcoal
Imprcgate Used for Mesh Size Manufacturer or Supplier

Impregnation

MSA 85851 MSA 25725 8-14 Tyler Mine Safety Appliances Co.

BC-727 BC-513 8-14 Tyler Barnebey-Cheney

BC-272 BC-513 8-14 Tyler Barnebey-Cheney

BC-239 BC-513 10-14 Tyler Barnebey-Cheney

BC-117 BC-513a 10-14 Tyler Barnebey-Cheney

G601 12 X 16 U.S. North American Carbon, Inc.

0.5% KI 207B 8-12 BSS Sutcliffe, Speakman and

Company, England

5% TEDAb 207B 8-12 BSS Sutcliffe, Speakman and

Company, England

aModified to increase the ignition temperature.

bTriethylenediamine.
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Table 2.2. Results of Tests of Impregnated Charcoals for Trapping Radioactive
Methyl Iodide at 25*C

Charcoal bed diameter: 1 in.
Successive bed depths: 1 in. and 1 in. (in series)
Air velocity (superficial): 40 or 50 fpm (mostly 40 fpm)
Duration of air flow measured from start of CH3I injection: 6 hr
Duration of CH3I injection: 2 hr (first 2 hr of above 6 hr)
Inlet CH3I concentration: generally about 17 mg/m3

System pressure: 1 atm

CH3
13 11-Removal Efficiencyc

Relative Number Amount CH3I Injected (%)
Charcoala Lot No.b Humidity of per Gram of Charcoal

(%) Tests (mg) For 1-in. For 2-in.
Depth Depth

MSA 85851

BC-727

BC-239

BC-272

BC-117

G601

93066

1367

102866

01345

22867

4767

53167

11766

0.5% KI (UK)

5% TEDA (UK)

^6% KI + 12
on 207Bd

5% KI + 12 on
BC-513d

5.7% KI on
BC-513d

1% on BC-513e
2% on BC-513e
3% on BC-513e
5% on BC-513e

BC-513 (unim-
pregnated)

65
70
65

65
70
65
70

65

10
3
2

11
2
5
3

3

65 3
70 3

65 2
70 2

76 1
81 1

65 1
70 3

65 1
70 2

65 1

65 2

65 2

65
65
65
65

2
2
2
2

70 1

1.2
1.2
1.2

1.2
1.2
1.2
1.2

0.g

1.2
1.2

0.9
0.9

1.0
1.0

1.0
1.0

1.0
1.0

1.0

1.2

1.2

1.2
1.2
1.2
1.2

1.1

90.4
84.1
83.5
93.3
91.8
95.3
88.7

92.6

95.3
86.7
90.4
79.2

88.4
83.3
82.5
59.2

99.2
99.0

83.8

92.0

91.7

88.5
94.7
96.2
95.7

99.0
97.2
97.2

99.5
99.2
99.7
98.7

99.5

99.8
98.7

99.1
95.7

98.9
97.3

97.2
86.5

>99.99
99.99

97.3

99.2

99.2

98.6
99.8
99.8
99.8

4.8 15.8

aCharcoal was preequilibrated at relative humidity of test.

bORNL-assigned number.
cRemoval efficiencies are average values in cases where number of

tests exceeds one.

dImpregnated at ORNL.

eImpregnated by Barnebey-Cheney with same impregnant as used for
BC-727.
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triethylenediamine are presented in a recent report.2 On comparing the

removal results for 65% relative humidity with the analogous values for

70%, the sensitivity to this variable becomes apparent. This effect of

relative humidity will be noted again in the discussion of CH3
1 311 removal

in steam-air systems for which a number of results at very high relative

humidities have been obtained.

Experiments at Elevated Temperature and Pressure

Results from a series of tests on radioactive methyl iodide removal

in steam-air systems reported previously1 3 showed that the commercial

iodized charcoals MSA 85851 and BC-727 were effective for trapping the

131I of CH3131I under conditions as severe as 280 F, 60 psia, and 90%

relative humidity. A second series of such tests has been performed and,

since this work has also been reported in detail,4 only a summary is pre-

sented here.

In this more recent work, three additional types of commercial iodized

charcoal were tested. Also, some further testing of MSA 85851 and BC-727

was performed. Results for the commercial iodized charcoals are presented

in Fig. 2.1, which also includes earlier results. Removal efficiency for

a 2-in. depth of charcoal is plotted as a function of relative humidity,

and the more pertinent experimental conditions, along with the types of

iodized charcoal involved, are indicated. The charcoal types are identi-

fied in Table 2.1, except for MSA 24207, which is from Mine Safety Appli-

ances Company and has a mesh size of 8-14 Tyler. Small differences be-

tween charcoal types tended to be obscured, particularly in the very high

relative humidity region, by minor operational fluctuations and small

temperature gradients in the charcoal beds. That is, in operation of a

dynamic system under conditions approaching saturation, a very slight

change in one variable, such as pressure or temperature, may drastically

affect the charcoal with respect to water content and, in turn, with re-

spect to CH3
13 11-trapping capability.

The newer results for commercial iodized charcoal were not noticeably

different from those obtained earlier. As was the case with charcoal

types MSA 85851 and BC-727, the MSA 24207, BC-239, and G601 types were

effective for trapping CH3131I from flowing steam-air mixtures except at
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Fig. 2.1. Effect of Relative Humidity on the Removal of Radioactive
Methyl Iodide from a Flowing Steam-Air Atmosphere by Iodized Charcoals at
Temperatures Around 270 F and Pressures of About 60 psia.

very high relative humidity. The results for the five types of commercial

iodized charcoal may be generalized as follows: CH3131I-removal efficien-

cies of 90% or higher were obtained with 2-in. depths of charcoal provided

the prevailing relative humidity in the charcoal did not exceed 90%. For

the relative humidity region of 80 to 85%, 2-in. removal efficiency values

of 98% or higher were typical. Useful CH3  I-trapping capability is at-

tainable with the iodized charcoals at relative humidities higher than 90%,

possibly even at relative humidities approaching 100%. However, at 100%

relative humidity, circumstances may be such that bulk water is associated

with the charcoal, and, when this occurs, a serious loss in CH3 1 3 1 1-re-

moval efficiency is usually observed. These results were obtained in a

single-pass type of system and, in a recirculatory system, appreciably

0
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higher total removal efficiencies would very likely be achieved; results

of such a study with a 1000-cfi system have been reported.5 In extending

these results to actual applications, cognizance should be given to fac-

tors such as weathering and poisoning of the charcoal in operating off-

gas systems.

Plans are being made to extend the CH3
1 3 11-removal tests in steam-

air systems to include newer iodized charcoals such as BC-272 and BC-117.

Noncombustible Trapping Agents

After activated charcoal has trapped radioactive methyl iodide and/or

elemental iodine, heat generated by radioactive decay conceivably may cause

the charcoal to ignite in the presence of flowing air. Therefore attempts

have been made to develop or find a noncombustible agent for CH3131I re-

moval in humid air systems. 'Thus far, however, no such agent has been

observed to be effective for trapping CH3131I when the prevailing relative

humidity (R.H.) is in the region of principal interest, 70% and higher.

On the other hand, some of the agents tested were mildly promising for

possible use in dry systems. A few qualitative observations can be made

from the recent work. The removal percentages given refer to CH3131 re-

moval in 2-in. depths in tests in which the experimental conditions gen-

erally corresponded to those discussed earlier in this section. One

preparation of iodized high-surface-area silica gel was ineffective (<0.1%

removal) at 25 C and 70% R.H., but other preparations exhibited a modest

degree of CH3131I removal (~-10%) at 25*C and less than 3% R.H. Certain

palladium-alumina catalysts exhibited more or less similar performance

at 25 C. At 150 C and low relative humidity, somewhat better removals

(as high as 35%) were obtained. In steam-air tests, both a selected

palladium-alumina catalyst (at 132 C and 91% R.H.) and Hopcalite (at 141C

and 70% R.H.) exhibited very poor (<1%) CH3131I-trapping capability.

(Hopcalite is an oxidizing catalyst from Mine Safety Appliances Company.)

Despite these negative results for humid air systems, the search for a

noncombustible agent that is effective in such systems will continue be-

cause of the inherent advantage of having a noncombustible trapping ma-

terial in off-gas systems.
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Removal of Elemental Iodine from Moist Air Systems

As discussed above, certain types of commercial iodized charcoal have

been found to be effective for trapping radioactive methyl iodide. Be-

cause iodized charcoal itself is impregnated during manufacture with one

or more iodine-containing substances, the question has been raised as to

whether the capacity of such charcoal for elemental radioiodine (12) has

been reduced to an unacceptable level. Previous study of the trapping of

elemental iodine by charcoal had been concerned only with noniodized char-

coal and no attention was given to the ultimate capacity of the charcoal

for gas-phase iodine under dynamic conditions.6 Accordingly, an investi-

gation was initiated to study this effect, and a significant quantity of

data was obtained at room temperature for four varieties of iodized char-

coal under conditions of high loading of 12 and of high relative humidity.

This work has been reported in some detail,7 and therefore only a brief

summary is given here.

Ten experiments were performed, and the experimental setup was such

that three individual, but simultaneous, tests were performed in each ex-

periment. In the first four experiments, extremely high 12 loadings were

employed, and the three tests of each experiment were conducted with 98%-

R.H. atmospheres. In the other six experiments, the loadings were not

quite so high; also, for two of the three tests of each experiment, the

charcoal was thoroughly wetted and slightly cooled to maintain it in a

waterlogged condition (100% R.H.); for the remaining test the relative

humidity was 98%, as before.

The results, together with the more pertinent of the experimental con-

ditions, are given in Tables 2.3, 2.4, and 2.5. Data for experiments 1

through 4 are in Table 2.3, data for the nonwetted test beds (the B group)

of experiments 5 through 10 are in Table 2.4, and data for the wetted test

beds (the A and C groups) of experiments 5 through 10 are in Table 2.5.

Information on the various charcoal types investigated in this study is

given in a preceding section.

The results in Table 2.3 do not show any pronounced trends. The io-

dine loadings were deliberately made exceedingly high (much higher than

any loading proposed for a full-scale charcoal adsorber system) in order



Table 2.3. Efficiency of Iodized Charcoals for Removing Elemental Radioiodine
at Very High Loadings from Flowing Humid Air at Temperatures Around 25 C

Air velocity (superficial): 40 fpm
Relative humidity (R.H.): 98/
System pressure: ~,l atm

12 Durationaof 12 Loadinga for 12-Removal

Charcoal Injection Additional 2-in. Depth of InletI2 Efficiency (f)
Experiment Tested Time Air Sweep at Charcoal Concentration

(hr) 98% R.H. (mg/g) (mg/m3 ) For 1-in. For 2-in.

(hr) Depth Depth

LA MSA 85851 15 10 47 93 99.91 99.947
1B BC-727 15 10 47 93 99.87 99.89
1C BC-272 15 10 47 93 99.86 99.90

2A MSA 85851 10 15 66 196 99.90 99.92
2B BC-727 10 15 64 190 99.94 99.960
2C BC-272 10 15 60 178 99.965 99.976

3A MSA 85851 8 16 34 126 99.985 99.987
3B BC-727 8 16 34 126 99.968 99.970
3C BC-272 8 16 34 126 99.973 99.982

4A MSA 85851 15 9 50 99 99.90 99.93
4B BC-727 15 9 51 101 99.93 99.948
4C BC-272 15 9 50 99 99.91 99.955

aRefers to 12 injected during test and does not refer to impregnant.

0



Table 2.4. Efficiency of Iodized Charcoals for Removing Elemental Radioiodine at Fairly
High Loadings from Flowing Humid Air at Temperatures Around 25 C

Air velocity (superficial): 40 fpm
Relative humidity (R.H. ):- 98%
System pressure: ~-l atm

12 Duration of Additional 12 Loadinga Inlet 12 12-Removal Efficiency

Charcoal Injection Air Sweeps (hr) for 2-in. Concen-(M
Experiment Tested Time Depth of tration

At 98% At 98 to Charcoal 3 For 1-in. For 2-in.
(hr) R.H. 50% R.H. (mg/g) mgm, Depth Depth

5B BC-727 4 3 65 11 80 99.88 99.93

6B BC-727 4.25 3 64 16 111 99.957 99.979

7B BC-727 4 3 64 6 42 99.987 99.993

8B BC-117 5 2 65 4 34 99.990 99.998

9B BC-117 5 2 65 6 48 99.995 99.998

10B BC-727 5 2 64 11 64 99.92 99.998

aRefers to 12 injected during test and does not refer to impregnant.

H
0



Table 2.5. Efficiency of Waterlogged Iodized Charcoals for Removing Elemental Radioiodine
at Fairly High Loadings from Flowing Humid Air at Temperatures Around 20C

Air velocity (superficial): 40 fpm
Relative humidity (R.H.): 100%
System pressure: 'l atm

Duration of Additional 12 Loadinga 12-Removal Efficiency
2 Charcoal Injection Air Sweeps (hr) for 2-in. Inlet2 M

Experiment Chareda ie Depth of traction
Tested Time At 100 At 100 to Charcoal For 1-in. For 2-in.

(hr) R.H. 50% R.H. (mg/g) mg/m3 ) Depth Depth

5A BC-727 4 3 65 11 80 99.33 99.993
5C BC-272 4 3 65 10 77 99.73 99.982

6A BC-727 4.25 3 64 17 118 96.63 99.89
6C BC-272 4.25 3 64 15 104 99.57 99.948

7A BC-727 4 3 64 5 39 98.43 99.90
7C BC-272 4 3 64 5 36 99.65 99.991

8A BC-117 5 2 65 4 32 95.96 99.91
8C MSA 85851 5 2 65 5 30 95.55 99.49

9A BC-117 5 2 65 6 48 98.64 99.967
9C MSA 85851 5 2 65 8 48 97.49 99.84

10A BC-727 5 2 64 10 61 99.33 99.970
10C BC-272 5 2 64 11 64 99.62 99.982

aRefers to 12 injected during test and does not refer to impregnant.

H
0
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for any overloading of the remaining capacity of the impregnated charcoals

for elemental iodine to be immediately apparent. As may be judged from

the high efficiencies that were obtained, these iodized charcoals were

effective up to the highest 12 loading that was studied. The situation

with respect to loading may not be as favorable at higher temperatures,

and one of the extensions of this work will be to investigate this point.

In Table 2.4, the 12 loadings are still high but considerably lower
than those of the preceding table. This may be the explanation for the

1- and 2-in.-depth efficiencies for BC-727 being, on the average, some-

what higher than the respective values in Table 2.3. The data for type

BC-117 charcoal, while limited in number, indicate that it is highly ef-

fective for trapping 12 under these conditions.

From the results for waterlogged charcoal in Table 2.5, the varia-

tion in performance imposed by this condition appears to obscure any small

variations due to other factors, as is illustrated most dramatically by

the 1-in.-depth efficiencies. For instance, the 1-in.-depth value for ex-

periment 7A is only 98.43%, while that for 10A is 99.33w, and there is no

evidence to suggest that the controllable experimental conditions of 7A

were more severe than those of lOA. Based on visual observation, the

probable explanation is that the degree of sweep-gas channeling was higher

in the test that produced the lower efficiency. If this explanation is

correct, good 12 removal efficiency can be obtained with a 1-in. depth of

iodized charcoal even when waterlogged, and excellent removal efficiency

for 12 can be obtained with a 2-in. depth if sweep-gas channeling can be

limited. Of course, control of channeling would be almost impossible to

achieve, and it would be preferable to avoid having the iodized charcoal

in a waterlogged condition, not only from the standpoint of trapping ele-

mental radioiodine but also with regard to the trapping of radioactive

methyl iodide, as has been discussed elsewhere.3,4

The apparent 12-removal efficiency of charcoal has, in certain

studies, been observed to be relatively low when the inlet iodine concen-

tration was very low.8 This has been explained on the basis of a greater

proportion of the 12 being converted to more penetrating forms, such as

methyl iodide and/or iodine-bearing particulates. Consequently, a planned
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extension of the present work is to investigate this concentration effect

as it applies to iodized charcoals.

Loss of Impregnant from Iodized Charcoal
at Elevated Temperatures

It has been observed that iodized charcoals emit impregnant, appar-

ently in the form of elemental iodine, upon heating to temperatures well

below their ignition temperatures. For two reasons, this behavior may

represent a serious problem in the event such charcoal is subjected to

overheating in an air-cleaning system: (1) a possible decrease in future

effectiveness due to loss of impregnant and (2) evolution of radioactivity

if the charcoal had previously been used to trap radioactive methyl iodide

and/or elemental iodine. In order to further evaluate this problem and

to determine the relative stabilities of various types of impregnated

charcoal, a series of laboratory tests was initiated.

In these particular tests, the samples of charcoal were first exposed

to CH3131I (as in the semiroutine methyl iodide tests discussed in a pre-

ceding section) and then heated at progressively higher temperatures in

the presence of flowing air with a moisture content of about 2 vol %.

The 131I radioactivity emitted from the heated charcoal was collected on

room-temperature silver-mesh traps and charcoal traps for analysis.

A summary of the results presently available is presented in Table

2.6. The results for the BC-272, BC-117, and 5% TEDA (UK) samples repre-

sent averages from duplicate measurements. Results for the other three

types are preliminary in the sense that the second set of measurements

for each of them has not been completed. The form of the radioactivity

emitted and collected downstream seemed to be elemental iodine. Accord-

ing to the data in the table, all these charcoals are quite stable at

150 C, but, at 200 C and higher, significant amounts of impregnant (as

measured by radioactivity losses) were evolved and swept out of the char-

coal beds. The magnitudes of these losses are a function of charcoal type

and, of course, a function of temperature. Type BC-117 was observed to be

one of the more stable, and possibly the most stable, among those tested.

On the other hand, BC-117 charcoal was observed in the semiroutine
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Table 2.6. Retention of Radioactivity by CH3
1 3 1 1-Treated

Impregnated Charcoals After Successive Heating Periods at
Progressively Higher Temperatures

Duration of each heating period: 4 hr
Superficial air velocity: 60, 67, 74, and 80 fpm at

150, 200, 250, and 3000C,
respectively

Percentage of Initial Radioactivitya
Retained After Heating Period at

Charcoal Lot No. Temperature Indicatedb

150*C 200 C 250 C 300 C

MSA 85851 93066 99.9 90.9 65.0 44.1

BC-727 01345 99.6 92.8 62.1 33.0

BC-272 4767 99.7 98.5 79.1 42.9

BC-117 53167 99.7 98.8 94.6 50.6

0.5% KI (UK) 99.9 99.3 75.9 30.5

5% TEDA (UK)c 99.8 97.1 85.0 39.5

aAppropriate allowance was made for radioactive decay.

bTemperature is that of center of charcoal bed 1 in. in di-
ameter and 2 in. deep.

cThisis not an iodized charcoal; it is impregnated with an
organic amine and is used in some UKAEA charcoal adsorbers.

CH3
1 3 1 I-removal tests at room temperature to be slightly less effective

for trapping radioactive methyl iodide than some of the other commercial

iodized charcoals. Thus, selection of the most appropriate charcoal type

for a specific application will probably need to be made on the basis of

the operational conditions expected to be encountered in that application.

Effect of Weathering on Methyl Iodide Removal Efficiency
of Iodized Charcoal

A limited amount of data obtained previously indicated that subject-

ing iodized charcoal to continued humid air flow (weathering) caused some

reduction in CH3131I-removal efficiency. In order to investigate this



112

point further, two separate groups of iodized charcoal test beds (1 in.

in diameter and 2 in. deep) are being weathered by humid air flow. One

group is being exposed to ambient air from the Oak Ridge Research Reactor

(ORR) building with the test beds subjected to air flow at 20 fpm, 78 F,

and 50% R.H. The other group, located in the laboratory, is exposed to

plant air that is purified, filtered, and then humidified; approximate

operating conditions are 40 fpm, 78 F, and 50% R.H. Periodically, char-

coal test beds are withdrawn from the weathering setups and tested for

CH3131I retention under conditions that have included 25*C, 40 fpm, 65%

R.H., and approximately 1 mg of CH3I per gram of charcoal. The results

obtained thus far to show the effects of the two variations of weathering

are given in Table 2.7 for MSA 85851 (93066) charcoal. As the test beds

of this material are removed from the setups, they are replaced with test

beds filled with another type of iodized charcoal.

The decreases in CH3 1 3 1I-removal efficiency indicated in Table 2.7

appear to result primarily from weathering by humid air flow plus, at

least in the cases of the ORR-exposed samples, some degree of poisoning

and do not appear to result from simple aging. Unexposed samples of MSA

85851 (93066) have not revealed a significant effect due to aging alone

over the same time period. The direction of flow during testing was the

same as during weathering, so the 1-in.-depth removal efficiencies

Table 2.7. Effect of Weathering on CH 3
1 3 11-Removal Capability

of MSA 85851 Iodized Charcoal

Integrated Air Exposure CH3
1 3 1I-Removal Efficiency (%)

Flow per Test Time Location
Bed (ft3) (months) For 1-in. Depth For 2-in. Depth

0 0 90.4 99.0

1.4 x 104 3 ORR Building 82.3 98.4

2.9 x 104 6 ORR Building 73.3 97.1

4.8 x 104 10 ORR Building 56.2 90.5

2.9 x 104 3 Laboratory 89.4 98.9

7.7 x 104 8 Laboratory 82.0 97.9
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probably tended to be the most sensitive measure of a poisoning effect,

if one existed, since any impurities in the flowing air would probably be

deposited in the first or inlet 1-in. depth of charcoal. (Each sample for

weathering consists of two 1-in. depths in series.) The ORR-exposed sam-

ples, according to the results in Table 2.7, exhibit larger rates of de-

crease in removal efficiency than the laboratory-exposed samples. It is

this behavior which suggests that poisoning may be a factor in the ORR

exposure. This is not surprising since the laboratory exposure represents

a relatively ideal situation. The decrease for a 2-in. depth during the

six- to ten-month period in the ORR from 97.1 to 90.5% was somewhat greater

than anticipated. This study is to be continued.

In connection with the general problem involving the interrelated

phenomena of aging, weathering, and poisoning, data are being accumulated

on charcoal samples obtained from various air-cleaning systems, and plans

are to present a collection of information and experience pertaining to

the effects of these phenomena on charcoals at some future time. For the

present it would appear desirable, wherever possible, to avoid subjecting

charcoal to air flow except when the actual need to trap molecular radio-

iodine arises. In those cases where continued air flow is required, an

additional upstream charcoal bed to bear the brunt of poisoning due to im-

purities would be helpful; and, in the majority of applications, particu-

larly if continued flow pertains, fairly frequent and appropriately de-

signed in-place tests would appear to be required.

Conclusions

Several varieties of commercial iodized charcoal are effective for

trapping radioactive methyl iodide from flowing humid air and steam-air

atmospheres under a wide variety of conditions. These include (but are

not necessarily limited to) temperatures of 77 to 280F, pressures of 14

to 60 psia, and relative humidities as high as 90%.

Useful CH3 131I-removal efficiencies can be obtained with iodized char-

coals at relative humidities higher than 90%, perhaps even at those ap-

proaching 100% relative humidity. Operation at 100% relative humidity

should be avoided, since this condition may cause water to be condensed
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within the charcoal bed, and when this occurs, poor CH3
1 3 1I-removal effi-

ciency is the frequent result.

While attempts to develop an efficient noncombustible trapping agent

for CH3
1 31I in humid systems have thus far been fruitless, the inherent

advantage in having such a material available indicates that the relatively

small effort that has been directed toward this end should be continued.

Certain types of iodized charcoal are highly effective (>99.9%) at

around 25 C for trapping elemental radioiodine from flowing air at high

relative humidity (98%) and at extremely high 12 loadings on the charcoal.

Waterlogged iodized charcoal (100% R.H. plus liquid water in the

bed) may exhibit either fairly poor or good 12-removal efficiency (at

around 20 C). This erratic performance is probably associated with sweep-

gas channeling, and whether or not channeling occurs appears to be some-

what random.

Several iodized charcoals were found to be quite stable with respect

to loss of impregnant for at least 4 hr when exposed to flowing air (~2%

moisture by volume) at 150*C. Some, but not all, were still fairly-stable

at 200*C. At 250*C and higher, losses of impregnant, ranging.upward from

about 5% of the original amount, are to be expected, with the amount of

loss being dependent on the specific type of charcoal.

Continued humid air flow through iodized charcoal for lengthy periods

of time is deleterious to radioactive methyl iodide-trapping capability

and may be especially harmful if the air contains appreciable quantities

of impurities. Beds of charcoal in air-cleaning systems should be pro-

tected, insofar as possible, from weathering and poisoning and/or subjected

to fairly frequent in-place testing.

2.2 REACTIONS OF IODINE VAPOR UNDER ACCIDENT CONDITIONS

R. E. Adams R. L. Bennett
R. J. Davis Ruth Slusher

Reactions of Iodine in Containment Systems

When radioiodine is released into a closed environment, a generally

small, but possibly significant, fraction may appear in the form of methyl
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iodide and other compounds of this homologous series.9'1 0  These iodides

present problems in the handling of accident situations because of the

difficulties involved in trapping them by conventional gas-cleaning tech-

niques. Therefore it is desirable to identify the primary mechanism for

organic iodide production in order to avoid, if possible, conditions or

materials conducive to its formation. In an accident situation, organic

iodides may be formed in any of several ways; the two mechanisms being

investigated are (1) reactions on surface coverings within the contain-

ment vessel, with subsequent desorption into the gas phase, and (2) gas-

phase reactions with organic vapors in the containment atmospheres.

Reaction with Organic Coatings

An investigation of the reaction of elemental iodine with paints of

interest in the nuclear safety program is being conducted. Many different

paints have been utilized in various reactor containment vessels, but the

study has been limited primarily to the Amercoat 66 paint system, which

has been the coating of most immediate interest in the LOFT program. A

brief study was also made of the Phenoline 302 paint system, which is

employed in the Containment Systems Experiment (CSE).

The iodine-paint reaction was investigated by coating the inner sur-

face of stainless steel vessels (1.2-liter) with the paint formulation

under study, adding the iodine contained in a glass tube (so that only

iodine vapor and not solid iodine came into direct contact with the sur-

face), and then heating the sealed vessel at the desired temperature (100,

150, or 250 C). For comparison, identically coated vessels, without io-

dine, were subjected to the same treatment. Vapor samples were taken

periodically from both vessels and analyzed by gas chromatography. The

gas chromatograph (Varian-Aerograph Model 1520-B) was equipped with dual

detectors that utilized the processes of electron capture and hydrogen

flame ionization. Calibrations with standards of methyl iodide, ethyl

iodide, n-propyl iodide, and n-butyl iodide revealed that detection by

electron capture (ECD) was 2000 to 3000 times more sensitive than detec-

tion by flame ionization (FID). Since few organic compounds exhibit such

large ECD/FID ratios, this property can be used as rather positive evi-

dence of organic iodide formation.
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Various formulations of paint and sequences of multilayer coatings

are recommended for various types of surfaces. Studies have been made

with the individual layers, as well as the multilayer paint systems.

Amercoat 64 primer forms the first layer for any of the multilayer

systems and is used on both metal and concrete surfaces. When iodine

vapor was added at 100 C, five organic compounds detectable by electron

capture were found. Four of the five were identified as methyl, ethyl,

n-propyl, and n-butyl iodide.

Amercoat 66 surfacer, which was used over the primer for concrete

surfaces, exhibited the smallest production of volatile iodides. Only

three materials that responded to electron-capture detection were formed

at 100 C in very small quantity. One appeared to be methyl iodide.

Amercoat 66 seal gloss forms the top coating on any of the Amercoat

paint systems. This paint appeared to be very reactive with iodine vapor

at 100 C, and at least seven organic materials detectable by electron

capture were formed. Methyl, ethyl, n-propyl, and n-butyl iodide, as

well as three iodides (?) of larger molecular weight, were observed.

Amercoat 66 system for concrete surfaces consisted of one coat of

primer, two coats of surfacer, and one coat of seal gloss. Only three

organic compounds sensitive to electron capture detection were observable

in the rather complex chromatogram produced at 100 C. Two were identified

as methyl and ethyl iodide.

Amercoat 66 system for steel surfaces consisted of one coat of

primer, three coats of Amercoat 66 epoxy, and two coats of seal gloss.

Here again the multilayer system produced such a mixture of organic ma-

terial that the chromatograms were quite complex. Methyl and ethyl io-

dide were readily detected, and undoubtedly the higher members of the

series were present but not easily recognizable.

The amounts of methyl iodide formed by reaction of 12 with the six-

coat Amercoat 66 system at various temperatures are listed in Table 2.8.

In other experiments, the mass of methyl iodide produced was shown to be

independent of the mass of 12 introduced. The maximum amount of methyl

iodide was usually present within a few hours after the start of the ex-

periment, and heating the reaction vessel to higher temperatures increased

the amount of methyl iodide formed. At 150 C the concentration was about
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Table 2.8. Formation of Methyl Iodide by Reaction
of Iodine with Six-Coat Amercoat 66 System

Iodine added: 25 mg

Exposure Time CH3I Formed (mg in 1200-ml vessel)

(hr) At 100 C At 150 C At 250 C

x 10-5 x 10~4 x 10~3

4 92 43 7.0
18 7.8 6.8 5.0
96 28.2 25 12

120 6.7 7.1 7.2
144 7.3 8.4 2.1
264 7.1 1.2

tenfold higher than that at 100 C; at 250 C, it was about one-hundredfold

higher than that at 100'C.

Phenoline 302 system (phenolic) consisted of Phenoline 315 Orange

(primer with special mica filler) with a top coat of Phenoline 302. This

system produced at least four materials sensitive to electron-capture de-

tection when 12 was added. One corresponded to methyl iodide, but the

others were not identified.

Unpainted stainless steel vessel in the as-received condition (not

chemically cleaned and having a slightly oily surface) produced a number

of organic substances sensitive to electron capture when 12 was added.

When the vessel was cleaned by sand blasting and treated with acetone,

no reaction with iodine to produce volatile organic iodides was noted.

All vessels received this treatment prior to painting.

Reaction with Organics in Gas Phase

As a part of the study of iodine behavior in containment systems,

an attempt was made to determine the levels of trace organic contaminants

in various representative atmospheres. Where possible, the identity of

the individual organic compounds was established. This information will

have value in future studies of gas-phase reactions that produce methyl

iodide or other low-molecular-weight iodides. Samples of the atmosphere



were taken within buildings housing reactors and large-scale reactor ex-

periments. These were the Oak Ridge Research Reactor (ORR), the Molten

Salt Reactor Experiment (MSRE), the High Flux Isotope Reactor (HFIR), the

Nuclear Safety Pilot Plant (NSPP), the Bulk Shielding Reactor (BSR), and

the Health Physics Research Reactor (HPRR). In addition, a sample was

taken at an isolated wooded area within the Clark Center Recreation Park

on the shore of Melton Hill Lake. Generally, the samples contained about

the same organic compounds but varied considerably as to individual quan-

tities. Table 2.9 lists the simple organic compounds that were identifi-

able with the present analytical facilities. Table 2.10 lists the total

of hydrocarbons found and also a breakdown as to saturated and unsaturated

hydrocarbons. Organic materials in these concentrations would be adequate

to produce organic iodides in the quantities observed in various experi-

ments.

Table 2.9. Gas Chromatographic Determination of Simple Paraffins and

Olefins in Air Samples from Various Reactor Buildings at ORNL

Concentration (ppb)

Compound At At At At At At At

ORR MSRE HFIR NSPP BSR HPRR Park.

Methane 20 42 39 47 56 45 36
Ethane 2 4 2 3 7 1 1
Ethylene 3 2 2 3 3 1 1
Propane 1 4 2 1 3 1 1

Isobutane 1 1
n-Butane 7 4 17 3 1 1 1
Propylene <1 1
Isopentane 7 2 14 4 1 1
n-Pentane 1 2 6 1 2 1
n-Hexane 6 3 23 16 3 2
n-Heptane 10 2 8
2-ethyl-butene-1 3
Pentene-l 12 7 4
Unidentified 37 9 2 33

Total 98 72 120 121 85 51 46
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Table 2.10. Total Concentrations of Hydrocarbons Found in
Air Samples from Various Reactor Buildings at ORNL

Concentrations (ppb)
Location

of Total Total
Sampling Unsaturated Saturated Total of All

Hydrocarbons Hydrocarbons Hydrocarbons

ORR 7,140 360 7,500
MSRE 5,150 350 5,500
HFIR 230 100 330
NSPP 10,380 310 10,690
BSR 1,185 62 1,247
HPRR 146 67 213
Clark Center Park 139 49 188

Analytical Studies of Methyl Iodide Formation*

It is recognized that organic iodides, as well as other iodine-con-

taining species, can be present in the containment atmosphere following

a reactor accident, and experimental work indicates that the major organic

compound is methyl iodide. However, the mechanisms by which methyl io-

dide is formed are largely unknown. Since the organic iodides are more

difficult to remove from the postaccident atmosphere by filters or other

trapping techniques than, for instance, elemental iodine, they are of

particular importance to the overall safety problem. Without some knowl-

edge of the mode of formation of methyl iodide, it becomes almost impos-

sible to predict what its concentration might be in an accident situation

and hence how serious a problem its removal might be. Also, a knowledge

of the mechanism of its formation could lead to a means of preventing its

formation; for example, by removal of a critical precursor. To gain in-

sight into the chemical processes leading to CH3 I formation, a study is

*This study was performed under subcontract at Battelle Memorial
Institute, Columbus, by R. H. Barnes, J. L. McFarling, J. F. Kircher,
and C. W. Townley.
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being made of calculated equilibrium and nonequilibrium concentrations

of CH3I for a range of conditions typical of reactor accidents.

Homogeneous Equilibrium Calculations

In previously reported studies,1 1 limited equilibrium calculations

predicted concentrations of methyl iodide consistent with those observed

in some experiments. These calculations were limited to very simple sys-

tems, however, such as one containing only CH4, CH3I, 12, and HI. These

results indicate that relatively simple paths to methyl iodide are pos-

sible if only the simplest species that might reasonably be expected in

the reactor accident environment are assumed.

In the more complex homogeneous cases previously reported,1 1 how-

ever, the predicted methyl iodide concentrations were always very low;

that is, orders of magnitude lower than found under some experimental

situations. The maximum methyl iodide predicted by these calculations

was reached at temperatures of 800K or above. These calculations were

based on a system comprised of H20, C02 , HI, N2 , CH3 OH, I2, CH3 I, H2 ,

02, CO, CH4 , CH2O, and solid carbon over a range of temperatures from

300 to 1000 K. Thus the presence of other species that can compete with

CH3I for the available carbon, hydrogen, and oxygen leads to low methyl

iodide concentrations. This indicates that in the experimental situation

equilibrium conditions may not prevail and that kinetic factors may be

controlling.

These results12 are summarized for both air and steam in Fig. 2.2,

where the fraction of total iodine in the system appearing at equilibrium

as methyl iodide is given for temperatures from 300 to 1200 K. In all

cases shown the maximum methyl iodide appears at about 800 to 1000 K, but

as pointed out above, the methyl iodide fraction is never large. The

results summarized in Fig. 2.2 cover a range of initial iodine concentra-

tions from 4 x 10-12 to 4 x 10-6 g-at./liter. Over this range the methyl

iodide fraction remains constant for any given set of steam-oxygen-tem-

perature conditions; that is, a tenfold increase in total iodine in the

system leads to a tenfold increase in methyl iodide but also the same

increase in hydrogen iodide. The fraction of total iodine appearing as

methyl iodide is unchanged. It is apparent from the calculations that
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Fig. 2.2. Fraction of Iodine in the System Appearing as Methyl Io-
dide at Equilibrium for Initial Iodine Concentrations from 4 X 10-6 to
4 X 10-12 g-at./Liter.

under all conditions investigated hydrogen iodide is the only iodine spe-

cies present at equilibrium in relatively large concentrations. It will,

in fact, account for essentially all the iodine in the system.

Homogeneous Kinetics Calculations

The results of homogeneous kinetics calculations12 based on the sim-

ple reaction system involving CH4 and 12 show nonequilibrium CH3 I con-

centrations higher than the concentrations attained at equilibrium. The

overshoot in the CH3I can amount to more than two orders of magnitude

greater than the equilibrium values at temperatures of 800 and 1000 K,

with the maximum difference being at the higher temperature. The higher-

than-equilibrium CH3I concentrations occur for reaction times between

about 1 min and 1 hr. This places the CH3 I peak at a point in time where
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it could be a factor in many of the experiments where CH3I concentrations

above those expected at equilibrium are observed. Thus CH3I concentra-

tions at the levels observed experimentally can be reproduced by this

simple model. This indicates the possibility that the high CH3I concen-

trations observed experimentally could be nonequilibrium concentrations

produced at high temperatures and then frozen in at low temperatures.

Figure 2.3 illustrates the results of a typical calculation under these

conditions.

Influence of Radiation on Formation of Methyl Iodide

The influence of radiation on the formation of CH3 I was also con-

sidered. An approximate calculational analysis indicated that radiation-

enhanced formation of CH3 I could be quite significant in a reactor acci-

dent system. Unfortunately, the radiation chemistry of this system is

not well-enough established to permit any kind of reliable estimate of

the influence of radiation on the formation of CH3 I. To supply this

information, an experimental study is being made of the rate of reaction

between CH4 and 12 in the gas phase in the presence of 6 0 Co gamma
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radiation. The results of these measurements will be factored into the

kinetic calculations involving the thermally induced reactions that lead

to CH3I formation.

Mechanism of Sorption of Molecular Iodine

The objectives of the study of sorption of molecular iodine were to

(1) classify the surface chemistry of molecular iodine in a reactor con-

tainment system, (2) suggest the important parameters that control each

class of reaction, (3) illustrate the way in which the surface chemistry

can be incorporated in equations for mass transfer to the surface, and

(4) suggest specific research to provide needed information. The results

of this work have been reported in detail1 3 and are summarized here.

A study of selected literature and consideration of possible condi-

tions for surface reactions in a reactor containment system suggested

the following classes of reactions: (1) chemisorption on bare metals,

(2) monolayer adsorption with dissociation on dry oxides, (3) diffusion-

controlled reaction with oxide-coated metals, (4) adsorption into water

or aqueous solutions, (5) adsorption on a rapidly forming corrosion film,

and (6) sorption from a damp atmosphere.

Each class of reaction was examined, and data from various sources

were used to substantiate mechanisms. The results of these efforts were

twofold. First, for each class of reaction, an equation was developed

that relates the iodine concentration in a containment vessel as a func-

tion of time to the iodine removal by that reaction. In the case of one

reaction (adsorption on dry oxides), the equation was demonstrated by

fitting its results to data from CMF and NSPP containment experiments.

Second, some research was recommended; namely, the study of iodine sorp-

tion on several dry oxides, both from dry and moist atmospheres.

Conclusions

These studies serve to demonstrate that methyl iodide and other

higher molecular weight iodides are formed when elemental iodine is ex-

posed to several paint formulations and to an unknown organic film of
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stainless steel vessels at temperatures as low as 100 C in the absence

of radiation. The fraction of iodine converted to organic iodides was

very small in these experiments (based on data from Table 2.8, of the

order of 10-3%); however, the mass of iodine introduced was very large

(25 mg) in order to produce sufficient organic iodides to be detectable.

This mass of iodine in a 1200-ml volume produces an equivalent concentra-

tion of 12 in air of about 23 g/m3 . In accident situations the air con-

centrations of 12 expected would be several hundred times smaller. If

the same reactions occur at the lower air concentrations, the percentage

conversion in accident situations could become significant. The ratio

of paint surface to iodine mass is quite different also when comparing

experiments with reality; more organic material will be present in re-

actor containment systems than in the laboratory vessels.

To gain insight into the chemical processes leading to CH3I forma-

tion, an analytical study is being made of calculated equilibrium and

nonequilibrium concentrations of CH3I for a range of conditions typical

of reactor accidents. Results have demonstrated that methyl iodide can

be formed by rather simple reactions in concentrations consistent with

those observed in experiments.

2.3 DEVELOPMENT OF IODINE-CHARACTERIZATION SAMPLERS

R. E. Adams R. L. Bennett
W. H. Hinds

Analytical samplers are being developed and tested for distinguishing

and measuring the various forms of iodine present in experiments conducted

under simulated accident conditions. To perform satisfactorily these sam-

plers must be capable of operating at elevated temperatures and high hu-

midities and, in addition, must be capable of remote operation. One widely

applied iodine sampler (May pack) is composed of a sequence of filters

and adsorbents designed to separate iodine forms on the basis of chemical

reactivity or adsorption tendency. Considerable testing has been done in

an attempt to determine the optimum materials and component arrangements

within the sampler for successful application at elevated temperatures

and humidities.
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Testing of Iodine-Characterization Pack (May Pack)

The pack arrangement examined first was that initially proposed by

the LOFT program (Fig. 2.4). The component sequence was (1) a section

of three high-efficiency filters to remove particulate forms, (2) eight

silver-plated screens to remove elemental iodine, (3) five charcoal-loaded

filter papers for removal of easily adsorbed iodine compounds, (4) two

3/4-in.-deep charcoal beds for adsorption of the more penetrating organic

iodides, such as methyl iodide, and finally (5) a high-efficiency filter

to remove airborne particles that might be eluted from the charcoal beds.

The tests were conducted at 90 C with a dry or 90% R.H. air flow of 1

liter/min through the packs. Details of the testing facility and proce-

dure were reported previously along with some results of the distribution

of iodine through the original LOFT pack arrangement.14

Distribution of Elemental Iodine Within Pack

When high-efficiency filters are used in the first section of the

pack to remove particles and particulate iodine, it is essential that

PHOTO 82275
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Fig. 2.4. Original Configuration of the LOFT Iodine Sampler.
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the filters retain no elemental iodine or, at least, only very small,

reproducible amounts. Unfortunately, as previously reported, 14 examina-

tion of a large number of filters revealed that all adsorbed significant

amounts of elemental iodine. Types of filters studied included cellulose

(HV-70), glass fibers (AP-20, F-700, Cambridge 1G, 934AH, Gelman A), and

Teflon (Chemware Zitex). The cellulose filters removed more than 90% of

the iodine, the glass fibers exhibited extremely erratic iodine retention

(3 to 75%), and Teflon removed 10 to 20% of the iodine.

The purpose of the silver component is to remove reactive forms of

iodine, such as elemental iodine and hydrogen iodide, and to allow non-

reactive forms, such as methyl iodide, to pass through. Two types of

silver material were examined for elemental iodine removal efficiency:

eight silver-plated screens (80 mesh) and two Flotronics silver-membrane

filters (5-p pores). Efficient removal by both these silver components

is indicated in Table 2.11. With the silver screens, a decrease in the

removal efficiency was found as the iodine passed through each successive

screen. As shown in Fig. 2.5, when the log of the incident iodine load

to each screen is plotted versus the removal efficiency, a linear decrease

Table 2.11. Removal of Elemental Iodine by Silver Components
of May Pack from Air at 90C and 90% R.H.

Iodine Removal
Iodine (f)

Silver Components Test Pack Load
(pg) Silver Hardware Total

Component

Eight silver screens 0 MPl 66.0 98.75 1.01 99.76

MP2 66.3 93.26 6.44 99.70

P MPl 73.3 88.92 10.84 99.76

MP2 70.1 90.16 9.68 99.84

Q MPl 85.9 98.07 1.79 99.86

MP2 82.0 96.68 3.18 99.86

Two silver-membrane R MPl 127.7 96.97 2.49 99.46
filters MP2 112.8 98.14 1.22 99.35
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in efficiency is observed below about 10 pg. This behavior may be due

to the less reactive iodine forms becoming more significant as the amount

of incident elemental iodine decreases.

Distribution of Methyl Iodide Within Pack

Since methyl iodide is the most penetrating of the iodine forms, the

most commonly used May-pack configurations are designed so that this com-

pound passes through the frontal components and is adsorbed in the char-

coal beds at the end of the pack. Methyl iodide is not retained in sig-

nificant amounts on any of the high-efficiency filters tested.1 4 Results

of tests made to confirm the low methyl iodide adsorption on the silver

materials are given in Table 2.12.

Absorption of methyl iodide on charcoal-loaded filters intended to

remove more easily adsorbed compounds and allow the methyl iodide to pass

into the charcoal bed, which followed, was found to be nonreproducible.

Retention was strongly influenced by humidity, contact time, and condition

of the charcoal paper. Under dry conditions, the charcoal paper adsorbed
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Table 2.12. Retention of Methyl Iodide on Silver-Screen
Section of May Pack

CH3I Retention on Silver Section

CH3I Load Relative (%)
Test Pack Humidity

(kg) (f) Eight Silver
Hardware Total

Screens

A MPl 177.9 Dry 0.006 0.046 0.052

MP2 159.1 Dry 0.010 0.044 0.054

B MPl 37.3 90 0.009 0.056 0.065

MP2 32.4 90 0.000 0.067 0.067

as much as 58% of the incident methyl iodide, but at 90% relative humidity

the retention ranged from 0.3 to 24%. This large variation led to the

conclusion that it will be difficult to predict what proportion of the

CH3I activity will be on the ACG/B charcoal-loaded filters.

In some of the early tests at high humidity, penetrations of about

10% of the methyl iodide through the first charcoal bed were noted when

coconut charcoal (Pittsburgh PCB) was used. In later tests, an iodine-

impregnated charcoal (MSA 85851) was used and penetrations of the first

charcoal bed averaged less than 0.02% at 90% relative humidity.

Retention of Solid Aerosols Within Pack

Because of inability to find a suitable filter material that would

stop particulates and pass elemental iodine, a reverse configuration of

the pack was briefly studied; that is, the silver screens were placed up-

stream of the inlet filters. For this arrangement to be effective the

screens must not trap significant amounts of particulate material. The

aerosol removal characteristics of the eight screens were tested with

aerosol particles generated by arc melting an irradiated stainless steel

tube with a U02 .insert. The amounts of aerosol trapped were found to be

unacceptably large; the results of this study are given in Table 2.13.
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Table 2.13 Retention of Aerosol Particles on Pack
of Eight Silver Screens (80 Mesh)

Particle Retention
Relative Flow()

Test Humidity (liters/mm)
() Silvereens Hardware Total

Screens

CSl 25-33 1 76.9 13.8 90.7

CS2 25-33 1 73.9 9.5 83.4

Development and Testing of Honeycomb Iodine Sampler

The unsatisfactorily high sorption of elemental iodine on the first

filter of the original LOFT May-pack arrangement and the high retention

of aerosol on the initial screen section of the alternative arrangement

led to the development of a new iodine sampler design with a silver honey-

comb as the first section.15

The use of a silver honeycomb as a separation device for molecular

iodine and larger aerosol particles is based on the much larger diffusivity

of the molecular iodine than that of the particles. Deposition on the

hexagonal honeycomb walls may be approximated by the equation for depo-

sition from cylindrical channels: 1 6

n D
A log -s = 5.00 - ,

AZ Q

where

ns = the number of particles deposited per unit length,

Z = distance from the diffusion channel entrance,

D = the diffusion coefficient of particles in the carrier gas,

Q = the volumetric flow rate through the honeycomb channels.

The honeycomb offers an ideal geometry for deposition of iodine mole-

cules, since it divides a large total volumetric flow into smaller paral-

lel flows. At the same time it presents a minimal solid cross section so

that other particle-collecting mechanisms, such as interception and iner-

tial impaction, are small. The proposed honeycomb characterization pack,
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shown in Fig. 2.6, consists of (1) a 5-cm silver-plated honeycomb with

1/8-in. hexagonal channels followed by (2) a high-efficiency filter sec-

tion for aerosol removal and (3) an impregnated-charcoal bed for methyl

iodide adsorption. This honeycomb has been tested with elemental iodine,

methyl iodide, and aerosols, individually.

Results of these separate tests, tabulated in Table 2.14, demonstrate

the capability of the honeycomb to retain iodine and not remove methyl io-

dide and particles. In the elemental iodine tests the lower efficiency

of test T was due to a lack of dispersion of the air flow entering the

pack into all the hexagonal channels of the honeycomb. It was observed

by visual examination and radioactivity counting that most of the iodine

flowed down the center third of the honeycomb. By increasing the inlet

PHOTO 89056

Fig. 2.6. Proposed Honeycomb Iodine Sampler.
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Table 2.14. Retention of Elemental Iodine and Penetration
of Methyl Iodide and Stainless Steel Aerosol in Separate

Tests with Silver Honeycomb

Relative Retention on
Test Test Pack Load Humidity Honeycomb

Componentsg))

12 T MPl 386 90 97.68

MP2 397 90 97.79

Ua MPl 340 90 99.81

MP2 306 90 99.61

CH3I V MPl 13.1 90 0.92

MP2 12.5 90 1.34

Aerosol HCl 'l5 2.27

HC2 ~191 0.71

HC3 -95 0.73

aInlet hardware was modified between tests T and U to

provide more uniform distribution of air flow through honey-
comb.

diameter and tapering the section opening to the diameter of the honey-

comb, the air distribution was improved and the higher efficiency observed

in test U was obtained. Retention of methyl iodide on the silver honey-

comb is acceptably small (~l%), although it is larger than retention on

a section with eight silver screens. The very low collection of aerosol

on the honeycomb appears to offer an excellent solution to the problem of

separation of elemental iodine and aerosol particles. As an additional

test, a mixture of elemental iodine (1311) and irradiated stainless

steel-U02 aerosol (51Cr) was introduced into a 0.1-m3 tank and then passed

through two parallel honeycomb packs. The results, as given in Table 2.15,

confirmed the excellent separation obtained in the individual tests. The

radioiodine content of approximately 1% in the charcoal bed probably re-

sulted from conversion of elemental iodine to methyl iodide.
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Table 2.15. Distribution of Elemental Iodine-Aerosol
Mixtures Through Characterization Packs

Elemental Iodine-Aerosol Distribution

(.)
Pack Component 1311 5 1Cr

Pack 1 Pack 2 Pack 1 Pack 2

Honeycomb

First centimeter 92.97 93.02 ,1.0 ,0.7
Second centimeter 4.18 4.31 ,0.30 40.14
Third centimeter 1.13 0.75 ,0.15 0.12
Fourth centimeter 0.34 0.24 ,0.10 0.10
Fifth centimeter 0.17 0.15 U0.10 0.10

Total 98.78 98.47 ,1.65 z.l6

Filters

First 0.00 0.00 ,98.1 98.2
Second 0.01 0.04 40.01 0.34
Third 0.03 0.03 O0.04 X0.04
Silver 0.22 0.16 x0.03 <0.07

Total 0.26 0.23 ,98.2 ,98.6

Charcoal bed 0.95 1.30 40.14 O.15

Conclusions

Testing of iodine-characterization samplers has demonstrated that

neither the original LOFT May-pack sampler nor a modification of the origi-

nal configuration is satisfactory for iodine characterization. An effort

to find a type of high-efficiency filter media that would not retain ele-

mental iodine was not successful. Reversing the filter and silver-screen

sections so that the screens formed the inlet section was not desirable

because the screens collected a large fraction of the solid aerosol par-

ticles.

A new sampler was conceived and is being tested in which the inlet

section has a silvered honeycomb to separate elemental iodine from par-

ticles and particulate iodine; less reactive forms of iodine, such as

methyl iodide, pass through into the charcoal section. Tests with the

proposed honeycomb iodine-characterization pack were made with elemental
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iodine, methyl iodide, and stainless steel-U02 aerosol separately with

very efficient adsorption of the former occurring and almost complete

penetration of the latter two to the desired sections. High-humidity

air samples containing a mixture of elemental iodine (131I) and stainless

steel aerosol (51Cr) were passed. through honeycomb samplers, and excellent

separation was obtained. The honeycomb sampler followed by filters and

a charcoal bed appears to be far superior to all other May-pack arrange-

ments examined.

2.4 FILTRATION OF STAINLESS STEEL-UO2 AEROSOLS

R. E. Adams J. S. Gill
R. J. Davis J. Truitt

W. D. Yuille*

Filtration of Aerosols by High-Efficiency Filter Media

High-efficiency particle filters constitute an important part of the

off-gas filtration system of many existing nuclear reactors and those un-

der construction. Generally, both filter media and full-size filters are

tested for efficiency with 0.3-4 DOP (dioctylphthalate) aerosol at ambient

temperature and under dry conditions. In addition the media are subjected

by the manufacturer to various tests to insure adequate mechanical strength.

However, under accident conditions, the filters would be subjected to a

high-temperature humid atmosphere containing an aerosol quite unlike the

homogeneous liquid DOP aerosol. It has become the practice to apply the

99.97% efficiency of the filter media for DOP aerosol as the presumed ef-

ficiency under reactor accident conditions. It is the purpose of this

study to determine, on a laboratory scale, whether such efficiency may be

expected for realistic oxide aerosols under simulated accident conditions.

Experiments to Measure Filtration Efficiencies

The efficiencies of several commercially available high-efficiency

filter media for electric arc-generated stainless steel-U02 aerosols are

*Visiting scientist from United Kingdom Atomic Energy Authority,
Windscale, England.
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being measured as a function of air velocity, humidity in the atmosphere,

and the amount of water contained in the filter medium.

The aerosol is generated by an electric arc, with the consumable

electrode being a small irradiated stainless steel tube containing a cy-

lindrical U0 2 insert. The aerosol-generation chamber is part of a recir-

culation loop that also includes a 100-liter tank. This experimental

system was described previously17 and is shown schematically in Fig. 2.7.

The.aerosol is normally generated for about 1 min and is then recirculated

through the loop at a flow of 15 liters/min. The loop contains two par-

allel filter packs. The filter packs are assemblies of three 1.5-in.-diam

disks of filter media mounted in series. The air flow rate and the fil-

tering period are adjusted to give the desired gas velocity and aerosol

loading. For instance, at a velocity of 5 fpm, the initial filtering

period is about 15 min. The flow is then momentarily stopped, another

set of filter packs put in place, and the flow continued at the desired

velocity for a slightly longer period in order to more-or-less reproduce

the aerosol loading. The filter packs are disassembled and the radioac-

tivity (from the irradiated stainless steel) of each filter disk and each

mechanical part is measured. The filter efficiencies are calculate as

the ratio of radioactivity on the first filter to the total radioactivity

on all three filters plus that on the assembly structure downstream of

the first filter. By this procedure four separate values of the effi-

ciency of a particular filter medium are obtained for each set of experi-

mental conditions.

ORNL-DWG 68-283

F 7 ---- --- RC

FILTER -- ---

100-liter PACKS -- -- GENERATOR
TANK __

PUMP

Fig. 2.7. Schematic Diagram of Apparatus Used to Test Efficiencies
of Samples of Filter Media.
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The reproducibility of the experimental method was demonstrated in

a series of 16 measurements of the room-temperature efficiency of Flanders

700 filters for removal of stainless steel-U02 aerosol from dry (~2% R.H.)

air flowing at a velocity of 5 fpm. In terms of the percentage of mate-

rial that passed through the filter (i.e., 100 minus the percent effi-

ciency), one value was exceptionally high (0.320%) and the other 15

ranged from 0.010 to 0.052%, with an average value of 0.03%. The average

deviation from the average value was 0.01%.

It was concluded that the results can be expected to be reproduced

(under dry conditions) to within 0.01% (the average deviation from the

average) to 0.02% (the range of the values), with an occasional low effi-

ciency value. (The occasional low value is presumed to be due to trans-

fer of contamination from the first filter to one or more of the other

parts during disassembly.) It was also concluded that a series of four

values of each filter efficiency should be measured so that the occasional

low value would always be apparent and could be handled in a consistent

manner.

Data from tests with eight types of commercial IEPA filter media

are presented in Fig. 2.8, which is a plot of the percentage of aerosol

that passed the filter (100 minus filter efficiency) versus gas velocity

through the filter. Each data point is an average of three or four ex-

perimental values. It is interesting to note that 50% of the filter media

samples tested under moist conditions with stainless steel-U02 aerosol

failed with respect to the maximum allowable penetration of 0.03% of 0.3-p

DOP aerosol at the rated gas velocity of 5 fpm.

Effect of Gas Velocity. The efficiencies (Fig. 2.8) do not change

much in the velocity range 3.5 to 7.5 fpm but are significantly lower at

10 fpm. The normal velocity during use of these filters is 5 fpm.

Effect of Moisture. The two nonwaterproofed filter media (Flanders

600 and Cambridge 115E) were significantly less efficient than the water-

proofed papers under humid (water-saturated) conditions. These media al-

lowed 0.16 to -0.2% of the material to pass (at a velocity of 5 fpm) as

compared with the nominal DOP standard of 0.03%. Two of the waterproofed

filter media passed significantly more aerosol than the others tested.
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Fig. 2.8. Penetration of Filter Media by Stainless Steel-U0 2 Aero-
sols Under Dry and Humid Conditions.

For instance, the Cambridge 115EWP and the AAF-l paper allowed 0.07 to

0.08% of the aerosol to pass (at 5 fpm).

The efficiencies were found to decrease substantially if the filter

media were exposed to water-saturated atmospheres for long periods of

time or, in the case of a nonwaterproofed paper, if a drop of water was

put on the filter disk just prior to testing. None of these conditions

resulted in a significant increase in pressure drop across the filter.

The data on the effect of moisture are listed in Table 2.16. It is

to be noted that the amounts of aerosol that passed the filters are alarm-

ingly high; that is, factors of 100 or more over the nominal 0.03%. The

effect of 100% humidity at room temperature happens slowly, however; fil-

ter papers stored for almost two weeks passed three to seven times the

MAXIMUMu PENETRATION ALLOWED

FOR 0.3- DOP AEROSOL
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Table 2.16. Effect of Moisture on Efficiency of Filter Media

Aerosol That Passed Filter

(%)
Moisture Condition

Flanders 800 MSA Ultra Flanders 600
Hepa

Stored in 100% R.H. atmosphere at 0.02 0.06
room temperature 12 to 13 days 0.06 0.07

0.54 0.15

Average 0.21 0.09

Stored in 100% R.H. atmosphere at 0.57 0.35
room temperature 43 to 45 days 0.67 0.59

0.83 0.69

Average 0.69 0.54

Stored in 100% R.H. atmosphere at 0.21 0.28
80 C 24 to 48 hr

One drop of water put on filter 0.63
disk 1.07

2.02
0.73

Average 1.11

nominal 0.03% and papers stored 45 days passed about 20 times the nominal

0.03%. The deterioration of the paper occurred much faster in a 100%

R.H. atmosphere at 80 C than at room temperature. A drop of water on a

disk 1.5 in. in diameter caused about twice the deterioration that 45

days in a 100% R.H. atmosphere at room temperature caused.

It is suggested that the deleterious effect of exposing high-effi-

ciency filter media to a moist atmosphere is caused by condensation of

water between some of the tiny fibers. The result is an apparent increase

in fiber diameter that decreases filter efficiency; this hypothesis has

been explored, as described in the next section.

Calculation of Filter Efficiencies from Filter Theory

The efficiency of a low-density filter mat for an aerosol of known

size can be estimated from the formulations of Torgeson,1 as modified by



Whitby.19 In an effort to study the influence of elevated humidity on

the filtration mechanisms, this technique of estimating filter efficiency

was applied to filtration by high-efficiency filter media.

Of the several parameters needed, the difficult one to obtain (at

least for a high-efficiency filter that utilizes very tiny fibers) is the

fiber diameter or, more precisely, the distribution of fiber diameters.

This measurement was made for four different commercial high-efficiency

filter media. Two types of examinations of each of four media (Flanders

700, AAF-1, MSA Ultra Hepa, and Cambridge 115E) were made. In one exami-

nation the medium was dispersed in water by use of an ultrasonic generator,

and drops of the suspension were put on glass slides and viewed under an

optical microscope and photographed. The number of fibers as a function

of diameter was noted. In the second examination, samples of the filter

media were mounted in butyl-methyl methacrylate, and sections of the mount,

including fibers in cross section, were cut with an ultramicrotome and

viewed under the electron microscope. Again fiber counts versus fiber

diameter were made.

The fiber diameter distribution obtained from the optical microscope

examinations is given in Fig. 2.9 and that from the electron microscope

examination is given in Fig. 2.10. It is noted that in each filter sam-

ple there are two ranges of fiber diameter, one at about 2 p and the other

at about 0.15 p. There is a difference between filters as to the breadth

of the distribution of fiber diameter at the two size ranges. Flanders

700 and AAF-1 filters generally show broader distributions of sizes around

both the large (2-p) and small (0.15-p) size ranges. The presence of two

fiber diameters is consistent with information from the filter manufactur-

ers that many of the high-efficiency media are prepared from a mixture of

glass fibers of relatively large diameter (-95 wt %) to provide strength

and fibers of small diameter (5 wt %) to provide for efficient filtra-

tion of small particles.

A computer code was developed and used to calculate the filtering

efficiency, as a function of aerosol particle size, of a hypothetical

filter composed of 0.008 g/cm2 of 2-p fibers and of a second filter com-

posed of 0.0004 g/cm2 (i.e., 5% of the 2-p fiber value) of 0.15-p fibers.
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Other parameters used were

Temperature, C 25
Fiber density, g/cm3  2.4
Particle density, g/cm3  1
Air velocity, fpm 5

The combined efficiency of the two hypothetical filters was readily cal-

culated on the assumption that each filter acts independently. The first

filter collects a fraction El and passes a fraction 1 - E1 of the material.

The second filter collects a fraction E2 of that which passes through the

first filter; that is, E2(l - E1). The two filters together collect the

fraction

tot E + E2(l -E)

These calculated filter efficiencies, E1, E2, and Etot, are given as a

function of particle size in Fig. 2.11. The minimum in the combined fil-

ter efficiency is 98.5% at 0.2-p particle diameter. The calculations show

that the very small (0.15-p) fibers are responsible for a major part of

the filtering action. (It should be noted, at this point, that this cal-

culational technique is not suggested as a means of calculating efficien-

cies for filters in use; it is being used only as a guide to understanding

mechanisms of filtration.)

One possible influence of moisture on filtration efficiency can be

demonstrated by assuming that water will first condense in the tiniest

spaces in a filter mat and that these spaces will be found associated with

the smallest fibers (0.15 p). This will effectively increase the diameter

of these small fibers. To estimate the order-of-magnitude of the effect,

it may be presumed that the apparent diameter of the small (0.15-p) fibers

is doubled and then the effect on filter efficiency observed. This was

done and the result is shown in Fig. 2.12, which is a plot of filter effi-

ciency versus aerosol particle size. It is clear that filter efficiency

for 0.1- to 1-p particles was grossly decreased by the increase in fiber

diameters. It is concluded therefore that condensation of water on the

small fibers (0.15 p) may be one explanation for the observed deleterious

effect on efficiency of exposing filter media for long periods to humid

atmospheres.
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Behavior of Aerosols in Humid Atmospheres

Studies of the effect of a humid environment on stainless steel-U02

aerosols produced by arc melting were continued. The results summarized

below have been published.20

Effect of Moisture on Filtration Characteristics of Aerosol

As previously reported,21 the effect of humidity on stainless steel-

U02 aerosols was demonstrated by comparing the ease with which the dry and

humidified aerosols passed through filter packs. The filter packs were

assembled by mounting from 8 to 12 Dacron fiber mats in series. Each

mat was sandwiched between stainless steel screens, separated from the

next by spacers, and the assembly was held together by compression. In

its application the filter pack represents a number of inefficient filter

stages in series, and after processing the full-flow aerosol stream, the

amount of aerosol retained on each stage is measured and the data plotted

to give a profile of particle mass distribution through the pack. Pro-

files characteristic of the aerosol being filtered afford a basis for com-

parison of subtle differences between filtration behavior of aerosols.

These differences would not have been apparent if the sole basis for com-

parison had been the small penetration of particles through ultra-high-

efficiency filters. Profiles obtained by filtering aerosols from wet and

dry air atmospheres are shown in Fig. 2.13. Dry aerosols were filtered

with high efficiency, with 80 to 90% of accountable particle mass being

retained on the first two stages of the filter pack. The wet aerosol was

filtered with lower efficiency, and often more than 50% of the aerosol

inventory penetrated the filter pack entirely.

Lowered filtration efficiencies in high-humidity atmospheres may

have been a consequence of water interaction with fibers of the filter

media. However, the efficiency was only marginally increased when the

filter packs were artificially dried by external trace heating. Alter-

natively, efficiency was not lowered if the filter packs were equilibrated

in a high humidity air stream immediately prior to use in a dry atmo-

sphere.
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Tentatively it was concluded that water operates on the aerosol par-

ticles and changes them to a size more difficult to filter. An effort

was then made to confirm this conclusion by measuring particle sizes of

aerosols in wet and dry atmospheres.

Effect of Moisture on Size of Aerosol Agglomerates

The fibrous-filter analyzer,22 a tool that gives an indirect measure

of particle size, was used to characterize stainless steel-U02 aerosols
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generated in wet and dry atmospheres. These data were supplemented by

electron microscope examination of particles sampled with thermal pre-

cipitators.

The test aerosols were generated by arc-melting U02 fuel pins clad

in irradiated stainless steel. This method of generation within the con-

fines of small-scale apparatus gives high particle concentrations esti-

mated to be greater than 109 nuclei/cm3 . As a consequence, aerosol sam-

ples collected on thermal precipitator slides were so loaded with parti-

cles that meaningful electron microscope examination was not possible.

Therefore, particle size data for concentrated aerosols were obtained

solely from the fibrous-filter analyzers. The response of the analyzer

was to particles of two sizes: those in the range 2 to 3 p in diameter

and those of 10-p diameter. The dry aerosol contained a high proportion

of the large 10-p particles, and the proportion increased with the inten-

sity and duration of the arc-melting reaction. The wet aerosol contained

particles predominantly in the size range 2 to 3 p in diameter, and a

further size reduction to 1-p particles occurred if wet- or dry-generated

aerosols were passed through water.

Subsequently, aerosol concentrations were reduced to allow represen-

tative sampling by thermal precipitators. The concentration reduction

was achieved by filtration through an impaction filter. Only the reduced

numbers of particles that penetrated this filter were then sampled and

examined for the effects of moisture. The dry prefiltered aerosol re-

sponded on the fibrous-filter analyzer as if its predominating agglomer-

ate size was in the range 2 to 3 p. Electron microscope examination of

the same aerosol indicated a smaller mean size of 0.5 p (Fig. 2.14).

Particle size measurements were arbitrary because of difficulty in assign-

ing a size to the frequently encountered chain structures. Cross link-

ing between agglomerates further complicated interpretation of electron

photomicrographs. Prefiltered aerosols humidified by passage through

water were different from the dry material in appearance (Fig. 2.15).

Agglomerates, while smaller, were also compact, and few extended chains

of particles were evident. The fibrous-filter analyzer response to the

wet aerosols was to particles in the size range 0.5 to 0.9 p in diameter.

The mean size found by electron microscope examination was 0.2 p.
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The differences in particle sizes measured in wet and dry atmospheres

account for differences in filtration behavior of these aerosols through

fibrous-filter packs. Optimum filtration efficiencies are approached as

the particles being filtered become either large or very small. Interme-

diate-size particles are filtered with reduced efficiency, and under the

operating conditions of the filter packs, the most penetrating particles

are 0.3 p in diameter. Aerosols affected by a humid atmosphere approach

the 0.3-p critical particle size more closely than dry aerosols. There-

fore, the humidified aerosols are filtered with reduced efficiency.

The electrical charges on particles are possibly neutralized or in

some way altered by the presence of water vapor. If this is the mechanism

by which water brings about the observed changes in particle size and

shape, the same effect can be produced in a dry system by neutralizing

particle charges in some other way. Comparisons were made between a dry,

charged aerosol that had been passed over an air-ionizing 210 Po alpha

source and the same aerosol after passage through water. Although water

has little charge-neutralizing potential, it was the aerosol passed through

water that was markedly changed in appearance. Water must operate on some

property other than electrical charge of particles; possibly it condenses

on particles. The surface tension of a water film would exert forces to

break chains of particles or cause extended structures to curl in on them-

selves. The magnitude of the effect of moisture would in this case de-

pend on the hygroscopic nature of the aerosol particles. The system Zir-

caloy-U02 is currently under investigation to determine whether the effect

of humidity on this system is comparable with that noted for the stainless

steel-U02 system.

Conclusions

Tests of samples of high-efficiency filter media with a stainless

steel-U02 aerosol demonstrated that filter efficiencies decrease at gas

velocities above 7.5 fpm; nonwaterproofed media do not achieve their rated

DOP efficiency (>99.97%) under humid conditions with the oxide aerosols,

and two of the waterproofed media were significantly less efficient under

humid conditions than the other four tested.



It is suggested that this effect of moisture may be due to condensa-

tion of water between fibers of the filter. This serves to increase the

apparent fiber diameter. Measured fiber sizes of about 2 and 0.15 p were

used to calculate filter efficiencies based upon filter theory. It was

shown by the calculations that condensation of water between the 0.15-p

fibers could readily account for the loss in filter efficiency on exposure

of filters to a humid atmosphere.

It is concluded that the humidity of the air environment into which

stainless steel-UO2 aerosols are released affects both particle size and

shape. In air of high relative humidity, a reduction in agglomerate size

is observed, and these agglomerates tend to be compact entities distinct

from the extended chain structures encountered in dry systems. These

differences in particle size account for measured losses in filtration

efficiency when the wet aerosol is passed through filter packs made from

Dacron fibers. The attendant conclusion is that roughing filters in re-

actor cleanup plants will not be efficient in a humid atmosphere. The

particle load penetrating to the absolute filters will consequently be

greater.

The mechanism by which water alters particle size and shape is pos-

sibly adsorption of water onto particle surfaces. The resulting surface

tension forces of water films could bring about the observed changes in

particle size and shape.

2.5 CHARACTERIZATION OF RADIOACTIVE PARTICULATE AEROSOLS

R. E. Adams J. S. Gill
R. J. Davis J. Truitt

H. Buchholz*

Agglomeration of Aerosols

Agglomeration is one of the more important natural processes that

determine the airborne concentration of particulate matter as a function

*Present address: Hahn Meitner Institut fur Kernforschung, Berlin,

Germany.
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of time. An experimental system is presently being assembled to study

the agglomeration of aerosols of interest as a function of turbulence,

humidity, and initial concentration of aerosol. As a preliminary to the

experiments, the particle size distribution of an agglomerated electric-

arc-generated stainless steel aerosol was measured, 2 3 and a simple model

was developed for calculating airborne concentration as a function of

time. This model makes use of the "self-preserving" size-distribution

hypothesis advanced by Friedlander. 24

Measurement of Particle Size Distribution

An aerosol was generated by an electric arc struck between two stain-

less steel rods and then transported into a plastic bag to allow agglom-

eration to take place. Aerosol was drawn from the bag into an analytical

system composed of three measuring instruments: a Royco optical counter,

a University of Minnesota electrical particle counter, and a General

Electric condensation nuclei counter. 23 By utilizing the output from

these three instruments, a particle size distribution was determined. 2 5

The data are given in Fig. 2.16 in terms of the normalized weight-size

frequency distribution as a function of particle diameter. This normal-

ized distribution function is such that on a linear plot versus particle

size the area under the curve between two values of particle size is pro-

portional to the weight of disperse phase in that size range.
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These data show a median particle diameter of about 0.15 p and a

negligible contribution from particles greater than 1.5 p in diameter.

Although not apparent from the graph, it was also shown that the self-

preserving size distribution of Friedlander was obeyed between sizes of

approximately 0.15 and 1.5 4.23 The Friedlander self-preserving size

distribution function is

dN-- = 0.05b0 r- 4 ,dr

where N is the number of particles of radius r per unit volume of gas and

0 is the fraction of the volume that is occupied by the aerosol parti-

cles.

Calculation of Particle Size Distribution

The calculation of the rates of disappearance of airborne sodium

aerosol as a result of agglomeration and settling (in a stirred tank) has

been made in detail.26 The calculation is, however, rather complicated

and consumes much computer time. The following model is much simpler and

may be found to be useful. The calculation and its physical basis are

outlined:

1. Establish a value of the initial volume fraction of the disperse

phase, q 0 .

2. Assume that agglomeration and other natural processes give the

self-preserving size distribution; that is

dr-r = 0.050 r-4 ,

where N is the concentration of particles of radius r. It follows that:

N. = 0.016700 (r 3 
- rT3 ) ,11 0 1 1+1

where N. is the number of particles in the ith radius range during the
11

first time increment. Values of the maximum and minimum radius values

have to be assumed.



151

3. Calculate the number of particles that settle (assuming stirred

conditions) from each size range, Ar., during the first time increment,

At,; that is,

2r pgC 1 dN

AN. = - (-) Ar. At,
mil x1 t

9p h dr/

where

p = particle density,

g = acceleration due to gravity,

C = Cunningham slip coefficient,

= viscosity of air,

h = height of the tank;

or, substituting the self-preserving function for (ir)
O.OllpgC

i1 2 0 1 l1phr.

4. Calculate the new volume fraction of disperse phase; that is,

1 = 3 3 
r(N.l - AN. ),

where 1 is the volume fraction of material still suspended at the end

of the time increment Att.

5. Repeat step 2 (i.e., presume that agglomeration will have pro-

ceeded in order to reestablish the self-preserving distribution) and also

steps 3 and 4. In this way the value of 0 2 (volume fraction after

At1 + At2) is calculated. Values of 43, 4, ... , are also calculated

in the same manner.

The calculation has been performed for situations that seem to be

of interest; namely, for a particle size distribution between 0.08- and

0.7-4 radius (which is the range of applicability of the self-preserving

function for the aerosol described in Ref. 1 and in Fig. 2.16) and for

particle densities of 1.0 and 10.0 g/cm3 with tank heights of 102 and

103 cm.
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The results (Fig. 2.17) are roughly similar to those calculated by

the detailed procedure for a similar aerosol, 26 and they are generally

in agreement with semiquantitative experience with the behavior of stain-

less steel-U0 2 aerosol. The applicability of the calculation will con-

tinue to be tested with experimental data generated in future experiments.
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Fig. 2.17. Calculated Airborne Concentration of Aerosol Versus
Time.

Characterization of Aerosols by the Fibrous-Filter Analyzer*

Development of the fibrous-filter analyzer (FFA) for measuring the

characteristics of radioactive aerosols is continuing. This device char-

acterizes the aerosol in terms of its response to filtration processes

by developing an aerosol distribution as a function of depth in an ex-

panded filter under carefully controlled conditions. In use the FFA

samples an aerosol of unknown size, the mass of aerosol collected on each

of the several filter mats (in series) is determined, and a graph is con-

structed relating aerosol mass to filter depth; by analysis of this curve

*This study was performed under subcontract at the University of
Minnesota by A. R. McFarland and R. B. Husar.
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it is possible to deduce information about the size of the unknown aero-

sol. Development and application of this technique were demonstrated by

Silverman and his associates2 2 by using an aerosol of 6 5Zn particles.

Complete experimental verification of the filter theory on which the FFA

is based was not possible at ORNL because of the lack of generators for

producing monodisperse aerosols of various sizes and the lack of rather

sophisticated analytical equipment with which to measure the size and

size distribution of these aerosols. This equipment was available at the

Particle Technology Laboratory of the University of Minnesota, so an

agreement was reached through which further calibrations of the FFA could

be accomplished.

The operation and response of the fibrous-filter analyzer were tested

with aerosols of diameters of 0.07, 0.08, 0.13, 0.23, 0.56, 0.8, 1.0, and

1.3 p composed of various materials such as dioctylphthalate (DOP), glyc-

erin, uranine-dye, and polystyrene latex. Operating parameters such as

gas velocity and humidity were varied.

In general, the results of these tests correlated well with the re-

sults of previous work at ORNL. Specifically,

1. The theory on which the FFA is based was examined with respect

to the effect of polydisperse aerosols on the response curve. A log-

normal distribution with a geometric standard deviation as large as 2.4

does not greatly alter the shape of the curve.

2. The filtration characteristics of the FFA obey the theory of

Torgeson quite well if the contribution of gravitational settling is neg-

ligible.

3. In the interception-impaction regime of aerosol collection, the

logarithm of aerosol penetration through the FFA is linear with filter

depth.

4. When used with nonhygroscopic aerosols and in environments in

which the relative humidity is as high as 95%, the performance of the

FFA was not affected. Considerable changes in the penetration of aero-

sol through the FFA were noted when using hygroscropic aerosols under

humidities of about 75%.

The data collected so far serve to validate the response of the FFA

as a useful tool in the study of aerosol behavior. Additional study with
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polydisperse aerosols of the type expected in nuclear accident situations

will be required before the FFA can be applied as a proven field sampler.

Some data relevant to'this type of application were obtained in studies

at ORNL. 20

Development of a Multistage Inertial Impactor
for Characterizing Solid Aerosols*

The ultimate behavior of an aerosol within a closed vessel will be

influenced by many factors. Among these are particle-particle inter-

actions, reaction of particles with the gaseous environment, collision

of particles with surfaces, forces of gravity, electrostatic charges on

particles, etc. Study of many of these factors invariably requires some

knowledge of the distribution of particle sizes within the aerosol popu-

lation. There exist, or shortly will exist, some highly sophisticated

analytical devices which, when applied collectively, can automatically

and continuously measure particle size as a function of particle concen-

tration. 27-2 9 However, these devices appear to be applicable only to

laboratory or small pilot-plant studies. There exists a need for a sim-

ple, remotely operable aerosol-sampling and -sizing device that can be

operated under the environmental conditions of the large containment ves-

sel experiments such as LOFT and CSE. A small (6-in.-diam 6-in.-long) mul-

tistage inertial impactor of improved design is being developed to fill

this need.

Design of Impactor

A multistage inertial impactor is a device that contains a series

of jet plates and impactor plates. The jet plates contain holes of pre-

cise size that determine the gas velocity through the plates; the impactor

plates provide surfaces onto which the particles are deposited by inertial

forces that are generated as a function of gas velocity and particle size

(mass).

*This study was performed under subcontract at the University of

Minnesota by A. R. McFarland and R. B. Husar.
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A four-stage impactor is being developed. The device was designed and

calibrated by the University of Minnesota Particle Technology Laboratory

and fabricated at ORNL.30 The impactor is generally similar in design to

the Andersen sampler.31 It is a multistage device with each successive

stage employing a larger number of smaller jets. The design differs from

that of the Andersen sampler in that the impactor plates have slots which

allow the air to flow to the next stage without interfering with flow from

adjacent jets. The net result is improved sharpness of aerosol particle

fractionation. (In the Andersen sampler the air jets are deflected by the

impactor plate and then the air flows are carried radially outward around

the edge of the plate to the next stage. Air from centrally located jets

interferes with the velocity pattern from jets near the plate perimeter.)

The ORNL impactor is also mechanically simpler, and this feature should

facilitate possible remote disassembly. Each impactor stage consists of

only two parts: the jet plate and the impactor plate.

Calibration of Impactor

The efficiency of collection of a jet impactor stage is principally

governed by the inertial parameter, 1/2:32

Cp V 1/2

1/2 _ /2'O D
18pD. p'

where

C = Cunningham correction for slip of small particles between air
molecules,

pp = particle density, g/cm3 ,

V0 = fluid velocity at jet exit, cm/sec,

Dp = particle diameter, cm,

p = fluid viscosity, poise,

Dj = jet diameter, cm.

The collection efficiency, r, is high if *1/ 2 >> 1 and low if *1/2

<< 1. Experimental data3 3,3 4 were used to determine the relation between

a and X1/2 in the range where X1/2 1. These experimental data are
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presented as the curves in Fig. 2.18. The calculated collection effi-

ciencies versus particle size for each stage are given in Fig. 2.19.

The collection efficiencies were experimentally determined at the

Particle Technology Laboratory by using essentially monosize aerosol par-

ticles of fluorescent dye generated by a spinning-disk generator. These

calibration results are presented as the data points in Fig. 2.18. Ad-

ditional details pertaining to the calibrations are reported elsewhere. 3 0

Demonstration of the performance of this impactor with highly ag-

glomerated stainless steel-J02 aerosols will be undertaken at ORNL. It

is presumed that an accident aerosol will have undergone considerable

agglomeration prior to sampling and the ultimate particles will be less

dense and physically dissimilar to the monosize spherical dye particles

used for the preliminary calibration of this impactor. Therefore, the

response of the impactor to the agglomerated particles must be related

to the response of the calibration aerosol of dye particles. This dif-

ficulty in sampling aerosols is a problem common to all particle sizing

instruments and not a special problem to the impactor.

In summary, a simple, passive impactor that separates aerosol parti-

cles into five size ranges is in the final stages of development. For

example, with particles of 4-g/cm3 density, the ranges are greater than

2.6 p, 1.1 to 2.6 p, 0.4 to 1.1 p, 0.16 to 0.4 p, and (in a membrane fil-

ter stage) sizes below 0.16 p. The basic simplicity of this sampler cannot

be overemphasized; it is an assembly of stainless steel parts comprising
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a small package (about 2 in. in diameter by 6 in. in length) through which

the aerosol sample (in gas) is pulled at a flow of 6.25 liters/min. Im-

pactor samplers could be located at a number of places within the vessel

during containment tests for sampling aerosols as a function of time. Be-

cause of its size and simplicity, application in small hot-cell experiments

and in in-pile experiments is also possible.

Development of a Low-Pressure Impactor for the
Classification of Submicron Particles

A severe reactor accident in which fuel meltdown occurred would be

expected to release a smoke (or aerosol) consisting of particles of the

fuel and cladding materials. It has been shown35 that the disperse phase

would be largely made up of particles of diameter less than 1 p (i.e.,

submicron particles) and much of the particulate material might be of a

size less than 0.1 p. Particles in the latter range (<0.1 p) are highly

retained in the respiratory tract. 3 6  In the case of large containment

tests, a simple, inherently dependable device for particle size measure-

ment is therefore particularly necessary. It is to fill this need that

the low-pressure impactors described below and in a separate report, 3 7 as

well as the atmosphere impactor described in the preceding section, were

developed.

4th STAGE 3rd STAGE 2nd STAGE 1st STAGE

I
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Principle of the Low-Pressure Impactor

An inertial impactor, as mentioned above, is a series of jet plates

and impactor plates. The efficiency of deposition of particles in an

impactor stage (a jet plate followed by an impactor plate) is commonly

described in terms of a dimensionless quantity, jf, which is called the

impaction parameter3 2 [see Eq. (1) in preceding section]. If 4 is unity

the efficiency of deposition is unity; if 4 is zero the efficiency is

zero. The term D50 is used to denote the particular diameter of parti-

cles impacted at 50% efficiency. D5 0 is taken as the characteristic cut-

off point of a particular impactor stage (i.e., particles larger than D50

are presumed to be caught and smaller particles go on to the next stage).

The parameters in Eq. (1) that are adjusted by design of the impactor

are D., VO, and C. A lower limit of hole sizes (D.) of about 0.02 cm re-

sults from the practical difficulty in drilling smaller holes. There is

an upper limit in air velocity (V) of about 1/3 Mach because at higher

velocities particles tend to bounce from the impaction plates rather than

stick to them. These two limits imply3 7 a lower limit of particle size

that can be impacted out in an impactor stage operated at atmospheric

pressure. This lower limit of about 0.16-p diameter is the lower limit

of the ORNL impactor described in the preceding section.

The low-pressure impactor achieves a separation of smaller particles

than a 1-atm device achieves because the Cunningham slip factor, C [in

Eq. (1)], increases with decreasing pressure. The Cunningham slip factor

is related to the well-known Stokes law, which defines the frictional

force on a body traveling through a viscous medium. If the size of the

traveling body is of the order of or smaller than the mean free path of

the molecules of the viscous medium, the body slips between molecular col-

lision and the viscous drag is less than the Stokes law value by a factor

that is given by the Cunningham slip correction. Decreasing the pressure

of the medium (air) increases the mean free path (of air molecules) and

hence increases the Cunningham slip correction.

In an impactor stage the air molecules follow stream lines through

the jets and along paths that avoid hitting the impactor plate. Increas-

ing the mean free path of the air molecules (and the Cunningham factor)
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decreases the viscous forces that tend to keep the particle on the stream

lines and hence allows inertia to carry them to the impactor plate.

It has been shown37 that the particle diameter cut-off point, D50

(for a particular combination of D and V), will decrease approximately

in proportion to the pressure. The minimum D5 0 (for reasonable limiting

values of D. and V) at a pressure of 40 mm Hg is about 0.01 p.

Design and Operation

The first experiments were made with a commercially available Andersen

impactor, which had been modified by replacing the liquid-filled Petri-

dish impactor plates with aluminum plates. This impactor is referred to

as Mark I.

A second impactor (Mark II) of original design was built and tested.

The Mark II impactor has fewer holes in the jet plates than in the Andersen

design to reduce the interference of air from central jets, as described

in the preceding section. It also has smaller clearances between the jet

plates and the impaction plates. Both these changes improve the sharpness

of particle size separation from stage to stage.

The Mark II also has throw-away aluminum disks as impactor plates to

simplify decontamination. The plates are covered with 1 ml of 7%o Dow

Corning silicone oil (250,000 centistokes) in hexane to make particles

stick. 0-ring seals and spring-loaded holddown pins to keep the impac-

tion plates in place make disassembly and reassembly of the Mark II very

quick and simple. Complete design specifications have been reported.3 7

A schematic flow diagram of the system is shown in Fig. 2.20, which

includes the arrangement of the aerosol-generating system used in test-

ing. A photograph of the assembly is shown in Fig. 2.21.

Testing and Calibration

Loss of material by deposition on the walls of the impactor and by

the bouncing of particles off the impactor plate and passing to the next

stage was shown to be small. Both impactors were calibrated at the Par-

ticle Technology Laboratory with aerosols of very narrow size distribution.

These aerosols were uranine plus methylene blue produced in a spinning-
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Fig. 2.20. Schematic Flow Diagram of Mark II Impactor and Aerosol-
Generating Scheme Used in Testing.

disk generator or uranine produced by an atomizer-impactor.3 8 Six dif-

ferent aerosols of mean particle sizes ranging from 3.5 to 0.03 in di-

ameter were put through the impactors. The uranine dye on each plate was

dissolved and the amounts were determined fluorometrically. The D50

values for each impactor stage were calculated from these data. These

D5 0 values for an impactor stage, which are effectively the particle size

cutoff for that stage, are given in Fig. 2.22 for the Mark I impactor and

in Fig. 2.23 for the Mark II impactor.

The particle cutoff size depends on the particle density, as shown

by Eq. (1). A system of calibration curves for the Mark II impactor for

particles of different density is given in Fig. 2.24.

Conclusions

A low-pressure impactor has been developed to size particles into

seven ranges; for example, for particles of 5.0-g/cm3 density, the ranges

are greater than 2.0 p, 0.76 to 2.0 , 0.29 to 0.76 , 0.11 to'0.29 p,

0.036 to 0.11 p, 0.012 to 0.036 p, and (in the membrane filter stage)

less than 0.012 p. It provides a sample of material from each size range

(for subsequent radiochemical analysis or other use). It is an inherently



161

I L

I
4.'

-~

U

Fig. 2.21. Mark II Impactor Assembly.

PHOTO 89863

k Y^

i

M1 Y



162

ORNL-DWG 67-13231

RUN
o 12

EXPERIMENTAL x 44
v 18

--- -- - - - -- - -+ 2 0 - -

---- THEORETICAL

-ALL VALUES ARE BASED UPON AN
AIR FLOW RATE OF 8 liters/min AT
ABOUT 40mm Hg AND A SPECIFIC
DENSITY OF PARTICLES OF 1.3g/cm3

-WITH THE EXCEPTION OF RUN 18
PERFORMED AT 0.8 liters/min

4 2 3 4
STAGE NUMBER

5 6

Fig. 2.22.

10

z

a100

0 0

LL
L
0

w
w

Q

10_

Calibration of Mark I Impactor.

ORNL-DWG 67-13232

RUN

o 1I

x13

S015

v17

+ 19

THEORE TICAL -

ALL VALUES ARE BASED UPON AN

-AIR FLOW RATE OF 8 liters/min AT \

ABOUT 40 mm Hg AND A SPECIFIC

- DENSITY OF PARTICLES OF 1.3 g/cm 3

WITH THE EXCEPTION OF RUN 17
PERFORMED AT 0.8 liters/minI __________ _________

1 2 3 4

STAGE NUMBER
5 6

Fig. 2.23. Calibration of Mark II Impactor.

z 2

5

02

L 10
0

0 5

w
w

a 2
0
w

a 5
0

2



163

10,

5

2

100
z
0

10~~

IL
IL
0

H

o 2

10-1

o 5

cr 2

0 10-2

5

2

10- 3

1 2 3 4

STAGE NUMBER
5 6

Fig. 2.24. Mark II
sities.

Impactor Calibration at Several Particle Den-

simple device, and its operation requires only that a known air flow

(8 liters/min in the testing described above) be maintained. Disassembly

and reassembly with a new set of disposable impactor plates is a very

simple and quick operation. This feature allows obtaining series of sam-

ples (for instance to measure particle size versus time in a containment

test) and provides for remote operation.

2.6 IGNITION OF CHARCOAL ABSORBERS BY FISSION-PRODUCT
DECAY HEAT

R. E. Adams R. P. Shields
R. J. Davis

Charcoal adsorbers for radioiodine constitute an important part of

the safety systems for the removal of accident-released fission products
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from the containment volume either during recirculation of the atmosphere

or as it is being exhausted from the containment shell. During operation

the charcoal adsorbers would be subject to loading with large quantities

of fission products and, consequently, would be heated by decay of the

trapped fission products. Situations can be postulated in which the tem-

perature of the charcoal mass would exceed the ignition temperature and

uncontrolled combustion would take place with an attendant release of

the previously trapped radioiodine (or other fission products). The

probability of this occurring varies from zero upward, depending on the

assumed magnitude of various parameters in the accident situation. There

exists a need for experimental information to aid in the assessment of

this situation, and this program at ORNL is being conducted to provide

information to help meet this need. Another phase of this program is

being conducted at the Savannah River Laboratory, and a recent report

from that installation deals with various aspects of charcoal ignition.3 9

In-Pile Charcoal Ignition Experiments

The primary reason for conducting charcoal ignition experiments in

an in-pile facility is to study, in the most realistic manner possible,

the significance of the postulated "hot spot" effect. It has been sug-

gested that local variations in charcoal characteristics within an ad-

sorber unit might result in small areas of high concentration of adsorbed

iodine. The decay heat of iodine in these areas would cause hot spots

in which temperature would be greater than the bulk temperature of the

charcoal. Thus the temperature at which the charcoal mass would ignite

might depend on the magnitude of the "hot-spot" effect.

The most realistic experiment would be to load a charcoal adsorber

with sufficient quantities of radioiodine to actually raise the temperature

of the mass to the ignition point. However, the quantity of radioiodine

necessary to accomplish this feat would make this an exceedingly difficult

and expensive experiment. In the in-pile experiments an ignition event

is simulated by introducing large quantities of fission products into a

small charcoal adsorber while increasing the bulk temperature (by external
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heating) of the adsorber until ignition occurs. The in-pile system and

the fuel-melting facility of the ORR were described previously.4 0'4 1

Three in-pile experiments have been conducted in the facility. The

first experiment (IGR-l) utilized Barnebey-Cheney-type KE charcoal and

was classified mainly as a test run.4 2 The second experiment (IGR-2),

also with KE charcoal, was operated in the prescribed manner, and the

test charcoal adsorber was ignited many times in the presence of adsorbed

radioiodine and other fission products at decay heating densities ranging

up to 4 or 5 w per square inch of adsorber face area. A detailed account

of experiment IGR-2 has been published.4 0 The principal conclusions from

the first two experiments are that (1) the presence of fission products

caused the ignition temperature of the KE charcoal to increase and (2) no

evidence of "hot-spot" formation was observed.

The third in-pile experiment (IGR-3) tested the effect of fission

gases on the ignition temperature of Mine Safety Appliances Type 85851

charcoal (an iodized charcoal), and analysis of the data is in progress.

The experimental system was modified in several ways for this experiment.

The ignition tube, previously made from stainless steel, was made of

quartz. A more significant modification was the addition of an insulated

charcoal adsorber designed to give a direct measurement of the decay heat

generation from the iodines and other fission products and to provide,

through radiochemical analysis, information regarding the distribution of

the fission products throughout the adsorber. Fission products emanating

from the in-pile furnace were alternately routed to the insulated adsorber

and to the ignition tube during the course of the experiment.

While the radiochemical analysis is incomplete at this time, some

preliminary observations can be made based on temperature traces made

during the experiment. The initial ignition temperature for MSA 85851

charcoal in the presence of fission gases from fissioning U0 2 was noted

to be 35*C lower than the initial ignition temperature of 370 C measured

in the same ignition tube in the laboratory. The succeeding in-pile ig-

nition events took place at decreased temperatures following a pattern

almost identical to that measured in the laboratory. This behavior of

MSA 85851 charcoal (iodized) is quite different from that of the KE
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(noniodized) charcoal tested in the previous experiments. For the KE

charcoal, no significant difference was observed in the temperature of

the first in-pile ignition as compared with that found in the laboratory,

and an increase in ignition temperature was noted for subsequent in-pile

ignitions.

Laboratory Charcoal Ignition Experiments

Laboratory experiments are being conducted (1) to develop information

relative to design of the in-pile experiments and (2) to acquire the ex-

perience necessary to interpret the results of the in-pile experiments.

Experiments relative to the in-pile ignition program are usually conducted

in an ignition tube identical to that used in the in-pile system. Other

laboratory studies are conducted in a separate ignition facility.

Development of Standard Ignition Apparatus

In order to reduce the variations and inconsistencies of ignition

temperatures measured on the same charcoal at various laboratories, a

group of experimenters in this field (from ORNL, Savannah River Labora-

tory, and Barnebey-Cheney) have agreed on the design of a laboratory de-

vice as the starting point for the development of a standard charcoal ig-

nition apparatus. Two of these standard devices of all-quartz construc-

tion have been placed in use at ORNL. The two devices differ only in the

type of thermocouple used. Both devices have been used with various char-

coals, and good reproducibility of ignition temperature has been obtained,

except for BC-592 charcoal at air velocities greater than 70 fpm; values

have ranged from 470 to 500*C. In general, ignition temperatures are re-

produced to within 5 C.

Effect of Air Velocity and Heating Rate on Charcoal Ignition

The measured ignition temperature of some charcoals varies with the

operating conditions of the test. As the velocity of the air sweep is in-

creased there is an accompanying increase in the ignition temperature.

This is illustrated in Table 2.17, which gives the measured ignition tem-

perature of several charcoals as a function of air velocity. Up to about
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Table 2.17. Ignition Temperatures of Various Charcoals Measured
with the Standard Ignition Apparatus As a Function of

Air Velocity at a Heating Rate of 10C/min

Ignition Temperature ( C) at Indicated Air Velocity
Charcoal

4 fpm 8 fpm 10fpm 20fpm 40 fpm 70 fpm

BC-416 315 318 320 325 328
MSA 8 5 8 5 1a 365 358 361 370 373
BC-592 445 455 500

445 468 487
447 458 473
455 475

aIodized charcoal.

20 fpm there seems to be little dependence on air velocity; however, above

20 fpm the effect is more pronounced in some cases.

The effect of heating rate on the measured ignition temperature is

similar to that of gas velocity. In the range 8 C/min to 19C/min the

measured ignition temperature of BC-416 charcoal changes from 323 to

340 C and that of MSA 85851 charcoal changes from 357 to 380 C.

Ignition Tests on Impregnated Charcoals

The ignition temperature of charcoal is increased when it is impreg-

nated with KI or 12 to make it more efficient for trapping methyl iodide.41

Two new iodized charcoals were recently obtained from Barnebey-Cheney and

the ignition temperatures of these materials were determined. The results

of these tests are given in Table 2.18 as a function of air velocity.

BC-272 charcoal is very similar to BC-727 charcoal, except for the level

of impregnation, which is approximately 2% as compared with approximately

5%o for BC-727. The BC-117 charcoal sample represented a new class of im-

pregnated charcoals designed to have a high ignition temperature and to

resist loss of impregnant at elevated temperatures.

During the ignition tests, some of the iodized charcoals were ob-

served to be releasing iodine vapor. In some cases the iodine vapor

could be detected visually when the temperature was 150 to 200 C. In a
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Table 2.18. Ignition Temperatures of Iodized Charcoals
Measured with Standard Ignition Apparatus as a Function

of Air Velocity at a Heating Rate of l0C/min

Ignition Temperature (*C) at Indicated Air Velocity
Charcoal

20fpm 70fpm

BC-117 450 456

445

BC-272 290 307

laboratory test in which a sample of MSA 85851 charcoal was held in the

temperature range 275 to 300 C (with air flowing through it) about 23%

of the iodine was swept out in 1 hr and 39% in 3 hr. Additional details

on impregnant losses on heatup may be found in the preceding section en-

titled "Trapping of Radioiodine and Methyl Iodide by Iodized Charcoal."

Analytical Correlation of Ignition Data

Charcoal ignition temperatures have been measured as a function of

several parameters,39,41'43 and an effort is being made to provide a

working model and working equation that can provide some correlation of

the data and direction to future experimental efforts.

Schematic diagrams of a charcoal ignition experiment and the kind

of data obtained are given in Fig. 2.25. Prior to ignition'the air tem-

perature, Ta, is closely controlled and allowed to increase at a slow

and constant rate. The charcoal temperature, Tc, also increases linearly.

After ignition both temperatures increase at rapid but constant rates

that are controlled by the oxygen supply, which in turn controls the rate

of burning. A working equation based on this model is outlined below and

has been discussed in a more detailed report.4 4

It is reasonable to assert that the rate of increase of the charcoal

temperature, at the point of ignition (IG) is the average of the values

before (BI) and after (AI) ignition; thus,
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Since these heating rates are primarily due to the heat from burning

charcoal, it follows that the rate of reaction of charcoal with oxygen at

the point of ignition is half the rate after ignition; thus

- d(c)1 d(c)1 (1)
dt IG 2 dt AI

The rate of charcoal burning, after the ignition point, is controlled by

the oxygen supply, and thus

F(C)1 _(/o02(p 2
dtj AI 32(100)x + 2y

where

% 02 = oxygen present,

V = oxygen flow, liters/sec,

p = density, g/liter,

and x and y refer to the reaction

C + -+ y) 02 = xC0 + yC02

The Arrhenius equation gives an expression for the rate of reaction

at the ignition temperature:

[d(C)J IG A/(C)(02)1/2 e-Ea/RTIG (3)

where A/ is a constant, Ea is the energy of activation of the rate-deter-

mining step, and (C) and (02) are chemical activities at the reacting

surface. The rate-controlling step of the mechanism is assumed to be

C + 02 = CO .

Assembling Eqs. (1), (2), and (3) then gives the working equation:

+ lgloV(% 02)p 72 Ea 1
log A' + log (C) +2log (02) - log 6400 x + 2y 2.303R I (4)/ IG
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The use of the working equation is demonstrated in regard to the

chemical activity of the charcoal (C) as follows. If all the parameters

except (C), that is, (02), V, % 02, etc. in the working equation are held

constant, the equation can be simplified to

E 1
log (C) = K + 2.303R T '

= 2 .3 0 3 R I G

where K collects constant terms. Two experimentally observable parameters

that may reasonably be expected to be proportional to charcoal activity

are BET surface area and ash content (i.e., the constituents of the ash

are presumed to be promoters). In Fig. 2.26, log (BET area) and log (ash

content) (data from Kovach and Green4 3 ) are plotted versus reciprocal ig-

nition temperature. Straight, parallel lines are obtained, and an acti-

vation energy of 5.7 kcal/mole is indicated.
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Fig. 2.26. Reciprocal Ignition Temperature (1/TIG) for Charcoal
Versus BET Surface Area and Ash Content.
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The effect of air velocity is more complicated; velocity occurs di-

rectly in the working equation but velocity also affects the chemical ac-

tivity of the oxygen [i.e., the term (02)]. If it is assumed that terms

other than (02) and V are constant, the working equation becomes

E 1

alog (02) - log V = K + 2.303R T
IG

It is now presumed that the oxygen activity at the surface is limited by

diffusion through a boundary layer. The boundary layer thickness and

hence the oxygen activity at the surface depend on velocity. At low ve-

locity (laminar flow), (02) is proportional to V3; hence

2E 1
a

log V = K/ + 2.303R T~IGIG

At transition velocities, (02) is proportional to V2; hence

1
= constant

TIG

At high velocities (turbulent flow), (02) is proportional to V, and

2E 1
-log V = K" + a

2.303R TIIG

This change in behavior with velocity has actually been observed, as shown

by the data of Milham3 9 in Fig. 2.27. The indicated activation energies

are all similar and reasonable.

Conclusions

It is not clear at this time why the ignition behavior of MSA 85851

was different in the presence of fission gases; this behavior will be in-

vestigated in detail via an additional in-pile test and by laboratory

studies.
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Fig. 2.27. Reciprocal Charcoal Ignition Temperature (1/TIG) Versus
Air Velocity. Data for Barnaby-Cheney charcoals BC-416 and -592 from
Ref. 39.

An equation was derived and its use demonstrated to relate ignition

temperature to the parameters of first-order importance in the ignition

of charcoal; namely, the charcoal activity (including the effects of pro-

moters, inhibitors, and surface area), oxygen activity (including air ve-

locity and oxygen concentration), the stoichiometry of the overall reac-

tion, and the activation energy of the rate-determining step.

2.7 SEPARATION OF NOBLE GASES FROM AIR BY
PERMSELECTIVE MEMBRANES

R. H. Rainey W. L. Carter

A joint development program is being conducted by Oak Ridge Gaseous

Diffusion Plant (ORGDP), General Electric Company, and ORNL to investigate
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the feasibility of using a permselective membrane to separate radioactive

noble gases from air. The nuclear safety motivation of this program is

the desire to separate krypton and xenon from the air in a reactor con-

tainment building following a nuclear accident as the first step in acci-

dent recovery. It is presumed that the required equipment would be main-

tained in readiness at some central location and would be transported to

the accident site once the need had been determined.

The removal of noble gases from air has been studied extensively in

AEC-sponsored research. Except for the permselective membrane process

and the freon extraction process currently being considered by Merriman

at ORGDP, all the separation processes require low temperature (less than

-70 C) or facilities that occupy large volumes.45 The membrane and freon

processes, which require equipment that occupies a small volume and can

be conducted at ambient temperatures, may have advantages in cost, reli-

ability, and transportability. (Previous variations of the freon process

required low temperatures, but the present version does not.)

The differing rates of permeability of gases through solids have been

known for many years;46 however, separations became practical only after

the development of thin plastic sheets that are free of holes.4 7 Although

many membranes may be used for gas separation, silicone rubber has a much

higher permeability than any other material that has been tested.48 The

Research and Development Center of the General Electric Company has de-

veloped a method for preparing approximately 2-mil-thick silicone rubber

membranes that are free of holes and are placed between Dacron mats for

physical support. The permeabilities of the unsupported membrane, as mea-

sured at room temperature by General Electric, for xenon, krypton, oxygen,

and nitrogen were 203, 98, 60, and 28, respectively. The permeability is

defined as cm3/sec through a 1-cm-thick membrane per square centimeter of

surface times 109 divided by the difference in pressure (cm Hg) across

the membrane.4 9 The stage separation factor is the ratio of the concen-

trations of the two gases in the stream that passes through the membrane

divided by the ratio of the concentration of the gases in the stream that

does not pass through the membrane.
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Criteria for Reactor Accident Nuclear Safety Studies

In order to compare various processes for removing radioactive ma-

terials from a containment shell following a nuclear accident, it was

necessary to choose a standard accident.50 The selection was a loss-of-

coolant accident involving an advanced water-cooled reactor with the fol-

lowing characteristics (based on the letter from J. A. Lieberman, "Request

for Review by Water Reactor Safety Program Office of Proposals on Filter

Tests and Noble Gas Removal"):

Power, Mw

Thermal 3200
Electrical 1000

Flux, neutrons/cm2 -sec 3 x 103

Fuel loading
MT of uranium 100
Grams of uranium 108

Fuel enrichment
235U, 7 2.3

moles 104
atoms 6 x 1027

Containment shell volume, ft3  3 X 106

Time to accident (at end of
fuel life)
Days 625
Seconds 5.4 x 107

Fuel irradiation, Mwd/T 20, 000

Under these conditions, the concentrations of krypton and xenon in the

containment shell will be about 100 and 650 ppm, respectively; and since

most of the xenon and krypton will be nonradioactive, these concentrations

will not decrease appreciably with time. After a period of one day, the

activity of the xenon will be about 150 times that of the krypton, and the

total activity in the containment shell will be more than 2 x 108 curies

(3.5 x 105 w). However, because of the relatively short half-life of the

xenon (the longest half-life, 5 d, is that of 1 33Xe) and the long half-

life of much of the krypton (10-y 8 5Kr), the total activity will decrease

rapidly until, after about 45 days, the activity of the krypton will be-

come limiting. The activity will then remain at about 106 curies for

several years.
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It was assumed that the noble gas activity in the containment shell

will be removed by three mechanisms simultaneously: radioactive decay,

discharge to the atmosphere at 104 curies per day, and a noble gas-air

separation facility. Equations to give the amount of krypton and xenon

remaining in the containment shell after various periods of time have

been developed by E. D. Arnold and J. N. Lyness, of ORNL, as follows:

dt

X(t) = Xo e-t 1 1  t t -atX-ft ,+Yt y
0Xo e +a Yo

where

X0 = activity of xenon when processing starts,

X(t) = activity of xenon at time t after processing starts,

Yo = activity of krypton when processing starts,

a = xenon decay constant plus the process removal constant for xenon,

P = krypton decay constant plus the process removal constant for
krypton,

p = rate at which gases are vented to the atmosphere,

7 = maximum value of t.

A corresponding equation may be used for krypton. Since these equa-

tions cannot be integrated analytically, solutions were obtained with a

code, RARGAS, programmed for the CDC-1604 computer. The application of

this mathematical evaluation to the removal of krypton and xenon from a

reactor containment shell by recycling the gas through a permselective

membrane unit showed that the activity remaining was always limited by

the krypton removal. Based on noble-gas removal conditions for a prelimi-

nary process design,51 calculations show that the time required to decrease

the activity in the containment shell to 104 curies would increase from

7 days at a processing rate of 1382 cfm to 26 days at a rate of 276 cfm.

Development of Improved Separations Membranes and
a Multimembrane Package

The General Electric Company's Research and Development Center in

Schenectady, New York, is working under a subcontract to develop a mem-

brane that has improved permeability and to design a compact membrane unit
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stage suitable for use in a separations plant. The funds from the ORNL

subcontract supplement the funds supplied by the Company for the develop-

ment of the membrane for other applications.

The permeability of the membrane supported between two Dacron mats was

about half of its permeability when it was unsupported. General Electric

has found that about 40% of this loss in permeability may be recovered

by selection of a Dacron mat that contains only long fibers. A study is

also being made of a membrane that contains Dacron only on the low-pressure

side of the membrane. Hopefully, this will decrease the concentration

gradient of gases perpendicular to the membrane.

The development is also continuing on the design of a membrane pack-

age that will contain 10 yd2 of membrane. This unit is being designed so

that if single sheets of membrane fail during operation, that portion of

the package may be bypassed during the remainder of the experiment. The

sheets would be replaceable at the conclusion of the run.

The materials will be studied further at ORNL, and the more advanced

membrane sheets will be used in laboratory studies. The lO-yd2 membrane

package will be used in engineering experiments to determine its stage

efficiency, life, power requirements, etc. It will then be incorporated

into an engineering test in conjunction with an ORNL reactor or pilot

plant.

Permeability of Nitrogen, Oxygen, Argon, Krypton, and Xenon
Through a Dimethyl Silicone Rubber Membrane

The permeabilities of nitrogen, oxygen, argon, krypton, and xenon

through a sheet of dimethyl silicone rubber supported on Dacron mats at

room temperature were approximately half the values measured by Robb4 9

for an unsupported membrane. The permeability factors decreased but the

separation factors increased with the pressure across the membrane. The

permeability of dilute mixtures of noble gases varied with the permeability

of the diluting gas, with the percentage of gas that passed through the

membrane, and with temperature.

The rubber membrane used in these experiments was about 1.8 mils

thick and was supported between two sheets of Dacron. The Dacron sheets



178

have a void volume of 50% and are about 4 mils thick. This unit, the rub-

ber membrane with its two attached Dacron supports, is called the membrane

package. This membrane package was in turn supported on each side by a

23-mesh plastic screen. A 1- by 2-ft sheet of this material was mounted

in a steel holder (Fig. 2.28) in such a way that the gas flowed across the

top of the membrane through a space about 1/16 in. thick. On the low-pres-

sure side, the screen lies directly on the steel holder. The gases that

passed through the membrane (extract) and those that did not (raffinate)

were removed at the same end of the membrane holder (cocurrent flow).

PHOTO 90246

Fig. 2.28. Permselective Membrane Holder.
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Equipment was provided to measure the pressure and flow rate of the

feed, extract, and raffinate. Also, each of these streams could be di-

verted through a detector where its radioactivity could be measured (Fig.

2.29).

The permeabilities of oxygen, argon, helium, and nitrogen were de-

termined by measuring their flow through the membrane at various pressure

differences across the membrane (Fig. 2.30). The decrease in permeability

with increasing pressure difference across the membrane has been attrib-

uted to the compression of the Dacron backing and forcing the membrane

package against the screen. This, in effect, increases the back pressure

of the gas on the rubber membrane and decreases the effective area of the

membrane.

The permeabilities of the noble gases were determined with mixtures

of less than 0.3% xenon or krypton containing 133-13 5 Xe or 85Kr diluted

with oxygen, nitrogen, or helium. The noble-gas permeabilities were
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calculated from the average partial pressure of the feed and raffinate

less the partial pressure of the extract and were found to vary directly

with the permeability of the carrier gas (Figs. 2.31 and 2.32).

Experiments with the dilute noble-gas mixtures also showed that the

permeability of the noble gas decreased more rapidly with increasing cut

(flow rate of extract x 100 + flow rate of feed) than calculations would

indicate (Fig. 2.33). Both experimental and theoretical studies are con-

tinuing in an attempt to resolve these differences. When the permeability

was calculated with the partial pressure of the noble gas in the raffinate

as the upstream pressure, the calculated permeabilities of the noble gas

were constant within the scatter of the data with cut but were somewhat

higher (~-30%) than would be calculated from pure gas measurements.

The group at ORGDP under D. E. Fain demonstrated that the permeability

of krypton, oxygen, and nitrogen increased approximately linearly in the

temperature range -20 C to 80*C. The separation factor of krypton from

the oxygen or nitrogen decreased with increasing temperature (Fig. 2.34).

These data were obtained with five different samples of membrane and

showed a scatter in permeability but not in separation factor. This scat-

ter may be the result of variation in the thickness of the small pieces

of membrane. The separation factors of krypton from nitrogen and oxygen
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at 25*C were about 10% greater than

pany. Also, in agreement with data

permeability decreased slightly but

increasing pressure drop across the
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Fig. 2.33. Effect of Product Cut on Permeability of Xenon (Diluted
with Nitrogen) Through a Permselective Membrane.
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2.8 ENGINEERING MANUAL FOR DESIGN AND CONSTRUCTION
OF HIGH-EFFICIENCY FILTER SYSTEMS

C. A. Burchsted A. B. Fuller

A manual is being prepared to provide a source of engineering infor-

mation for designers of high-efficiency air-filtration systems. Although

directed primarily to systems for the removal of radioactive contaminants,

the data presented can also be used for the design of clean-room systems

and other types of contaminated-exhaust systems. A draft of the report

was completed and sent to system operators and other interested parties

in the atomic energy program throughout the country, and as a result of

this first review the outline and contents were modified. Review meetings

were held on the revised manual, and preparation of a final draft is in

progress. The present outline follows:

Outline of Manual for

DESIGN AND CONSTRUCTION OF HIGH-EFFICIENCY AIR FILTER SYSTEMS

1. Introduction

1.1 Background
1.2 Scope and Limitations
1.3 Classification of Filter Systems
1.4 Definitions

2. Air Handling System Requirements

2.1 Introduction
2.2 Policy Considerations

2.2.1 First Cost vs. Total Cost
2.2.2 Flexibility
2.2.3 Codes and Regulations

2.3 Operational Considerations
2.3.1 Need for HEPA Filters
2.3.2 Performance Requirements
2.3.3 Hazards
2.3.4 Operating Cycle

2.4 Operating Costs
2.4.1 Intake Filters
2.4.2 Prefilters
2.4.3 Operation to High Pressure Drop

2.5 Design for the Environment
2.5.1 Moisture
2.5.2 Corrosion

2.6 Design for Failure
2.6.1 Shock and Vibration
2.6.2 Fire
2.6.3 Design for Fire
2.6.4 Fire Protection
2.6.5 System Control
2.6.6 Equipment Failure
2.6.7 Location of Equipment
2.6.8 Sectionalization
2.6.9 Leak Tightness
2.6.10 Biological and Bacteriological Operations

2.7 Design for Maintenance
2.7.1 Frequency of Maintenance
2.7.2 Accessibility
2.7.3 Simplicity of Maintenance
2.7.4 Construction



2.8 Design for Inspection
2.8.1 In-Place Testing of HEPA Filters
2.8.2 In-Place Testing of Charcoal Adsorbers

2.9 Ventilating System
2.9.1 Fans
2.9.2 Fan Mounting
2.9.3 Location of Fans
2.9.4 Duct Connections
2.9.5 Ducting
2.9.6 Dampers
2.9.7 System Control
2.9.8 Instrumentation
2.9.9 Location of Building Air Intakes and Stacks
2.9.10 Noise

3. Filter Elements

3.1 Air Contaminants
3.2 HEPA Filters

3.2.1 Performance
3.2.2 Shock Resistance
3.2.3 Construction
3.2.4 Fire and Hot Air Resistance
3.2.5 Corrosion Resistance

3.3 Prefilters and Secondary Filters
3.3.1 Classification
3.3.2 Performance
3.3.3 Construction
3.3.4 High Temperature Prefilters

3.4 Charcoal Adsorbers
3.4.1 Performance
3.4.2 Bed Design
3.4.3 Construction
3.4.4 Precautions and Use

3.5 Moisture Separators
3.5.1 Performance
3.5.2 Construction

4. Bank System Design and Construction

4.1 Filter System Arrangements
4.2 Mounting Frame

4.2.1 Mounting Frame Design
4.2.2 Fabrication
4.2.3 Clamping System

4.3 Filter Bank Layout
4.3.1 Bank Orientation
4.3.2 Orientation of Filter Units
4.3.3 Pattern of Filter Array
4.3.4 Height of Filter Bank
4.3.5 Floor Plan of Filter Bank

4.4 Filter Housing
4.4.1 Steel Housings
4.4.2 Painting
4.4.3 Masonry and Concrete Housings
4.4.4 Mounting Frame to Housing Seal
4.4.5 Floors
4.4.6 Floor Drains
4.4.7 Access Doors
4.4.8 Housing Layout

4.5 Fire Protection
4.5.1 Fire Detection
4.5.2 Fire Control

4.6 System Test and Acceptance
4.6.1 Acceptance Testing
4.6.2 Design for Testing

4.7 Commercial Housings
4.8 Recirculating Systems for Nuclear Reactors

5. Single Filter Installations

5.1 Introduction
5.2 Equipment

5.2.1 Types of Housings
5.2.2 Basic Requirement for Single Filter Housing Procurement
5.2.3 Evaluating Commercial Equipment
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5.3 Types of Filters Used
5.4 Design

5.4.1 Access for Maintenance
5.4.2 Handling Methods for Used Filters
5.4.3 Methods of Sealing Filters
5.4.4 Framing for Open Face Filters
5.4.5 Framing for Enclosed Filters

5.5 Guidelines for Problem Areas
5.5.1 Combustible Materials Upstream
5.5.2 Radioactive Contaminants
5.5.3 Pyrophoric and Explosive Materials
5.5.4 High Dust Loading and Smoke
5.5.5 Corrosive Gas Streams
5.5.6 Moist Air
5.5.7 Elevated Temperatures
5.5.8 Drainage
5.5.9 Gasket Sealing Area
5.5.10 Protection for Filter Face
5.5.11 DOP Test Connections
5.5.12 Manometer Connections

6. Glove Box and Enclosure Filter Systems

6.1 Introduction
6.2 Physical Limitations

6.2.1 Human Factors
6.2.2 Equipment Factors

6.3 Available Equipment
6.3.1 HEPA Filters for Glove Boxes
6.3.2 Prefilters
6.3.3 Filter Mounting Devices

6.4 Selection of the Ventilation Scheme
6.4.1 Box Construction
6.4.2 Fume Dilution
6.4.3 Heat Dissipation
6.4.4 Atmospheric Control

6.5 Safety Factors
6.5.1 Flow-Pressure Relationship
6.5.2 Maximum Flow Requirements
6.5.3 Single vs. Multiple Exhaust Connections
6.5.4 Fire Protection
6.5.5 Double Filtration

6.6 Selection and Maintenance of HEPA Filters
6.6.1 Conditions
6.6.2 Filter Replacement

6.7 Filter Installation
6.7.1 In-Box Filter Installation
6.7.2 Out-of-Box Filter Installation

6.8 Instrumentation
6.8.1 Pressure Gage
6.8.2 Flow Meter

6.9 DOP Testing

7. Remotely Maintained Filter Systems and Reactor Post-Accident Clean-Up Systems

7.1 Design
7.2 Representative Systems

7.2.1 Brookhaven National Laboratory
7.2.2 Savannah River Reactors
7.2.3 Hanford Reactors
7.2.4 Oak Ridge National Laboratory
7.2.5 Transuranium Recycling Facility
7.2.6 Argonne National Laboratory
7.2.7 Hot Cell Filter Installation

7.3 Reactor Post-Accident Clean-Up Systems
7.3.1 Design Requirements
7.3.2 Operational Requirements
7.3.3 Recirculating Systems
7.3.4 Once-Through Systems
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3.1 INTRODUCTION

T. H. Row

A loss-of-coolant accident in a large reactor system would involve

a release of fission products to the containment building. The amount

of the release would be governed, to an extent, by the operation of the

emergency core cooling system; however, some prompt release could be ex-

pected in any case.. Most reactors are being equipped with spray or sup-

pression systems to reduce the pressure in the building after the accident,

and operation of these systems may result in significant fission-product

removal. Accordingly the gas-liquid systems involved are being investi-

gated to evaluate the degree of removal of fission products that may be

expected during the operation of a spray system or a pool pressure-sup-

pression system.

In laboratory-scale investigations a large number of solutions will

be examined for use as additives to the spray or pool. The next step will

be to use a wind tunnel to determine mass transfer from a contaminated

gas stream into a single drop of solution under various conditions. En-

gineering-scale tests of the solutions will be made in the Nuclear Safety

Pilot Plant at ORNL and the Containment Systems Experiment at Battelle-

Northwest.

The problems associated with thermal, chemical, and radiation sta-

bility of the solutions under accident conditions are being studied. Also

experiments are to be conducted to answer some closely related questions

on fission-product removal in pools of the type used in pressure-suppres-

sion systems.

3.2 EQUILIBRIUM DISTRIBUTION OF 12 BETWEEN NITROGEN
STREAMS AND AQUEOUS SOLUTIONS AT 25 C

C. S. Patterson* W. T. Humphries*

The initial step in the investigation of the various possible spray

solutions involves small laboratory experiments in which a large number

*Department of Chemistry, Furman University.
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of solutions can be evaluated quickly before being tested in larger fa-

cilities. The principal objectives originally set for this work were

1. to develop a procedure for measuring equilibrium-distribution coef-

ficients of 12 and CH3I between air and aqueous solutions,

2. to use the method to screen potential additives for spray solutions,

3. to study rates of approach to equilibrium distribution,

4. to study the effects of other variables (such as side reactions with

air or other gases, temperature, additive concentrations) on relative

scrubbing efficiencies for additives.

The initial work has consisted principally of developing a technique

for studying the partitioning process under flow conditions (gas through

liquid) and comparing Na2S2 03 and NaOH by means of the procedures de-

veloped. In order to evaluate additives as chemical scrubbers, a thorough

study was started not only of the additives themselves but of solutions

containing the products of reaction of 12 with these additives. Solutions

of the following compositions are being investigated:

1. pure H2 0,

2. 3000 ppm boron as H3B03 in H2 0 ("standard H3B03 "),

3. KI in H20,

4. KI in standard H3B03 ,

5. Na2S2 03 in H20 (three concentrations),

6. Na2S2 03 in standard H3B03 ,

7. NaOH in H20 (three concentrations),

8. NaOH in standard H3B03 .

Experimental Equipment and Procedure

In order to simulate conditions as realistically as possible, an

"inverted flow" experiment is used in which the spray is simulated by

carrier gas (N2) bubbling through the scrubber solutions. A diagram of

the apparatus is shown in Fig. 3.1. The carrier gas flows through a

rotameter (labeled A in Fig. 3.1) for measurement of the flow rate and

then enters a stainless steel coil (B), where the temperature is equili-

brated. From the coil it passes into two gas-washing bottles (C and D),

which serve as 12 saturators. The first bottle (C) contains a KI solution
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Fig. 3.1. Gas-Scrubber Test System.

saturated with excess solid 12. The second bottle (D) contains an aqueous

solution saturated with excess 12. The 12-saturated carrier gas then

enters a third bottle (E), which contains the scrubber solution. The

last gas-washing bottle (F) contains KI-starch indicator and Na2CO3 so

that the solution is neutral. Glass traps separate the washing bottles

to prevent liquid from spattering over. The experiment consists of moni-

toring the total accumulated 12 that arrives in the effluent gas stream

as a function of elapsed time (by titration against standard thiosulfate

solution). Volume flow rate, scrubber volume, bubbler depth, and tem-

perature are all held constant. An initial calibration run is made to

determine the 12 mass flow in the incident stream.

The general behavior of the titration curves expected to characterize

various calibre scrubbers was analyzed. Figure 3.2 shows hypothetical

curves expected for three cases: zero efficiency, lOO efficiency, and

a "real" case intermediate between these extremes. The "zero" case is

equivalent to no scrubber at all; that is, it is simply the calibration

curve of the incident gas stream. Point a represents the "indicator leg"

and point e the indicator's iodine equivalent (the "blank").

The 100% efficiency case allows no 12 to escape into the indicator
until all the scrubber is destroyed (at b), after which the stream re-

sumes at its incident concentration (i.e., with the same slope as the

calibration line). The corresponding y-intercept (g) gives a measure of

the scrubber's 12 capacity.

A real scrubber having less than lOO% efficiency will allow a small

leak of 12 during approach to saturation and hence should show a curve
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that climbs gradually to the incident slope. The extrapolated intercepts

of this final linear portion are still measures of the 12 capacity, and

the discrepancy between the actual curve and its corresponding ideal curve

(i.e., that with its same capacity) is a measure of its deficiency as a

scrubber under the conditions of the experiment. Comparison under con-

trolled conditions should therefore give valid measures of relative ef-

ficiencies.

Experimental Results

Typical gas-titration curves showing two S2 03 2- solutions, two OH

solutions, and three calibration runs are shown on Fig. 3.3. The cali-

bration data are linear and reasonably reproducible. The other data are

clearly of the "real" type, although Kchem for 52032- is known to be es-

sentially quantitative. Therefore the scrubbed gas is not at equilibrium

over the whole range of scrubber concentrations covered during the course

of a titration.
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The indicated stoichiometric capacities (S) show that S2 03
2 - does

not trap all incident 12 almost up to the time expected for a quantita-

tive scrubber. The to (when 12 is first observed to penetrate the scrub-

ber) for sodium hydroxide falls somewhat farther short of the stoichio-

metric point, as was expected. In both cases the "inefficient" portion

of the curve represents extra capacity beyond the stoichiometrically

equivalent quantity. It is concluded therefore that

1. The solutions produced on reaction of 12 with S2 03 2- or OH~ have

substantial additional 12 capacity (no doubt as I which forms I3-).

2. to is certainly related to capacity of the scrubber, but it is

more directly determined by the rate of 12 removal. The latter is subject

to the particular way the experiment is done (e.g., flow rate, choice of

dispenser, etc.).

3. The kinetic effects must be eliminated if true thermodynamic

distribution coefficient (K") values are to be obtained. That this is

possible is demonstrated by the following considerations.

The distribution coefficient at any time (i.e., at any 12 concentra-

tion) is defined as
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Kd
C

= ,
g

where Cs is the scrubber 12 concentration and Cg is the gas 12 concentra-

tion; but the "true" K' will be reached only at t = oo. Therefore,
a

C C

a C C
g 1

where C. is the 12 concentration. Figure 3.4 shows the behavior of gas

and solution iodine contents during the course of the titration and the

relationship each has to K . The example is that of pure H20 as the

scrubber. The solution concentration is simply S divided by the constant

solution volume (100 ml), but the instantaneous effluent gas stream con-

centration is determined from the slope of the G-versus-t curve at time t;

that is, Cg is the slope (in mmoles/sec) times the volume flow rate (in

ml/sec). The ratio of Cs to Cg obtained in this way is the apparent

(integral) K up to that time.
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True t = 0 values of K' are obtained in one of two ways: (1) by

plotting Cs versus t, extrapolating to l/t = 0, and calculating K' from

the resulting Cs value and Ci or (2) by plotting the apparent K' values

versus l/t and extrapolating to infinite time.

Reproducibility in the case of pure water is difficult because of

the importance of small amounts of impurities. Table 3.1 gives the av-

erage of the K 's for three runs in high-conductivity water that were

individually 94.7, 90.0, and 92.4. (An earlier run in laboratory-dis-

tilled water gave 115.) This average is in reasonable agreement with the

lowest values in the literature,1'2 which range between 70 and 90.

,a
Table 3.1. Iodine Distribution Coefficients (Kd) and Initial

Penetration Times (to) for Various Test Solutions

Test Solution Additive K' to
Concentration d (sec)

Pure H20 92 180

H3B03 in H20 3000 ppm B 85 165

Na2S203 in H20 0.921 X 10-3 moles 150 551
2.31 X 10-3 moles 250 1029
4.62 X 10-3 moles 380 1883

Na2S203 in standard H3B03  2.31 X 10~3 moles 237 1022

NaOH in H20 1.012 X 10-3 moles 155 562
2.52 X 10~3 moles 250 996

5.05 X10-3 moles 400 1784

NaOH in standard H3B03  2.52 X 10-3 moles 83 218

Na2S203 in H2Ob 2.31 X 10-3 moles 249 404

KI in H20 -0.1 mole 145 253

KI in standard H3B03  -.l mole 157 230

aK = Cs/Cg, where Cs is the scrubber 12 concentration and

Cg is t~e gas 12 concentration.

An inefficient scrubber was used.
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Analysis of Data

Water alone seems to have a significant capacity for iodine, but to

maintain proper perspective it must be noted that the concentrations of

additives studied are very low. The additional capacities of thiosulfate

and base beyond their stoichiometric concentrations are reasonably in-

terpreted as due to the iodide produced. Boric acid seems to hinder

slightly the rate of 12 uptake by H2 0 and also to cause a small decrease
in K (12 less soluble in H3 B03 ).

At low concentrations NaOH is quite comparable to Na2S203 in pure

water solvent, but a measurable superiority for thiosulfate appeared at

the highest concentration studied (4.62 x 10-3 moles). When the solvent

was standard boric acid solution, NaOH showed no higher capacity than the

solvent at the single concentration studied. Thiosulfate did almost as

well as in pure water. It therefore appears that only free base is avail-

able to react with iodine. Thus only base in excess of the boric acid

will be available. Furthermore, the pH decreases as 12 concentration
increases, so it is difficult to find any grounds for comparison of these

data with the calculations of Eggleton.2 The values for NaOH are in the

right order of magnitude for comparison with the saturation curve given

by Eggleton at the final pH's observed in these experiments.

The erratic relationship between K and to from one additive to

another and the increase in K' with time indicate that the conditions

during scrubbing represent a steady state (i.e., rate controlled) and not

equilibrium between the effluent gas and solution at that time. One thio-

sulfate run was repeated in an inefficient bubble tower (shallow solution,

no disperser) to test the validity of the extrapolation technique used

for eliminating the rate effects. The value of to was quite different

(404 versus 1029), but K' was essentially identical (250 versus 249).

Therefore to seems to indicate the rate of removal of 12, whereas K re-

flects the equilibrium 12 capacity (in all forms). Furthermore the partial

pressure of 12 calculated from Ci shows that the stream is not saturated

and that the results are K' values for the gas concentration indicated.

These considerations about lack of saturation do not affect the validity

of the limiting K , which can be shown to be independent of incident gas
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concentration, or even of titrant concentration, as long as both remain

constant between calibration and scrubbing runs.

Conclusions

Several avenues of experimental investigation are apparent as ex-

tensions of the work reported here. Other approaches relate to certain

side effects that have been suspected or detected during the experiments

to date. Some of the extensions and improvements are already in the

planning or preliminary investigation stages, and brief checks have been

made of some of the ancillary aspects. The most important of these issues

are outlined below:

1. extensions of current studies through

a. wider concentration studies,

b. analysis of data for kinetic effects,

c. surveys of other potential additives,

2. improvements of experimental methods, including techniques for moni-

toring the gas and solution 12 concentrations directly and continuously
by thermal conductivity and potentiometric methods, respectively,

3. studies of the effects of other variables, such as temperature,

4. studies of the effect of oxygen on iodide solutions as a function of

pH and temperature and similar studies on thiosulfate and other scrub-

ber solutions,

5. development of methods for making the same types of studies on CH3I.

With respect to the work completed in the first half of the program,

the following conclusions may be drawn:

1. A gas titration method is now available for measuring iodine

capacity of reactive solutions. (The method has been used to measure

the scrubbing power of water and aqueous solutions of Na2S2O3, NaOH, KI,

and H3B03 at 25*C. The concentrations studied were about 10-5 moles of

iodine in the gas phase and down to 10-3 moles of additive in solution.)

2. Distribution coefficients for water agree reasonably well with

the lowest literature values available1'2 and are reproducible to within

2%.
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3. Capacity increases sharply with addition of substances reactive

toward iodine. There is little difference between thiosulfate and base

in this respect. Both exceed their stoichiometrically predicted capacity.

4. Extra capacity is shown to result from the reaction with iodide

ion to produce triiodide ion.

5. Boric acid increases the capacity of water for iodine, and excess

boric acid destroys the capacity of base.

6. The time at which iodine begins to escape depends of the way the

scrubbing is done (bubbling rate, disperser efficiency, etc.), but ca-

pacities calculated by extrapolation to infinite time are independent of

these variables.

3.3 UPTAKE OF CH3I BY A SUSPENDED DROP OF WATER SOLUTION

B. A. Soldano W. T. Ward

In the preceding annual report,3 arguments were presented for the

study of the pickup of radioiodine by means of individual drops of water

suspended in a wind tunnel. The wind tunnel was subsequently constructed

and successfully operated over a range of experimental conditions that

affect the role of pickup of radioiodine in the form of CH3I.
1 With the

enlarged program on spray technology this facility became one of the

principal tools in the investigation of the spray solutions. Some work

with industrial solutions of interest and selected CH3I removal additives

was completed. The laboratory solution search will begin to supply input

data for experiments in the wind tunnel during the first part of calendar

year 1968.

Experimental System

The wind tunnel is similar to that of Garner and Lane.4 The water

drop is suspended in the tunnel gas, which contains the CH3I or 12, in

a relatively stationary position due to the inertial force of the gas act-

ing on the suspended drop. The time of contact of CH3I and the drop is

governed by the rate of insertion of a drop collector. Upon insertion
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of the latter, the gas stream supporting the drop is removed, and the

drop falls into a collector cup and is shielded from further contact with

the tunnel gases by means of an inert gas. To obtain a useful liquid

sample size, about 20 drops must be collected that were all exposed to

the tunnel gas for the same contact time. An experiment therefore con-

sists of obtaining four or five samples with contact times ranging from

1 to 5 or 10 sec. During any particular experiment, the tunnel gas con-

centration of CH3I is kept constant and is continuously monitored. The

actual concentration of iodide ion in the liquid is determined by activa-

tion analysis.

Treatment of Data

In the experiments, it is desired to determine the extent to which

CH3I (or iodine) is absorbed by the drop and to recognize the various

factors affecting mass transfer of CH3I into the drop. The work of Garner

and Lane4 showed that the percentage saturation can be represented by a

diffusion-based error-function equation, although the fit is only fair:

log (1- x) -,_(1)
d2

where the fractional degree of saturation (1 - x) is controlled by the

CH3I diffusion coefficient (D) in water and the diameter (d) of the drop.

If it is assumed that the Marshall-Ranz correlation holds, Griffith1

has shown that the mass transfer coefficient and the diffusion coefficient

can be related as follows:

2 r 2D
vL 3d (2)

Substituting for D in Eq. (1) gives an expression of the form

avLt
n F ~ , (3)

d

where a is an empirical constant.
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Interestingly the penetration of CH3I (concentration of ~10~4 mmole

per cubic centimeter of tunnel gas) into the water drop between t ~-1 sec

and the time of complete saturation can be represented as

log F = Ci + (slope)t , (4)

where F is the fraction of steady-state concentration of iodide ion in

the water phase at time t and Ci ~ 0.35 is an empirical constant that

is reasonably independent of such chemical variables as additive type,

concentration, pH, and others. These experimental variables are for the

most part reflected in the slope, Eq. (4). The latter can be made di-

mensionally equivalent, with the units of a mass-transfer coefficient

(velocity), if the experimental slope is multiplied by the drop radius,

rdrop x (slope) = vt .(5)

The identification of this "ad hoc" mass-transfer coefficient, vt, obtained

by dimensional considerations with that obtained by the Griffiths-Garner

model is indeed suggestive. Moreover, Parsly5 has pointed out that a

reasonable assumption about the exponential development of the error func-

tion, Eq. (1), will lead to an empirical constant comparable in magnitude

to C. in Eq. (4). It is when the actual dependency of the slope of Eq.

(4) is measured as a function of drop size that an element of caution

is introduced in the desire to identify the Garner-Griffith derivation

with that obtained by dimensional considerations alone, Eq. (5).

By keeping all conditions constant and simply altering the drop

radius, the slope of Eq. (4) obeys the following equation:

(Slope) = a - br2 . (6)

This relation is plotted in Fig. 3.5. It should be noted that an adjust-

ment of the ad hoc mass-transfer coefficient (vt) obtained from Eq. (5)

for a drop radius of 0.21 cm (when corrected for the r2 -dependency implicit

in Fig. 3.5) makes it possible to calculate a mass-transfer coefficient

for methyl iodide that experimentally agrees with that measured by Parker,

Creek, and Horton6 for a spray system with a mean drop radius of approxi-

mately 10-2 cm (see Sect. 3.4).
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Fig. 3.5. Dependence of the Slope on Drop Radius.

The slope dependency reflected in Eq. (6) suggests that the mass-

transfer coefficient, as represented by Eq. (5), is proportional to at

least two terms, one of which is dependent on the surface area of the

drop and the other on the interior of the drop. The surface term is not

unexpected in mass transfer of gases into liquids. The second term is

consonant with the premise that factors such as natural circulation af-

fect the mass-transfer process inside the liquid bulk.

Since at least two terms are involved in the dependency of slope,

a literal interpretation of vt should be accepted with caution. The

present objectives are more limited; namely, (1) to show the effect of

the drop's interior solution chemistry on the ad hoc vt and (2) to show

that under certain experimental conditions vt for CH3I agrees in magnitude

with Griffith's1 theoretically derived and experimentally verified mass

transfer coefficient of 12 in water at 26 C.
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Moreover, since the problem of relating single-drop performance to

that of a distribution of drops found in sprays might well pose unforeseen

difficulties, the present study was freed from any theoretical ambiguity

by examining the behavior of the empirical mass-transfer coefficient vt

at a fixed drop radius of 0.21 cm. The objective is to determine the

nature of the effect of additives on the empirical mass-transfer coeffi-

cient (vt).

Role of Additives

In view of the general interest in Na2S203 as an additive for reactor

spray systems, the concentration dependence of the slope of Eq. (4) was

examined (at a constant drop size of 0.21 cm) by using Eq. (5) to calcu-

late vt for the Na2S203 system (Fig. 3.6). The results were compared

with those obtained with (NH4 )2S and hydrazine.
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Fig. 3.6. Effect of Both Additive Type and Concentration on Mass
Transport (at ~26*C and a Drop Radius of 0.21 cm).'
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At low concentrations (-O.2 wt %) such diverse additives as (NH2 -NH2 ),

(NH4 )2 S, and NaS2 03 all enhance the mass transport of CH3 I in a common

manner, with the differences in the specific effectiveness becoming ap-

parent at higher additive concentrations. Not only is (NH.) 2 S compara-

tively the most effective in facilitating mass transfer, but a different

trapping mechanism (mercaptan formation) may be involved. The fact that

the vt values for CH3 I are lower than those measured for I2 in water at

rdrop = 0.21 cm and 26 C is consistent with the fact that CH3 I deposits

with greater difficulty than 12. Significantly, the concentration maxi-

mum for vt of CH3 I at 1 wt % Na 2 S 2 03 (Fig. 3.7) is practically identical

to Griffith's 1 gas-water-interface mass-transfer coefficient for 12 in

water at this drop size. This behavior suggests that CH3 I and 12 share

10-0
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Fig. 3.7. Comparison of Mass Transport Coefficients of 12 + H20
with Those for CH3 I + H2 0.
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a common primary intermediate state (10) for mass transfer (i.e.,

CH3 I + H2 0 + y -) CH3 OH + I0 + H and 12 - 10 + 10).

This comparison of CH3I behavior with that of 12, the latter described

within the context of gas mass-transfer considerations, serves to em-

phasize that the problem of understanding the role of additives on the

mass transfer of gases into water drops is a tractable one. In addition

it suggests that solution-chemistry considerations affecting the removal

of iodide into the interior of the water drop play an important role in

the overall mass transfer process.

Effect of Radiation on the Mass Transport of
CH3I into a Water Drop

Since aqueous sprays will have to perform effectively in the intense

radiation field accompanying a reactor accident and since CH3I undergoes

photolysis (a photon being essentially a weak-energy gamma ray as far as

pair production is concerned), a study was made of the photochemical be-

havior of CH3I and its relevance to the process of mass transport into

the drop. It was postulated by Franck and Haber6 that the primary step

in the photolysis of CH3I in water is the ionization of water [CH3I + H20 +

y -) H + 10 + (CH3oH)], a process which should be highly dependent on

pH. A single-drop wind tunnel study was therefore made on the effect of

pH variation on both the mass transport coefficients and the distribution

coefficients of CH3I into a l-wt % solution of Na2S2 03. The equilibrium

distribution of CH3I between the aqueous and gas phases was calculated as

follows:

millimoles CH3I millimoles CH3I
Kd=

per cc solution per cc gas

Both the kinetic and thermodynamic effects of pH on the absorption

of CH3I are shown in Fig. 3.8. It may be noted that the mass-transport

coefficient (vt) of CH3I rises sharply as the system is made basic. The

maximum vt value at pH 7 is approximately nine times higher than the mini-

mum obtained at pH 5.8.
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Significant insight into one of the primary processes controlling

the mass transport of CH3 I into water is obtained by a comparison of the

v values at 26 and 40*C and a subsequent calculation of the energy of

activation required for the process. The experimental facts are that the

energy of activation at a pH of 7 and higher is approximately zero, re-

flecting a temperature insensitivity of the CH3 I mass-transport process.

In the acidic range, however, the vt values increase with temperature.

The energy of activation on the acidic side is approximately 10,000 cal.

Since acidification inhibits the ionization of H20, an activation energy

of 10,000 cal (comparable to the electrical free energy required to ionize

water) would be expected if the Franck mechanism is involved. On the

basic side, the water is already ionized, so no additional energy is
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required to make the photochemical reaction proceed (temperature insensi-

tivity being a common characteristic of this type of reaction).

The preceding discussion has offered reasons for the reduction of

the CH3I mass-transfer coefficient in the acidic range. It does not,

however, offer an explanation of why the values at pH 7 tended to fall

off with increased basicity. Such an explanation may well lie with the

role of the additive Na2S2 03 in the secondary step involving the reduction

of the I0 radical formed in the primary photolysis. In the reduction of

10 to I~, the S203
2 can go either to the tetrathionate state S406

2- or

to the S04
2- state. The tetrathionate reaction7 is very rapid and is

favored at pH 7 to 7.3. As the solution is made more basic the slower

reaction leading to the 5042- state is favored. It is this secondary

process that may well account for the decrease in the vt values at high

pH.

In view of the preceding discussion on the photochemical implications

of the mass transfer of CH3I, a direct test of the role of the photon was

conducted by measuring, in the absence of light, the mass transfer of

CH3I in l% Na2S2 03 at pH 7.3 and a temperature of 26*C. The resultant

value of 1.73 X 10-2 cm/sec (Fig. 3.8) is definitely lower than the mass

transfer coefficient obtained under identical conditions, except with

light from a fluorescent light source. This behavior has practical impli-

cations for it suggests that the half time for the pickup of CH3I by

spray systems, either in the absence of light or radiation, constitutes

an unrealistic measurement of the actual spray performance that will be

encountered under emergency conditions. At the time of actual use, an

important primary reactant in the mass transfer of CH3I into water

(namely, a gamma ray or photon) will be present in ample supply so that

the rate of adsorption of methyl iodide should be much faster. In con-

clusion, there appears to be definite implications that the intense radia-

tion field accompanying a nuclear accident may actually facilitate the

removal of CH3I via the latter's surface photolysis to the iodine state.

Thus the great difficulty associated with CH3I removal may be an indica-

tion of a lack of an adequate gamma or photon source to facilitate the

primary photolysis.
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Effect of Relative Humidity on Mass Transfer of CH3 I

Since sprays will have to operate under the high humidity and the

high temperatures accompanying an accident, and since evaporation of water

from spherical drops usually takes place much faster than from a plane

surface, it is conceivable that the process of adsorption of methyl iodide

by water drops could be affected by those factors (such as relative hu-

midity) that affect the evaporation of water. A study was therefore made

of the effect of variations in the relative humidity of the wind-tunnel

environment on the mass transport of CH3I into a suspended drop of water.

The experiments were performed on a 1 wt 7% solution of Na2S203 with

pH fixed at 7.4. Previous work showed that this additive specification

(specifically the basic pH range) led to mass-transport coefficient values

of CH3 I in water approximately tenfold higher than those found for pure

water alone (Fig. 3.8).

Both the distribution coefficients and the mass-transport coeffi-

cients of CH3 I are affected by the relative humidity of the environment

surrounding the drop (Figs. 3.9 and 3.10). In general, the effect on
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on the Affinity of CH3 I for

mass-transport coefficients in Na 2 S2 03 is analogous to that previously

noted for shifts in pH (Fig. 3.8).

At the lowest relative humidities studied, the high rate of evapora-

tion from the drop more than compensated for the opposing driving force

due to the temperature gradient between the relatively warmer CH 3 I and

the colder evaporating water drop. This high rate of evaporation could

inhibit the formation of an activated surface, a necessary precursor for

CH 3 I absorption, and thereby lead to reduced mass-transport -coefficient
values approximating those of pure water alone. At high relative humidi-

ties, the CH3 I in the tunnel gas appears to be unable to distinguish be-

tween the moisture in the tunnel gas and that of the water drop. Again

the mass-transport coefficients of methyl iodide fall off sharply. At a

relative humidity of 93.6%o (the condensation point for a 1 wt % Na2S 2 0 3

solution) the mass-transport coefficients of CH3 I are again reduced to
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those approaching that of water alone. This effect could be due to the

dilution of the additive concentration in the surface of the drop. Ad-

mittedly, our particular choice of a pH 7.4 system could be unfortunate,

since in the pH range 7 to 8 the measured mass-transport coefficients of

CH3I are at a maximum. For this reason, a more practical pH range of 9

will be studied in order to properly assess the effect of relative hu-

midity on drop transport behavior. This high humidity effect on single-

drop performance should not serve as a basis for undue concern, since the

sweeping effect of condensing steam in a collection of drops more than

outweighs the inhibiting effect and actually leads to a speedup of the

overall mass-transport process of CH3I into sprays. Thus it appears that

the apparent diverse behavior of the single drop at high humidity and that

of an actual spray system operating in the presence of condensing steam

serves to identify one situation in which single-drop performance and

that of a distribution of drops are expected to differ.

There are reasons, however, for examining additive systems other than

Na2S2 03. Preliminary studies indicate that Na2S2O3 solutions generate

an unfavorable amount of gas due to radiation and thermal instability of

the additive. A simple alternate solution presently under investigation

is composed of NaOH and borates alone. The magnitudes of the mass-trans-

port coefficients and the distribution coefficients as a function of pH

are shown in Figs. 3.11 and 3.12.

As with Na2S2O3 , the mass transport falls off sharply on the acid

side (added acidity being obtained by the addition of HCI). On the other

hand, unlike the results for Na2S203, the mass-transport coefficients

continue to rise with increasing amounts of base. Admittedly, the dis-

tribution coefficients in the NaOH system are much lower than those found

with Na2S2O3 , but in the present case they are not highly dependent on

pH. If upon future investigation this behavior is found to hold generally,

any loss in reduced affinity for CH3I encountered by the use of a base-

borate system could be compensated for by a trace addition (10~4 to 10-5

molal) of organic materials that have an unusually high affinity for CH3I.

In concluding this preliminary examination of the base-borate system,

it is interesting to note that LiOH tends to be more effective than NaOH
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at the same pH. Such behavior is consistent with the ability of the Li+

ion (due to its unique structure) to salt into solution such organic sys-

tems as CH3I. This behavior also serves to emphasize the importance of

surface intermediates in the mass transport of CH3I.

Conclusions

The efficiency of CH3I removal by aqueous spray systems can be en-

hanced by buffering the additive solution in order to maintain basicity.

The radiation accompanying an actual fission-product-release accident may

well accelerate the rate of CH3I removal, in view of the observation that

photons are similarly effective. Investigations of the radiation stability

of various spray solutions are reported in Section 3.6.

3.4 DISSOLUTION AND HYDROLYSIS OF METHYL IODIDE
IN MISTING SPRAY SOLUTIONS

G. W. Parker G. E. Creek
N. R. Horton

The aqueous solubility or partition coefficient of methyl iodide is

of special interest in the decontamination of reactor containment atmo-

spheres with misting sprays. Since it can be postulated that several per-

cent of the radioiodine released to the containment atmosphere may even-

tually appear in this chemical form, it may thereby become the limiting

hazardous radioactive species released.

In the assessment of water reactor accident potentials the partition

coefficients between the containment environment of steam and water and

chemical sprays for the more reactive forms of radioiodine are well known

and relatively advantageous. In the case of this organic form, however,

its poor solubility and resistance toward reaction with most dilute aque-

ous reagents proposed for an engineered safety feature leave much to be

desired. In one recent demonstration experiment in a small containment

system test the relative rate of reaction of gaseous radioactive elemental

iodine with an Na2S20 3 misting spray (0.1 molar) was compared with that

for CH3I. The comparison experiment showed that while only a few seconds
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of misting spray was required for almost complete removal of elemental

iodine, several minutes of equivalent Na2S203 spray removed only a portion

of the CH3I.

It was then questioned whether the slow removal was a result of a

simple partition between gas and liquid or an enhanced process controlled

by a chemical change (e.g., hydrolysis of methyl iodide to methyl alcohol

and sodium iodide). Since the containment facility was too cumbersome

for it to be possible to make even the simplest solubility and partition

measurements, a smaller recycling spray apparatus was devised and con-

structed. A minimum number of experiments on removal by sprays was then

conducted.

Experimental Equipment

The experimental assembly consisted of a glass-pipe spray chamber

(inside diameter of 6 in., length of 2 ft, volume of 11.1 liters) with a

spray nozzle mounted in the top flange, as shown in Fig. 3.13. The nozzle

delivered drops of 50 to 100 p with a liquid flow rate of approximately

45 cc/min at 60 psi. A reservoir was provided to collect the liquid spray

reagent as soon as it formed, and the gas phase was continuously recircu-

lated through a radioactivity-counting detector and a condenser, and back

to the spray chamber.

Experimental Procedure

Tagged CH3 I was introduced into the gas phase of the system, and af-

ter several hours of circulation, it was exposed to water and 0.1 M Na2S20 3

sprays. The usual spraying time for room-temperature experiments was 20

min. A typical graph of the gas-phase activity versus time is shown in

Fig. 3.14. In an additional experiment the spray solutions (H20 and 0.1

M Na2S203 ) and spray chamber were heated to approximately 48 C to deter-

mine the effect of temperature on spray efficiency. In this experiment

the spraying times were in increments of 5, 10, 15, 20, and 25 min. A

graph of the fraction of methyl iodide remaining in the gas phase versus

spraying time is shown in Fig. 3.15.
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could be easily detected in the aqueous spray by its' extractability in

CC14 , samples from the room-temperature run were tested at several collec-

tion intervals. After 20 min in the Na2S20 3 reagent, hydrolysis was es-

sentially complete; however, after only 1 min the CC1 4 extractable frac-

tion was about 50O of the total iodine. In the pure water spray, CC14

T/2 = 46 min

0.4 M
I Na 2 S2 03
h- SPRAY -'

5

2

0

E

-

(!)

C7

T1/ = 46 min-

H 2 0

-SPRAY
0.5

0.2

0.4

I



219

extractability remained nearly complete for hours and indicated a very

slow or negligible rate of hydrolysis.

Henry's law constants and deposition velocities were calculated and

are given in Tables 3.2 and 3.3
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Table 3.2. Henry's Law Constants for CH3I Extraction
by Aqueous Sprays

R/ Concentration of radioactivity in aqueous phase
Concentration of radioactivity in gas phase

Spray Temperature R
Spray Solution Run Time (TC)R

(min)

H20 3/28/67 60 25 4.3
3/28/67 60 25 3.5
3/31/67 60 25 3.2
4/18/67 10 48 1.7
4/18/67 15 48 1.5

4/18/67 20 48 1.4
4/18/67 25 48 1.5

0.1 M Na2S203 in H20 3/28/67 60 25 4.4
3/31/67 60 25 4.3
4/18/67 10 48 5.1

4/l/67 15 48 4.6
4/l/67 20 48 4.4
4/18/67 25 48 4.3

Table 3.3. Deposition
in Water

Velocities (Mass Transfer Coefficients) of CH3I
and 0.1 M Na2S203 Spray Solutions

Drop size: '100 p

Spray T/2  Flow Temperature Vg, Deposition
Spray Solution Run Time (sec)a (cm3/sec) (*C) Velocity

(s(sec(/(cm/sec)

x 10-3

H2O 3/28/67 3600 2800 0.74 25 4
3/28/67 3600 2820 0.75 25 4
3/31/67 3600 2880 0.72 25 4.1
4/18/67 300 4920 0.65 48 2.7
4/18/67 600 4920 0.67 48 2.6
4/18/67 900 6000 0.64 48 2.2
4/18/67 1200 5340 0.67 48 2.4
4/18/67 1500 6240 0.68 48 2.0

0.1 M Na2S203 in H2 0 3/28/67 2600 2520 0.7 25 4.8
3/31/67 3600 2490 0.67 25 5.1
4/18/67 300 2400 0.7 48 5.1
4/18/67 600 2580 0.67 48 5
4/18/67 900 2760 0.67 48 4.6
4/18/67 1200 2700 0.64 48 4.9
4/18/67 1500 3120 0.64 48 4.3

aAverage value .
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Conclusions

The experimental data indicate that water and 0.1 M Na2S2O3 sprays

have about the same partition coefficient for CH3I at room temperature.

At a temperature of approximately 48 C, the solubility in the water spray

is reduced, while the solubility in an Na2S203 spray remains practically

the same. The difference in solubility could possibly be the result of

an increased rate of hydrolysis of CH3I at the higher temperature.

A more complete discussion of the results can be found in the formal

report of these experiments.9

3.5 SPRAY TESTS IN THE NUCLEAR SAFETY PILOT PLANT

L. F. Parsly J. K. Franzreb

The program of spray tests in the Nuclear Safety Pilot Plant (NSPP)

was started during calendar year 1967. The purpose of these tests is to

demonstrate the effectiveness with which sprays can clean up fission prod-

ucts from a containment atmosphere and to obtain engineering data that

can be used in the design and safety evaluation of spray systems in power

reactor containment buildings. The Model Containment Vessel (MCV) in the

NSPP in big enough so that nozzles of the sizes proposed for large con-

tainment buildings can be tested, and it can be operated at pressures up

to 45 psig with temperatures up to 130 C to simulate the peak temperatures

and pressures during a loss-of-coolant accident.

A three-stage approach is being taken. The first stage comprises a

series of experiments to demonstrate the effective removal of 12 by sprays

of the types now proposed for use in power reactor containment buildings.

Next, data are to be obtained on CH3I removal on a pilot-plant scale.

Data from laboratory-scale experiments will determine the composition of

the solutions to be tested. Finally, the removal of particles by the

sprays will be investigated.

After a series of these experiments in the first-stage program was

completed with the low-capacity misting nozzle header originally installed

in the NSPP, the original decontaminating solution storage tank was re-

placed with a pressure vessel, and the header with 12 misting nozzles was
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replaced with a single nozzle of a type proposed for use in power reactor

containment buildings. Six more experiments were completed with the modi-

fied system.

Equipment and Experimental Procedure

The flowsheet for the NSPP during the spray tests for iodine cleanup

is presented in Fig. 3.16. The principal component is the model contain-

ment vessel, which is a l0-ft-diam 15-ft-vertical-side cylindrical pres-

sure vessel designed for 60 psig. The volume is 1350 ft 3 (38 m 3 ). The

other equipment components are a solution storage tank, a pump, a steam-

jacketed pipe tee used to vaporize iodine, and a weigh tank used for in-

ventory purposes. May-pack samplers were used inside the MCV for the

first three spray runs, but bomb samplers were used outside the vessel

for subsequent runs. This change was made to shorten turnaround time.

The experiments are carried out as follows. The samplers are installed
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and the system is leaktested. The ampul containing the iodine is placed

in the tee and the tee is heated. If steam is to be used in the MCV, it

is added at this time. The tee is kept at a higher temperature than the

vessel to prevent condensation in the tee. When steam is not to be used,

the vessel is pressurized to 2 to 3 psig with air to permit the conden-

sation nuclei counter to work properly. In some runs, the spray solution

is preheated.

After the initial conditions are attained, the ampul is broken and

an air sweep is used to transfer iodine into the MCV. After 10 min for

iodine transfer and mixing, the sweep air is shut off and a gas sample

is taken.

After the first gas sample has been taken, the sprays are turned on

for a predetermined time. The gamma sensors that measure the activity

level in the vessel and the sump solution are used to follow the transient.

If cold spray solution is being used, steam is added to maintain an ap-

proximately constant temperature while spraying.

About 30 min after the sprays have been turned off the second gas

sample is taken. The vessel is then allowed to cool overnight, and the

following day the residual solution is removed, the system is purged,

and the samplers are removed. Decontamination of the vessel, dismantling

of the samplers, and preparation of the samples for analysis follow. Data

needed to do a complete material balance and to follow the gas and liquid

composition changes as a function of time are taken.

First Series of Experiments

The first series of experiments comprised three runs, 20, 21, and

22. Only a small fraction of the iodine in the sample was vaporized into

the MCV in run 20, and it is felt that enough uncertainties exist to war-

rant discarding the data (for example, some iodine could have been enter-

ing the MCV while the spray system was operating). Runs 21 and 22 were

successful.
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Run 21

In run 21, the solution was 1 wt % Na2S203 and 1.7 wt % H3B03 (3000

ppm B) in water. The spray flow was 2.2 liters/min (0.575 gpm). The

spray system consisted of 12 Spraco type J-140D misting nozzles. (These

nozzles have 0.040-in.-diam orifices and produce 100-p-diam drops.) The

MCV atmosphere was at the ambient temperature of approximately 30 C. The

iodine source contained 0.4 g of 12 and had an activity of 800 mc.

After introducing the iodine, mixing, and sampling, the sprays were

operated for 8 min. The MCV and solution gamma scanners indicated the

half-lives as 33 and 34 sec, respectively. The overall decontamination

factors indicated by the May packs were 90 and 85, from which it appears

that the half-lives were 74 and 75 sec. The results from run 22 (see be-

low) indicate that CH3I could account for the longer half-lives indicated

by the May packs.

Run 22

Run 22 duplicated run 21, except that the solution was made alkaline

by the addition of 0.4% NaOH. The half-life for iodine removal was found

to be 36 sec from the MCV gamma scanner and 35 sec from the spray solution

gamma data. For an effective spraying time of 5 min, which seems justi-

fied by the data, a half-life of 34 sec was obtained for the constituent

collected by the silver-plated screens in the May packs. The data for

the constituent collected by charcoal are less consistent but indicate

half-lives of 115 and 147 sec, respectively.

Run 23

After completing run 22, the solution hold tank was replaced with a

pressure vessel, and the original spray header was replaced with a larger'

line connected to a single Spraco No. 1713 ramp-bottom nozzle. This model

nozzle is being specified for several reactors now bein built, and it

was chosen for that reason.

Run 23 was a rehearsal of the scheduled spray runs at elevated tem-

perature. All the moves required to do a spray run were made, and the

run was satisfactory. It was found necessary to feed all available steam
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to the MCV, and even then it was not quite possible to maintain a constant

temperature.

Second Series of Experiments

The second series of experiments was conducted with the single Spraco

No. 1713 nozzle at 9.5-gpm flow (the maximum flow initially available; a

larger control valve has since been installed to obtain flow up to 20 gpm).

Five runs were made, 24 through 28. In runs 24 and 25 less than 10%

of the iodine was transferred to the MCV. Runs 20, 24, and 25 will there-

fore be repeated. In runs 26, 27, and 28, a modified iodine vaporizer was

used that transferred over 85% of the iodine.

Run 26

The spray solution for run 26 was the same as that for run 22. The

MCV temperature was brought to 130 C by introducing steam, the iodine was

transferred and sampled, and then the spray system was operated for 6 min.

Steam was added to the MCV while spraying to minimize cooling, and the run

ended at a temperature of about 125 C.

As shown below 72.3% of the iodine was accounted for:

Iodine in ampul 239 me

Iodine recovered
Spray solution and condensate 132
MCV decontamination 16.8
12 vaporizer tee decontamination 23.8
Purge gas 0.3

Total recovered 172.9 mc

Iodine accounted for 72.3%

The MCV gamma scanner data indicated a half-life of 31 sec, while the so-

lution and gas sample data showed a half-life of 57 sec.

Run 27

In run 27 ORNL process water was used as the spray solution. Other

conditions were the same as in run 26. The material balance given below

shows that 117% of the iodine was accounted for:
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Iodine in ampul 222 mc

Iodine recovered
Spray solution and condensate 229
MCV decontamination 27.1

12 vaporizer tee decontamination 4.0
Purge gas 1.0

Total recovered 261.1 mc

Iodine accounted for 117.6%

The half-life for iodine removal was estimated to be 48 sec from the MCV

gamma data and 55 sec from the gas sample data.

Run 28

Run 28 was made with 1.7% H3B03 and 0.4% NaOH in a spray solution

preheated to 120*C to eliminate condensation as much as possible. The

vessel atmosphere conditions and the iodine source were the same as for

runs 26 and 27.

The material balance given below shows that over 95% of the iodine

was transferred into the MCV:

Iodine in ampul 122 mc

Iodine recovered
Spray solution plus condensate 160
MCV decontamination 12.7
12 vaporizer tee decontamination 8.0
Purge gas 1.0

Total recovered 181.7 mc

Iodine accounted for 149%

Since the overall balance is 149%, it is suspected that the ion-chamber

determination of the amount of iodine in the ampul must be low.

The half-life for iodine removal was 48 sec based on the MCV gamma

data. The gas-sample data indicated a half-life of 69 sec, but the

indicated concentration in the gas at the start of the spraying period

was unusually low.
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Theoretical Studies

In order to assist in planning experiments and in interpreting the

results, theoretical studies and computer program development are being

carried out. A literature survey and review was made, and the results

have been reported.1 0

The first model developed was an extension of that proposed by

Griffiths) for gas-film-controlled absorption. For this model it is as-

sumed that all drops are the same size and are all falling at their ter-

minal velocity. A program was written1 1 for the CDC 1604 to calculate

the physical properties of the air-steam atmosphere expected to result

from a loss-of-coolant accident, the terminal velocities of drops in that

atmosphere, and the mass-transfer coefficients.

Later it was also desired to know the liquid distribution from a

particular nozzle and how this distribution might be affected by the con-

tainment vessel atmosphere conditions. A computer program was then writ-

ten to calculate drop trajectories. For this program, a hollow-cone pres-

sure nozzle was assumed. In a nozzle of this type, the liquid is given

rotational motion in a swirl chamber and then leaves the nozzle through

an orifice. The center of the orifice is occupied by an air core, which

normally fills 60 to 80% of the orifice diameter. The liquid flows through

the annulus outside the air core and forms a conical sheet that breaks

into drops a short distance from the nozzle.

A few simplifying assumptions were made for developing the computer

program. It was assumed that the air core would always occupy 80% of the

orifice, that the magnitude of the velocity vector could be obtained from

the flow and the area of the annulus available for liquid flow through

the nozzle, and that the direction of the velocity vector could be ob-

tained from flow pattern data taken close to the nozzle. Velocity changes

were calculated according to procedures described by Dallavalle.1 2

Typical output from the program is presented in Fig. 3.17, which in-

dicates the loci of the outside of the spray cone and of maximum flow for

700-[j drops in saturated air at 30C and at 130C (the latter produced

by adding enough steam to a fixed volume of air at 30C and 1 atm to bring

it to 130 C). The figure shows that the spray does not strike the
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containment vessel wall until it is rather far down at 30*C and misses it

altogether at 130*C. Predictions made by this program were substantiated

experimentally by visual observation at room temperature and by sampling

results at 130*C.

ORNL-DWG 67-14059A

1L -. LL L--L-L ._L. . -L
8 ft 6 4 2 2 4 6 8 ft

NOZZLE

130 *C OUTER 20FRCNGTER
FRRINGE

0.1 sec FLOW AREA: 0.257 cm 2

DROP DIAMETER: 700 L
ORIFICE DIAMETER: 0.375 in.
FLOW: 9.5 gpm

0.1 sec

0.1 sec

MCV 20* C MEAN

FLOWMCV

1 .0 sec
.0 sec 1.0 sec I

0.5 sec

0.5 sec

/130 *C

MEAN

FLOW

1.0 sec

2.0 secC 
1.0 sec

C2.0 sec

Fig. 3.17. Spray Trajectories Calculated by Program VELDK.
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Comparison of the results of some of the early spray experiments with

the predictions of the original spray performance model showed that the

experimental half-lives were about an order of magnitude greater than the

calculated half-lives. Two of the assumptions in the model seemed most

likely to have caused the difference: the assumption of uniform drop size

and that of uniform (terminal) velocity. Therefore a program was written

to handle nonuniform drop size and varying velocity. The technique for

handling the varying velocity is based on stepwise calculation of the

velocity in accordance with the routine described above and calculation

of the mass-transfer coefficient during each time step and of an average

mass-transfer coefficient for fall through the vessel. To deal with the

drop size range, a log-normal size distribution was assumed, and the drop

size spectrum was broken into 61 groups 0.1 standard deviation wide.

Each group was handled as a single size.

Parametric studies with this program are summarized in Table 3.4,

which shows that the half-time for iodine removal by sprays of a given

number mean drop diameter increases by a factor of 6 as the geometric

standard deviation increases from 1 (completely uniform drops) to 2.

Table 3.4. Effect of Geometric Standard Deviation (6G) of
Sprays on Mass-Transfer Rate for Removing Iodine with

Reactive Sprays

Number Mean Temperature Flow Half-Lifea
Drop Diameter (C) (gpm) G(sec)

100 30 0.25 1.0 6.4
,100 30 0.25 1.5 11.4
100 30 0.25 1.8 23.2
100 30 0.25 2.0 38.7
700 130 9.5 1.0 32.3
700 130 9.5 1.2 36.8
700 130 9.5 1.4 49.9
700 130 9.5 1.6 74.1
700 130 9.5 1.8 115.2
700 130 9.5 2.0 181.7

aTime to remove half of the airborne iodine.
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This is believed to show that the nonuniformity of the drops is largely

responsible for the deviations from the simple uniform drop size model.

There are additional effects that may be of considerable importance

for spray performance in containment atmospheres. One is the effect of

temperature on the mean drop size. Marshall1 3 presents data which show

that the drop diameter varies as the surface tension to the 0.6 power and

the viscosity to approximately the 0.2 power. Since both these variables

decrease with temperature, the drops may be expected to be somewhat smaller

in high-temperature atmospheres than at room temperature.

The other effect that appears to be of importance is condensation

on the drops. Two effects of condensation are possible: the gas film

transfer rate can be augmented due to the iodine being carried along by

the current of steam that is condensing, and the liquid film transfer

rate can be reduced if a layer of condensate prevents access of the re-

agent in the drop to the surface and a higher liquid film resistance re-

sults. It is very easy to postulate a pessimistic model for the second

case that predicts over an order of magnitude reduction in the mass trans-

fer rate. The experimental data demonstrate rather clearly that no such

reduction in the mass transfer rate occurs.

With regard to the application of these data to larger structures,

analysis of the drop trajectories shows that drops 700 p in diameter and

larger do not slow down to terminal velocity by the time they arrive at

the bottom of the containment vessel. However, the time constant (VGA)

can be shown to vary approximately as v-0.5, so a smaller time constant

(longer half-life) is measured in these experiments than would apply in

a larger vessel where most of the fall would occur at terminal velocity.

Consequently, the use of the time constants observed in these experiments

should lead to conservative prediction of the performance of the sprays

in larger systems.

Continuation of Program

It is presently planned to complete the series of experiments on 12

cleanup with the Spraco No. 1713 nozzle and then to carry out tests with
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the iodine present as CH3I. In the latter tests, the output of the

single-drop and solution-screening studies will be considered. Two ex-

periments are scheduled in which both 12 and CH3I will be vaporized into

the system.

After completing the 12 tests a furnace that uses a plasma torch in-

stead of the vaporizer tee will be installed and experiments on the cleanup

of aerosols by the sprays will be carried out.

Conclusions

Because of the limited amount of work completed up to the end of the

reporting period, it is premature to draw firm conclusions at this time.

The observed half-lives are short enough to affirm that a significant

dose-reduction factor can be obtained by using sprays to reduce the air-

borne elemental iodine concentration. It is believed that these results

can be applied directly in larger vessels if the same solutions, nozzles,

and flows (per nozzle and per unit area) are used.

The computation model developed gives results of the same order as

found experimentally. Further improvements are being made to the model

to produce a satisfactory routine for predicting gas film coefficients.

3.6 RADIATION STABILITY OF SPRAY SOLUTIONS

H. E. Zittel

A program was initiated for measuring the stability of the various

proposed spray solutions under a variety of conditions. The work carried

out to date was concerned largely with the radiation stability of the

following five solutions:

1. 1 wt % Na2S203, 3000 ppm B, and 0.153 M NaOH in H2O,

2. 3000 ppm B and 0.153 M NaOH in H20,

3. distilled H20,

4. 3000 ppm B in H20,

5. 1 wt % Na2S203 and 3000 ppm B in H20.
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Effect of Radiation on pH, 12 Equivalence, and Solids Formation

The initial study illustrated the effect of 60Co gamma radiation on

the pH of all solutions and the iodine reaction capabilities of the Na2S20 3

solutions. The data obtained are presented in Table 3.5.

The pH of each solution studied decreased as a function of radiation

dose. Solution 5 (acidic thiosulfate) showed the greatest effect and thus

indicated the largest amount of radiolytic reaction. On comparing solu-

tions 1 and 5 (basic and acidic thiosulfate) it is also noted that the

degradation of the thiosulfate, as measured by its ability to react with

12, is much more severe in the acidic solution. No deposition of solids

Table 3.5. Effect of 6 0Co Gamma Radiation on pH,
and Solids Formation

12 Equivalence,

Solution Dose I2 12 Equivalents G, 1b2 Solids
No. (r) pH per Litera Destroyed Equivalents (mg per ml of

)() solution)

1 Unirradiated 9.2
9 x 105 9.2 -6.0 x 10-5 -0.1 None detected
1 X 107 9.1 -1.7 X 10-3 -2.6 None detected
2 x 107 9.0 -1.3 x 10-3 -2.1 None detected
5 x 107 8.9 9.0 x 10-3 13.9 0.2 None detected
1 x 108 8.5 3.0 x 10-2 43.2 0.3 None detected

2 Unirradiated 9.3
9 x 105  9.3
1X107  9.3
2 x 107  9.2
5 x 107  9.2

3 Unirradiated 6.2
5 x 105  6.2
1 x 107  6.1
2x107  6.0
5 x 107  5.9

4 Unirradiated 4.7
9 x 105  4.7
1 x 107  4.7
2 x 107  4.6
5 x 107  4.5

5 Unirradiated 4.9
9 x 105 4.4 1.2 X 10-3 1.8 1.3 None detected
1 x 107 3.8 8.0 x 10-3 12.4 0.8 None detected
2 x 107 3.7 15.7 x 10-3 24.3 0.8 0.16
5 x 107 3.6 36.5 x 10-3 56.2 0.7 0.46
1 x 108 3.2 62.8 x 10-3 97.2 0.6 1.65

aA negative value indicates an increase of 12 equivalence upon irradiation.
bMolecules changed per 100 ev of energy.
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was noted in the basic thiosulfate, while fairly substantial amounts were

formed in the acid solution on irradiation. This indicates that the re-

active routes of the two solutions with the radiolytic reactive entities

are entirely different.

Radiolytic H2 Production

The amount of radiolytic H 2 that might be produced from the spray

solutions has been of prime interest. The data of Table 3.6 show the

relative amounts of radiolytic H2 produced in each of the five test so-

lutions and indicate that the amount is a function of the solution com-

position. However, later studies indicate that this is only one aspect

of the real case. The total amount of oxygen available in the system, as

expressed by the gas-to-liquid ratio, is also of great importance. The

magnitude of the effect is shown in Table 3.7. (The gas in each case was

air.) The data imply that the oxygen in the cover gas enters into reaction

with either the radiolytic water products or with the radiolytically pro-

duced products of the thiosulfate to cause a change in reaction route

and/or rate. Other studies, as yet incomplete, indicate that the radio-

lytic H2 production is more severe after the available oxygen is depleted.

Table 3.6. Radiolytic H2 Production
in Spray Solutions

Total radiation dose, all
samples: 1 x 107 r

Gas-to-liquid ratio: r%0.9

Solution No. H2 Evolved G(H2)
(cc/ml)

1 2.3 x 10~1 1.0
2 1.1 x 10~1 0.48
3 3.2 x 10-2 0.14
4 4.9 x 10-2 0.21
5 1.3 x 10~1 0.57

aMolecules changed per 100 ev
of energy.
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Table 3.7. Effect of Gas-to-Liquid
Ratio on Radiolytic H2 Production

in Test Solution 1

Total radiation dose, all samples:
4 x 107 r

Test conditions: all sample cap-
sules sealed with gas-to-liquid
ratio shown

Gas-to-Liquid H2 Evolved)a
Ratio (cc/mi)

50 0.16 0.2
25 0.26 0.3

8 0.41 0.4
3 0.57 0.6
0.8 0.92 1.0

aMolecules changed per 100 ev of
energy.

This being the case, the dose required to deplete the oxygen in each of

the test solutions in Table 3.6 would vary, and the results given are more

a function of rate and route of oxygen depletion than of solution makeup,

with the rate of oxygen depletion depending on 02 solubility in any given

solution, mode of 02 reaction, etc.

In order to clarify the situation, a study was carried out with the

gas-to-liquid ratio being such that the 02 was not entirely depleted in

any case. This study was also used to establish the radiolytic H2 versus

total dose relationship. The results are given in Table 3.8. The data

indicate that the radiolytic H2 production is essentially a linear func-

tion of total dose and that the available oxygen does play an important

role. The three solutions studied showed essentially the same radiolytic

H2 versus total dose relationship; whereas, when the 02 was depleted

(Table 3.7) they showed entirely different amounts of radiolytic H2 pro-

duction.

The question arose as to whether the radiolytic H2 production is a

function of dose rate over those ranges of dose rate expected to occur in

actual use. The results of a study carried out to clarify this point

are given in Table 3.9. For the purposes of this program the results in
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Table 3.8. Radiolytic H2 Production as a Function
of Total Dose

Gas-to-liquid ratio, all samples: 25

Dose Radiolytic H2 Produced (cc/ml)

(r) Solution 1 Solution 2 Solution 3

x 107

1.0 0.05 0.06 0.06
1.87 0.14 0.15 0.12
2.81 0.27 0.23 0.27
4.74 0.36 0.42 0.37
9.46 0.69 0.69 0.73

Table 3.9. Radiolytic H2
Production of Solution 1
as a Function of Dose Rate

Total dose, all samples:
1 X 107 r

Gas-to-liquid ratio: 25

Dose Rate Radiolytic H2
s RProduced

(r/min) (cc/ml)

1.0 x 103 0.05

4.8 x 103 0.05

7.0 x 103 0.06

1.6 X 104 0.06

1.0 x 105 0.06

Table 3.9 indicate essentially no effect of dose rate on radiolytic H2

production.

The results obtained to date in the study of the various proposed

spray solutions indicate that radiolytic H2 is produced in quantities

sufficient to be of concern in the proposed spray system. Therefore,
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another study has been initiated to determine the feasibility of other

additives to decrease the radiolytic H2 production. Such additives may

react with either the radiolytic H2 or with its precursor, the hydrogen

free radical. The nitrate ion is known to lower the radiolytic hydrogen

yield by scavenging the hydrogen atom. Therefore, a brief study of the

effects of such added nitrate was made. The results are given in Table

3.10. The data show a definite decrease in radiolytic H2 production with

increasing N03- concentration. However, while these data indicate that

the radiolytic H 2 production may be reduced by addition of "scavengers, "

the question of the compatibility of such additives with the usage and

purpose of the spray solutions must be studied in detail.

Table 3.10. Effect of NO3~
on Radiolytic H2 Production

in Solution 1

Radiation dose, all samples:
1 x 107 r

Gas-to-liquid ratio: '10

N03~ Added Radiolytic H2

N03  A e Produced
(cc/mi)

0.0 0.09

0.05 0.09

0.10 0.08

0.25 0.07

0.50 0.06

0.75 0.06

1.00 0.05

Discussion and Conclusion

The radiolytic reactions the spray solutions undergo are of interest

and importance. Accordingly, the radiolytic behavior of the thiosulfate

ion under various conditions of acidity and oxygen availability is under
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study. The following reactions are proposed as those that may occur be-

tween the radiolytic water products (H, OH, and H202) and the thiosulfate

ion:

2S203
2 - + 20H + 2H+ -- S4062 + 2H20

2S2032- + H2 02 + 2H+ -' S 4 06
2 - + 2H2 0

2S2 03
2  + 80H - S3 06

2  + S042- + 4H20

52032- + 40H - 2S032 + H20 + 2H+

2S203
2  + 120H + 40H -' 4S03

2  + 8H2 0 + 02

2032- + 8H -- 2S2 - + 3H20 + 2H+

S2032-+ 20H - S0 4
2  + S + H20

Each of the sulfur-containing reaction products shown was found to be

formed to some degree in the radiolytic decomposition of thiosulfate un-

der differing conditions. Obviously, the problem of clearly defining the

exact route of reaction is a complex and difficult one, and it will be

carried out only so far as is necessary to the spray program.

The work to this point has dealt with only the radiation stability

of the proposed thiosulfate sprays. Further work is being carried out to

clearly define the thermal and chemical stability of these sprays. Addi-

tional work is contemplated on the radiation, thermal, and chemical sta-

bility of other proposed spray additives, such as hydrazine, cyclohexane,

etc.

3.7 SCAVENGING OF FISSION PRODUCTS BY SUPPRESSION POOLS

F. T. Binford L. E. Stanford
C. C. Webster

The effectiveness of pressure-suppression systems in the removal of

fission products during blowdown following a major accident is being in-

vestigated in parallel with the study of sprays. The primary point of

interest is the removal effected by the suppression pool liquid. The

work to date has consisted of review and study of relevant literature and
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the physical and mathematical methods of analysis appropriate to the so-

lution of the problem. Also a program of experimental and analytical work

was formulated and initiated to obtain data and mathematical expressions

applicable to a generalized system.

The study of the relevant literature indicated the need for a theo-

retical model, which is a necessary ingredient in systems analysis, and

such a model can best be based on experimental results. Therefore equip-

ment has been designed and fabricated for small-scale experiments to evalu-

ate a wide range of parameter variations. The fundamental processes in-

volved in the transport and deposition of fission products in a general-

ized system are being studied to form a basis for predicting fission-

product retention in full-scale systems.
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4.1 STEAM-CARBON REACTION AND FISSION-PRODUCT
RELEASE AND TRANSPORT STUDIES

J. E. Baker G. M. Hebert
C. M. Blood L. G. Overholser

Continuing progress in the design and development of high-temperature

gas-cooled reactor (HTGR) systems has been largely due to the application

of all-ceramic cores with graphite for the moderator as well as for fuel

element structure for support of coated fuel particles. Advances in the

science and technology of coated-particle fuels have assisted materially

in this development of all-ceramic reactor cores. For instance, low-per-

meability graphite and special purge systems are not included in the more

recent designs because of satisfactory retention of fission products by

pyrolytic-carbon-coated fuel particles at high burnup under normal oper-

ating conditions.

An inert gas, such as helium, must be employed because the core ma-

terials are reactive with gaseous oxidizing agents at operating tempera-

tures. Contaminants such as 02, H2 0, and CO2 may be maintained at low

concentrations in the coolant by use of suitable purification systems.

The very slow oxidation of the fuel coatings and graphite components by

these low concentrations of contaminants would be expected to be tolerable

over the lifetime of the reactor core. The possibility of a large ingress

of steam into the coolant circuit, such as might result from a steam-gen-

erator failure, poses certain potential safety problems that require in-

vestigation. In particular, significant damage to the graphite components

and fuel coatings could result from extensive oxidation caused by appre-

ciable partial pressures of steam in contact with hot core components.

Such oxidation could cause failure of the fuel-particle coatings and a

resultant release of volatile fission products into the coolant. Less

volatile fission products might migrate to supporting graphite structures

or be carried by the gas stream to other parts of the reactor where depo-

sition could occur. Loss of mechanical strength or even failure of the

structural graphite could result from excessive oxidation. The reaction

products, H2 and CO, of the steam-carbon reaction could form potentially

explosive mixtures with air in the event of a rupture of the coolant
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circuit. Thus the potential hazards of using a steam generator in con-

junction with an HTGR system provide the incentive for investigating the

reactions of steam with graphite, binder, and particle coatings.

In attempting to assess the various accident conditions that might

prevail in the current and projected HTGR systems, it becomes apparent

that it is not possible to define clearly such parameters as partial pres-

sure of steam, temperature, and exposure times of various core components.

As a result, it becomes necessary to study the steam-graphite reaction

under experimental conditions involving wide ranges of temperatures and

partial pressures of steam. The fission products that would be present

in the fuel at the time of the accident would also complicate the reac-

tion. Certain fission products catalyze the steam-carbon reaction, and

if such products moved from the fuel particle to the external surface of

the fuel coating or to the adjacent graphite, abnormal reaction rates

might occur. The reaction also may be mass-transport controlled at very

high reaction rates resulting from excessively high temperatures or strong

catalysis at lower temperatures.

Laboratory-scale experiments are being performed to provide reaction-

rate data for the graphite-steam system over a range of temperatures and

partial pressures of steam. These data are to be used in computations

combining the effects of flow, mass transport, and reaction kinetics for

comparison with data obtained from the engineering-scale tests described

in Section 4.3. The laboratory-scale tests also are to provide data on

the transport of fission products during the oxidation of graphite fuel

bodies. Rates of oxidation of bonded and loose pyrolytic-carbon-coated

fuel particles by steam also are being determined in laboratory-scale

studies. These out-of-pile studies are designed to supplement some in-

pile oxidation tests being performed concurrently with the laboratory-

scale experiments.

Oxidation of Bonded Coated-Particle Fuel Compacts

Projected fuel element designs include a type in which pyrolytic-

carbon-coated fuel particles are to be bonded by residual binder material

and the bonded bed of particles enclosed in graphite. (Figure 4.5 in
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Section 4.2 shows a bonded-bed compact of the type used in this investi-

gation.) It is anticipated that the coated fuel particles will be pro-

tected to some degree by both the graphite and residual binder material

against oxidation by steam entering the coolant circuit. The steam in

diffusing through the graphite would react, at least in part, with the

graphite, with the result that there would be a reduced partial pressure

of steam and a buildup of reaction products in the gas reaching the bonded

bed of coated particles. The residual binder material could also afford

some protection for the coatings if the binder were more reactive with

steam than the coating. The reduced partial pressure of steam, the re-

tarding effect of reaction products, and the preferential attack of the

binder material could afford substantial protection to the coatings on

the fuel particles against oxidation by steam in such a fuel configura-

tion.

Experimental studies of the oxidation of bonded fuel compacts were

made at temperatures of 1000, 1100, and 1200 C with a partial pressure of

steam of 20 or 150 torr. The bonded fuel compact prepared by Gulf General

Atomic, has a graphite container 0.75 in. in diameter and 1 in. long en-

closing a bonded bed of coated fuel particles 0.45 in. in diameter and

0.65 in. long.1 Rates of reaction of this type of fuel compact with steam

were determined from weight changes and analyses of effluent gases. After

oxidation by steam, the less severely oxidized fuel compacts were split

open by making longitudinal cuts through the graphite wall 180 apart and

prying open the container. Microscopic examinations were performed on

the cleaved sections, and in cases of severe oxidation the loose coated

particles were leached with acid.

Fuel compact FC-5 was oxidized 2 hr at 1000, 1.5 hr at 1100, again

for 2 hr at 1000 C, and finally at 1200 C for 1.5 hr with a partial pres-

sure of steam of 20 torr in all cases. The final burnoff was 13 wt %.

Reaction rates measured at 1000 and 11000C are given in Fig. 4.1. Also

included are rates obtained under similar conditions for solid graphite

cylinders 0.75 in. in diameter and 1 in. long. Reaction rates given for

solid graphite cylinders do not differ greatly from those shown for the

fuel compact. This suggests that oxidation of compact FC-5 was largely

limited to the graphite container, although a similar effect would be
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Fig. 4.1. Rates of Reaction of Fuel Compacts and Graphite Cylinders
with Steam at Various Temperatures.

noted if a significant partial pressure of steam reached the bonded bed

and the reaction rates for the graphite container and residual binder ma-

terial were comparable.

Postoxidation examination suggested that most of the oxidation oc-

curred in the walls of the graphite container, which was in good condi-

tion but showed evidence of attack on the influent end. The cleaved faces

of the bonded bed showed no evidence of attack of the coatings on the fuel

particles, and all examinations of various areas of the bonded bed indi-

cated that no detectable damage to the. coatings occurred. No positive

evidence for oxidation of the bonding material was found.

Fuel compact FC-11 was oxidized for 1 hr with a higher partial pres-

sure of steam, namely 150 torr. A burnoff of 5.5 wt % occurred under

these conditions. A comparison of the reaction rates obtained for com-

pact FC-11 with those found for compact FC-5 at comparable burnoffs at

1100*C showed that a sevenfold increase in partial pressure of steam

caused about a threefold increase in reaction rate. This indicates that

the average apparent order of the reaction with respect to partial pres-

sure of steam is about 0.6 in this pressure range at 1100 C. The general
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appearance of oxidized compact FC-11 after cleavage was very similar to

that of an unoxidized fuel compact. This indicates that no visually de-

tectable oxidation of the graphite container, bonding material, or coat-

ings on the fuel particles occurred at this burnoff.

Fuel compact FC-8 was oxidized at 1100 C for 25 hr with a partial

pressure of steam of 20 torr. This prolonged period of oxidation, which

resulted in a burnoff of approximately 50 wt %, was needed to oxidize the

bonded bed and to attack the coatings on the fuel particles. Reaction

rates obtained for compact FC-8 are in good agreement with those obtained

for compact FC-5 at comparable burnoffs and show the usual increase in

reaction rate with increasing burnoff.

As was anticipated, compact FC-8 was severely damaged. It retained

its original shape, but there was a pile of graphite particles on the

bottom of the reaction tube at the influent end of the compact. The

graphite container, however, was merely a sponge with very little strength

and was sufficiently soft that graphite particles could be easily removed

from the surface. Figure 4.2 shows the compact after part of the graphite

container had been scraped away. The loose coated fuel particles indicate

that most of the bonding material had been oxidized. Examination of the

particles after removal from the graphite container showed that the coat-

ings had been attacked by steam and that some had failed. Leaching of

the particles with acid and subsequent analyses of the leach solution for

uranium and thorium showed that about 0.2% of the coatings had failed.

This is a surprisingly low percentage in view of the extensive oxidation

of the compact. Results from earlier studies2,3 of the oxidation of loose

coated fuel particles showed more damage to the coatings at similar tem-

peratures and partial pressures of steam.

Results from the oxidation studies of the compacts indicate that the

graphite container and probably the bonded bed were quite effective in

protecting the coatings on the fuel particles from attack by steam. De-

structive oxidation of the compact was necessary to produce damaged coat-

ings. It seems probable that at least 20 wt % burnoff of this type of

fuel compact under these conditions of temperature and steam pressure

could occur without any significant damage to the coated fuel particles.
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wt 4

Fig. 4.2. Damaged Fuel Compact FC-8 After Oxidation to 50 wt %
Burnoff by a 25-hr Exposure at 11000 C to Steam at a Pressure of 20 torr.

Serious damage to the graphite container and bonding material probably

would occur, however.

Oxidation of Pyrolytic-Carbon-Coated Fuel
Particles by Water Vapor

One of the advantages of the use of pyrolytic-carbon-coated fuel

particles is the retention of gaseous fission products within the fuel
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particle until the coatings fail. Other fission products (barium, stron-

tium, and cesium) may slowly diffuse through the coatings during extended

operation of the reactor at high temperatures. As indicated in the pre-

ceding section, failure of the coatings and subsequent release of gaseous

fission products into the coolant circuit could result from oxidation of

the coatings by steam following a leak in the steam generator. Bonding

material and graphite surrounding the particles would be expected to af-

ford some protection to the coatings due to partial depletion of steam as

it diffused into the fuel body. As a result, only low partial pressures

of steam might be available for oxidation of the coatings. Rates of

oxidation of the pyrolytic-carbon coatings by low concentrations of water

vapor and possible failure of coatings from such oxidation are factors to

be considered when attempting to analyze the consequences of steam in-

leakage.

In earlier experimental studies,4 several batches of coated fuel

particles were reacted with helium containing 500 to 1000 ppm by volume

of water vapor at temperatures of 1100 to 1400*C in a single-pass system

having a flow rate of 200 cm3 (STP)/min and a total pressure of 1 atm.

Rates of oxidation of the coatings by water vapor were obtained from con-

tinuously recorded weights given by a semimicro balance and from analyses

of effluent gases by a sensitive gas chromatograph. After exposure to

water vapor, the oxidized particles were examined microscopically and

leached with acid to detect failed coatings.

These oxidation studies have been continued with essentially the

same experimental equipment and techniques. Additional batches of pyro-

lytic-carbon-coated fuel particles with different coating structures were

oxidized, and rates of reaction of the various coatings with water vapor

were determined at temperatures of 1100 and 1200 C and a water-vapor con-

centration of 1000 ppm. These studies were performed mainly with a series

of coated fuel particles prepared for irradiation testing in sweep-capsule

experiment A9-9 (Ref. 5). Some coating conditions and properties of the

coated particles are listed in Table 4.1.

Reaction rates obtained for the various batches of coated particles

are also given in Table 4.1. If the rate given for Isotropic 6 particles



Table 4.1. Rates of Reaction of Pyrolytic-Carbon-Coated Fuel Particles with Water Vapora

Batch Deposition Hydrocarbon Coating Oxidation Coating Reaction Coating
.achTemperature Docon Density Temperature Oxidized Rateb Failuresc

Designation ("C) Decomposed (g/cm3) ( C) (wt %) (mg/g-hr) ( )

OR-788d 2000 CH4  2.0 1100 4.9 1.6 2.1
OR-789Cd 1250 C3H6  2.0 1100 40 11 21
OR-789Cd 1250 C3H6  2.0 1200 64 25 31
OR-790Cd 1600 CH4  1.6 1100 16 7.5 0.3
OR-813Rd 2000 CH4  1.75 1100 3.2 2.0 4.0
OR-813Rd 2000 CH4  1.75 1200 15 7.0 13
OR-814Rd 1250 C3H6  1.98 1100 5.1 2.9 5.4
OR-814Rd 1250 C3H6  1.98 1200 13 5.5 8.6
OR-815d 1600 CH4  1.54 1100 15 6.0 3.1
OR-815d 1600 CH4 1.54 1200 43 19 16
Isotropic 6e 2000 CH4  2.00 1100 0.8 0.3 <0.1
Isotropic 6e 2000 CH4  2.00 1200 3.7 0.8 <0.1
OR-689d 1250 C3H6  1.9 1100 7 3.5 0.8
OR-689d 1250 C3H6  1.9 1200 19 7.2 0.8

al00-mg sample exposed for approximately 24 hr to helium containing
1000 ppm by volume of water vapor at flow rate of 200 cm3 (STP)/min.

bReaction rates based on weight of pyrolytic-carbon coating; rates

given for less than 5-wt % burnoff.

cCalculated from quantity of uranium (thorium) in acid leach solu-
tion and total quantity of uranium (thorium) originally present in 100
mg of coated particles.

dSupplied by Metals and Ceramics Division, Oak Ridge National Labo-

ratory. Further details in Ref. 5.

eSupplied by General Atomic Division, General Dynamics Corporation.

Further details given by J. C. Bokros and R. J. Price, Carbon, 4: 441
(1966).

0
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at 1100*C is excluded, the rates obtained for the other batches at this

temperature vary by somewhat less than an order of magnitude; OR-789C

particles gave the highest (11) and OR-788 particles the lowest rates

(1.6). A comparison of the reaction rates with the coating densities in-

dicates that in general the rate increases with decreasing density. A

notable exception is the very high rate found for OR-789C particles. Oxi-

dation rates found for coatings prepared from CH4 and C3 H 6 indicate that

the hydrocarbon used for deposition of the coatings had no consistent ef-

fect on the oxidation rates. The degree of contamination of the coatings

during carbon deposition may have a significant effect on the oxidation

rates. This is a highly variable parameter related to the deposition

furnace environment. Also it is difficult to establish the type and

level of contamination present on the surface and within the coatings.

Plots of weight losses as a function of time at 1200 C are given in

Fig. 4.3 for OR-789C, OR-g13R, OR-814R, and OR-815 particles. These plots

show very clearly the marked differences in rates of carbon removal for
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Fig. 4.3. Time Dependence of the Oxidation of Various Batches of
Coated Fuel Particles by Water Vapor.
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the different coated fuel particles. The weight losses vary nearly lin-

early with time for all batches except OR-789C, which shows a pronounced

increase in rate of removal of carbon with time. However, reaction rates

calculated on the basis of pyrolytic carbon present at any particular

time increase with time or burnoff for all these materials.

Data are included in Table 4.1 which show the percentage of coatings

that failed during exposure of the various batches of coated particles to

water vapor. These values are based on the percentage of uranium and/or

thorium leached by acid after such exposure. In some instances, the long

exposure time combined with high oxidation rates caused extensive oxida-

tion of a large portion of the coating and, as might be expected, large

percentages of coatings failed. Substantial percentages of failures also

were observed at fairly low burnoffs in a number of cases. Isotropic 6,

OR-689, and OR-790C coated particles showed low percentages of failures

at substantial burnoffs, and it appears that burnoffs up to 10 wt % may

be experienced by these coated particles with less than 1% failure of the

coatings. OR-813R and OR-814R particles, on the other hand, showed sub-

stantial percentages of coating failures at burnoffs of approximately 5

wt %. The tendency toward failure of the coatings may be associated with

the type of oxidation that the coating undergoes. A localized type of

attack would produce numerous failures at low burnoff, whereas a more

generalized type of oxidation would give fewer failures at larger burnoffs.

Microscopic examinations did not show any pronounced differences in the

oxidized coatings, however.

Steam-Graphite Reaction

Experimental results were reported previously6 for the oxidation of

various length sleeves of ATJ graphite. Sleeves of virgin graphite, as

well as sleeves of graphite impregnated with barium, were used in these

studies. The effects of burnoff, sleeve length, and barium content on

the reaction rates were examined.

More recently a needle-coke type of graphite (EGCR moderator graph-

ite) was used in the oxidation studies. Hollow and solid cylinders of

dimensions similar to those of the bonded fuel compacts were reacted with
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a steam-helium mixture having a partial pressure of steam of approximately

20 torr and a total pressure of 1 atm. Rates of oxidation were determined

at 1100 and 1200 C with essentially the same experimental techniques as

those described earlier.7 Hollow graphite cylinders that had been impreg-

nated with barium were also oxidized under similar experimental conditions.

Reaction rates obtained at 1100 C, based on either the weights or

geometric surface areas of the various specimens, are given in Fig. 4.4.

A comparison of the rates given for the 1-in. hollow and solid cylinders

shows a significantly lower rate for the solid cylinder when rates are

calculated on a weight basis. This indicates that a substantial portion

of the solid cylinder is not effectively oxidized because of depletion of

steam as it diffuses toward the interior. Better agreement between the

rates for the hollow and solid cylinders results if the rates are calcu-

lated from the geometric surface areas, as may be seen in Fig. 4.4. The
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oxidation is not strictly an outer-surface attack, however. BET surface

area measurements of the oxidized specimens showed that considerable in-

creases in total surface area occurred, and thus attack within the pore

structure to some unknown depth is indicated.

The effect of length of the hollow cylinder on the reaction rate

appears to be small. The rate would be expected to be higher for a

shorter specimen due to depletion of steam and buildup of hydrogen along

the length of the specimen. After oxidation, the 1-in. hollow cylinder

was cut to yield a 0.33-in.-long section of the influent end and a 0.66-

in.-long section of the effluent end. Calculated densities for the two

sections showed that about 4 wt % less carbon per unit length had been

removed from the effluent section than from the influent section. Since

BET surface areas determined for the two sections were about equal, it

appears that only a small axial oxidation gradient was developed for the

1-in. hollow cylinder under these experimental conditions.

Rates of oxidation were also obtained at 1200*C for 1-in.-long hol-

low and solid cylinders. A comparison of reaction rates based on weights

with those calculated from geometric surface areas indicated that the re-

action was also controlled by in-pore diffusion of water vapor, as was

the case at 1100*C. BET surface areas of the oxidized specimens showed

that the reaction occurred to a significant depth in the pores.

Hollow cylinders (0.75 in. OD x 0.45 in. ID x 2 in. long) were im-

pregnated with barium by immersing the graphite in an aqueous solution

of Ba(N03)2 containing tracer quantities of 
133Ba, drying at 125*C, and

then heat treating in dry helium at 1200 or 1400 C. Sections of these

heat-treated specimens were oxidized at 1200 or 1400 C with a partial

pressure of steam of 20 torr and a flow rate of helium of 1500 cm3

(STP)/min. No meaningful rates of oxidation were obtained at either

temperature because most of the steam was consumed due to the very high

reaction rates. Since the rates were higher than those measured for un-

impregnated graphite, it appears that the reaction was catalyzed by barium.

The 0.35-in.-long hollow cylinders of impregnated graphite lost 33 wt %

in 50 min at 1200 C and 49 wt % in 60 min at 1400 C. The general appear-

ance of the oxidized specimens suggested that the oxidation occurred pri-

marily on the geometric surface. This was confirmed by BET surface area
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measurements. The original BET surface area increased by only a factor

of 2 upon oxidation, which is an order of magnitude less than the increase

observed for unimpregnated graphite when oxidized to similar burnoffs.

This suggests that the reaction rate at 1200 C was sufficiently high to

make mass transport of steam through the surface film the rate-control-

ling factor.

Transport of Barium by Helium

Earlier studies6 of the transport of barium and other fission prod-

ucts were performed at a maximum temperature of 1000 C with ATJ graphite

as the source of fission products. In these experiments a silica holder

for the graphite tube and a silica thermal gradient tube for deposition

of transported material were used. More recent studies were made at

temperatures up to 1400*C with a high-temperature furnace and alumina

holders and deposition tubes in place of quartz.

Hollow cylinders (0.75 in. OD x 0.45 in. ID-x 2 in. long) of EGCR

moderator graphite, which had been impregnated with Ba(N0 3)2 containing

tracer quantities of 1 33Ba, were heat treated in dry helium [flow rate

of 1500 cm3 (STP)/min] at 1200 and 1400 C. Sections of these heat-treated

hollow cylinders were oxidized by wet helium having a partial pressure of

steam of 20 torr (see preceding section). Barium was transported from

the graphite specimen to the adjacent wall of the holder in all cases.

A superficial examination of the deposition tubes indicated that very

little, if any, barium was transported to the deposition tube by dry

helium at 1200*C or at either 1200 or 1400*C by wet helium. A significant

quantity of barium was transported to the deposition tube by dry helium

at 1400 C to give a band of barium in a region where the temperature of

the deposition tube was about 1200 to 1300*C. This behavior is different

from that noted earlier6 when barium was transported by dry helium from

an impregnated graphite specimen heated to 1000 C. The graphite speci-

mens used in the earlier work were impregnated with Ba(OH)2 rather than

Ba(N03 )2 solution. These differences in the transport of barium suggest

that different species were involved and that the method of impregnation

may play an important role in the subsequent behavior of the barium.
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The high-temperature furnace employed at present has a heated zone

12 in. long that gives the deposition tube a very steep temperature pro-

file when used at high temperatures. This makes it very difficult to es-

tablish precisely the wall temperatures in the area of deposition. A 60-

in. furnace, which will provide a wide range of linear temperature gradi-

ents at maximum temperatures up to 1300 C, is to be installed shortly.

With this furnace it will be possible to use a deposition tube about 48

in. long and thereby stretch out the temperature gradient considerably.

More precise deposition temperatures for barium and the more volatile

fission products, such as cesium, should be obtained with this equipment.

Conclusions

Oxidation studies of bonded fuel compacts show that the graphite con-

tainer and the bonding material protected the coatings on the fuel parti-

cles. Destructive oxidation of the fuel compact was required to damage

the coatings. It appears that 20 wt % burnoff of this type of fuel com-

pact could occur under accident conditions resulting from a steam-genera-

tor failure without significant damage to the coated fuel particles. Seri-

ous damage to the graphite container and bonding material would result,

however.

Oxidation rates.of different batches of coated fuel particles vary

widely. It has not been possible to correlate these differences in reac-

tion rates with variations in the properties of the coatings on the fuel

particles. The fraction of failed coatings caused by oxidation of the

different batches of coated particles also varies considerably, and again

it has not been possible to explain these differences in terms of coating

properties.

A needle-coke graphite impregnated with barium gave higher reaction

rates with steam than unimpregnated graphite. It appears that barium

catalyzed the reaction. The fact that no barium was found in the depo-

sition tube after oxidation of the impregnated graphite indicated that

barium was not transported by wet helium at temperatures up to 1400 C.

Barium was transported, however, by dry helium at 1400 C.
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4.2 IN-PILE BEHAVIOR OF HTGR FUEL ELEMENTS IN MIXTURES
OF STEAM AND HELIUM

S. H. Freid H. J. deNordwall
B. F. Roberts 0. Sisman

The apparatus used for evaluating the behavior of metal-clad U02

fuel elements under meltdown conditions is being adapted to investigate

the safety of HTGR fuel elements during accidents in which steam enters

the core chamber. The new apparatus will permit rates of reaction be-

tween steam and model fuel elements (Fig. 4.5) to be measured as functions

of burnoff, water concentration, fission-product concentration, radiation

field, and radial temperature gradient. Conditions for the eight experi-

ments planned were chosen to include those thought to be possible in the

Fort St. Vrain Reactor. Fuel elements representing current HTGR practice

will be made by Gulf General Atomic. The ranges of important variables

to be covered are

Fuel element surface temperature, *C 700-1300

Radial temperature gradient in the 100-220
fuel element, *C

Water mole fraction 0.01-0.2

Graphite burnoff, % Up to 25

Mean fission-product concentration, mg 9
of fission product per g of carbon

The fission-product distribution in the fuel specimen will be deter-

mined after the experiment. The radiation field is to be determined by

the other variables, since they fix the position of the capsule in the re-

actor. This is not thought to be too important because thermal reactions

are expected to be dominant in this group of experiments. The mechanical

state of the fuel coating will be continuously monitored by measuring 88Kr

release. Distributions of long-lived fission products outside the model

element are to be determined after each experiment, if any are released.

The new facility will be applied to establishing that a model of the

behavior of an HTGR element in helium and steam can be made that will en-

able reactor designers to assess the number of boiler tube failures that

an HTGR core can tolerate before the fuel element either becomes locally

too weak or loses its particle binder or begins to emit fission products.
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The coated particles were loose in the debris of the graphite case,

which had almost vanished. Broken and pitted coatings were seen. A gas-

release-rate fraction (ratio of release rate to birth rate, R/B) greater

than 5 x 10~3 was estimated. In spite of this, only 4% of the 331I left

the hot zone (>700*C) of the apparatus; it was found within 6 in. Table

4.2 gives the distribution of fission products found.

Table 4.2. Results of In-Pile Oxidation of a Model HTGR Fuel
Element Under Extreme Conditions

Surface temperature: 1050 to 1150*C
Steam concentration: 3 mole %
Exposure period: 52.5 hr in one week
Carbon oxidized: 70%

Fission Products Found (%)a

95 Zr 10 3Ru 12 9Te 1311 1 37 Cs 1 4 0 Ba 1 41 Ce 1 44 Ce

Fission products
found in

Fuel 96.6 100 80.2 81.9 75.8 92.0 83.3 83.7
Th0 2 insulator 3.0 0.0 10.6 5.7 18.5 7.3 15.7 16.7
Zr02 insulator 0.3 0.0 0.1 6.6 4.7 0.5 0.6 0.4
Hot wall 0.1 0.0 5.9 1.5 0.5 0.1 0.4 0.2

Fission products re- 0.0 0.0 3.2 4.3 0.5 0.1 0.0 0.0
leased from high-
temperature zone

. The 12 9 Te, 1 41 Ce, and 14 4 Ce observed total fissions were low by a
factor of between 2.5 and 4. Calculated total fissions were 1.61 x 101;
average observed fissions were 1.58 x 1018 based on 9 5 Zr, 1o 3 Ru, 1 3 11,
1 3 7 Cs, and 1 4 0 Ba. No carbon analysis was performed.

4.3 ENGINEERING-SCALE STEAM-GRAPHITE REACTION STUDIES

F. H. Neill T. S. Kress
E. R. Taylor R. E. Helms

F. C. Zapp

The present engineering-scale steam-graphite reaction experiments

are designed to supplement laboratory-scale experiments described in pre-

ceding Sections 4.1 and 4.2. The engineering-scale experiments are
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designed for investigating the rate-limiting conditions resulting from the

flow patterns in large graphite specimens and extended diffusion paths

within the graphite. An analytical model is being developed to predict

structural damage in reactor cores. The model predictions will be com-

pared with the experimental results.

Engineering-Scale Test Facility

The redesign and fabrication of an existing testing facility to pro-

vide a maximum graphite specimen surface temperature of 1500*C was com-

pleted. Numerous problems were encountered in the design and fabrication

because of the high-temperature requirements combined with a steam atmo-

sphere. The initial design incorporated a high-temperature heat-exchanger

fabricated from ceramic material. However, because of the substantial

development effort required by the vendor before a heat exchanger could

be fabricated, the design was abandoned in favor of a shell and tube unit

using Hastelloy-N (INOR-g) material. Considerable delay was encountered

because of the extended delivery schedule of the other high-temperature

ceramic components.

Assembly and checkout of the instrumentation and the controls were

completed in July. The first operational test was planned as an engi-

neering test of the facility to determine its capabilities, limitations,

and operational characteristics. During the initial phases of this test,,

a rapid depressurization occurred through failure of a pressure seal for

a graphite heater bus bar. As a result of the depressurization, heater

rods were broken, and the ceramic components suffered considerable damage.

The facility was then rebuilt with modifications to prevent a re-

currence of a failure of the bus bar seals and to enhance the assembly

of the components. The second attempt to operate the facility was in

October. Operation was successful up to a temperature of 1600 F, with

power to the test specimen graphite heaters turned off. The heaters were

then turned on and had been energized for less than 4 hr when a failure

was apparent by the loss of current. On disassembly, examination showed

that one heater was completely burned apart (as shown in Fig. 4.6) and

the bus bar heater connection broken. Again, all the ceramic components
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Fig. 4.6. Graphite Heaters from Engineering-Scale Steam-Graphite
Experimental Facility After Preoperational Test. Heater failure occurred
after about 3 hr of operation at approximately 1600*F.

adjacent to the test specimens were severely damaged by what appeared to

be thermal-stress cracking.

Methods for eliminating the ceramic components adjacent to the speci-

men and applying induction heating of the graphite specimen are currently

being studied.

Analytical Studies of Steam-Graphite Reaction

The reactor analyst may wish to calculate the distribution and amount

of attack expected on reactor core graphite structure due to water-vapor

chemical reaction with carbon. Simultaneously he would want an estimate

of the quantity of hydrogen released by the reaction. A mathematical

model devised for these calculations could be quite complex, depending on

its sophistication and calculational procedures. The model should ac-

count in some way for gas-phase transport, chemical reaction kinetics,

and permeation within the depth of the graphite.

A relatively unsophisticated mathematical model has been programmed

for the IBM 360/75 digital computer and given the name "Steamcar."1p It

essentially solves the following steady-state two-dimensional cylindrical-
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coordinant mass-balance equations for water vapor and hydrogen that com-

bine effective diffusion and chemical reaction:

02( + (- =Mx(c1 ,c2 )=i = 1 (water vapor) (1,2(c) (-) i = 2 (hydrogen) (1,2)

where a(c1 ,c2) expresses the chemical reaction consumption of water-vapor

or production of hydrogen.* A commonly accepted expression is used for

the chemical reaction rate:

K1 p1

1 + K2p 2 + K3p1 '

where p1 and p2 are the partial pressures of water-vapor and hydrogen,

respectively, and

K. = K . exp (-E./RT) , j = 1, 2, 3. (3)

Based on the ideal gas equation of state, the reaction rate can be ex-

pressed in terms of concentration to be substituted into Eqs. (1) and (2),

K1 (r,x) c 1(r,x) R1 T(r,x)

1 + K 2 (r,x) c 2(r,x) R2 T(r,x) + K3(r,x) c2 (r,x) R1 T(r,x)

where the coefficients are functions of position because they depend on

temperature, which is allowed to be an arbitrary function of position.

The boundary conditions used with Eqs. (1) and (2) represent no flux

at every boundary, except an interior channel of radius "a" through which

the reactants flow. The boundary value there, ca, is determined by re-

quiring the flux from the channel to the surface to equal the flux cross-

ing the interface,

ac.

h(c - c .) = -De . -- 9 , i = 1, 2. (4)
a aa eff,i or a

*See Nomenclature list at end of this Section for definition of terms.
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The mass-transfer film coefficient, h, is obtained from heat transfer cor-

relations through the heatmass transfer analogy. The radially averaged

concentration in the convective stream, ci, is determined by the Steamcar

program through mass-balance equations made in the channel,

dc. 2h
U 7 +- (c.-c .) =0, i=1, 2 (5,6)
xdx a i

in which U is the bulk mean axial velocity.
x

The effective diffusion coefficient includes Knudsen flow and gas-

eous-phase diffusion:

1 _ 3 + 1
D . 4C v. 4D. '(7

eff,i o i i,g

in which Co and 4 are constants characterizing a given type of graphite.

Representative values1 1 ,1 2 for nuclear-grade graphite are C0 = 1.5 X 10-6

cm and 4 = 0.01. The term containing Vi is the Knudsen flow contribution

in which

1T
Vi =rM.

Except at low pressures, the Knudsen term can usually be neglected.

The binary diffusion coefficient for molecules i diffusing through

a gas g is often expressed by

0.00185T3 /2 1 1 1/2
D. = _-_+-_.

Pco M M.
1g

Steamcar approximates this and replaces Eq. (7) for water vapor by

D = (7.317 x 10-5 T-1/ 2 + 8.403 X 103P T-1.67
eff,l C 4x
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and for hydrogen by

D = 2.187 x 10~4 T-1/2 + 1.449 x 104P T-1.67)
eff,2 C0  4

The Steamcar model represents a reasonable combination of the trans-

port and rate mechanisms active in the convective-diffusive steam-graphite

system. It was purposely made simple by restricting it to the steady-

state two-dimensional cylindrical geometry specifically applicable to the

large-scale steam-graphite facility. The ability of the model to predict

the distribution of attack is to be checked in the experimental program,

as described above. The test piece is to be a large block of AGOT graph-

ite 24 in. long and 3 1/4 in. OD. The demonstration tests scheduled for

the facility are listed in Table 4.3.

Table 4.3. Demonstration Tests To Be Run with AGOT Graphite
in the Large-Scale Steam-Graphite Facility

Reynolds Surface Steam Inlet Steam .
Run Number Temperature Special
No. in of Graphite pessr T ( tr Features

Graphite (0 C) (psig)

1 ~20,000 1000 150 870

2 20,000 1200 150 870 (a)

3 20,000 1 3 0 0 b 150 870

4 20,000 1 3 00b 150 870 (c)

aA local stress concentration will be introduced at one

axial location along the graphite specimen. This may indicate
whether stress concentrations affect the reaction rate.

bDepending on the results of runs 1 and 2, this temperature

may be changed to maximum temperature of test facility.

cThe specimen for this test will be impregnated with barium
and/or strontium, depending on the outcome of impregnation test-

ing now being conducted in laboratory-scale experiments. The
group making these laboratory-scale experiments will determine
the most satisfactory impregnation technique.
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Nomenclature

a = radius of channel through graphite specimen

c1 = water-vapor radially averaged concentration in the
carrier stream at position x

c2 = hydrogen radially averaged concentration in the car-
rier stream at position x

cal = water-vapor concentration at the radius a

ca2 = hydrogen concentration at the radius a

ci = water-vapor concentration at a given position within
the graphite

c2 = hydrogen concentration at a given position within the
graphite

Deff = effective diffusion coefficient

Dig = binary molecular diffusion coefficient

Ej(j = 1,2,3) = activation energies for reaction coefficients

Kj(j = 1,2,3) = chemical reaction coefficients

h = mass transfer film coefficient

Ml = molecular weight of water vapor

M2 = molecular weight of hydrogen

Mg = molecular weight of carrier gas

P = pressure of carrier gas

p1 = partial pressure of water vapor

p2 = partial pressure of hydrogen

r = radial position coordinant

R = universal gas constant

R1 = gas constant for water vapor

R2 = gas constant for hydrogen

T = absolute temperature

Ux = bulk mean axial velocity

x = axial position coordinant

V 2 = Laplacian operator

a = reaction rate expression

V = Knudsen flow term

p = graphite density

a = molecular size parameter

= collision integral
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4.4 HTGR FUEL TESTS IN THE ORR POOLSIDE CAPSULE FACILITY

J. A. Conlin C. L. Segaser

The first HTGR nuclear safety poolside capsule, designated 06-11 and

described previously,13 was installed in the ORR on May 3, 1967 and was

irradiated through June 16, 1967. This capsule was designed for the study

of the release and characterization of fission products from a typical

HTGR fuel undergoing a temperature excursion. The excursion was intended

to represent the consequence of an HTGR loss-of-coolant accident.

Test Description

The capsule incorporated an HTGR-type fuel body, which was purged to

a series of traps designed to characterize and retain all the nongaseous

fission products released from the fuel. The fuel body was to be operated

at typical normal reactor conditions to a heavy-metal burnup of 3 to 5

at. % in the ORR poolside facility. Following this, an accident was to be

simulated by raising the fuel temperature. Two independent sets of traps

were provided; one to be used for the normal and the other for the accident

conditions to permit separation of the normal and accident releases. The

fuel for the first experiment was in the form of pyrolytic-carbon-coated

UC2 particles, from batch GA 338, in a bonded matrix and was supplied by

Gulf General Atomic. This fuel was part of a "standard" batch to be used

for this and other nuclear safety studies to facilitate comparison of re-

sults.

The fuel was bonded in the form of a cylinder around a 1/4-in.-diam

graphite spine. The spine served as a well for a central thermocouple.

The fuel and spine were contained in a cylindrical graphite holder, which

in turn was inside a graphite sleeve. There was a 0.020-in. 'gap between

the graphite fuel holder and the graphite sleeve. This gap was carefully

maintained, even during postirradiation disassembly, to allow determina-

tion of fission products on the inner surface of the sleeve that were de-

posited only by crossing the gas gap.

The desired fuel-graphite interface temperature of 1050 C, with a

corresponding fuel central temperature of 1220 C ("normal" conditions),
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was achieved at a capsule center-line distance of 4.4 in. from the face

of the reactor on May 10. The thermal-neutron flux at the capsule outer

surface, as measured by argon activation in tubes attached to the rear of

the capsule, was 1.80 x 1013 neutrons/cm2.sec. The estimated required

thermal flux at this point was 1.88 x 1013 neutrons/cm2 -sec.

The capsule upper bulkhead heaters were adjusted to obtain the maxi-

mum possible temperature of the sweep-gas effluent tube. The lowest tem-

perature point on the tube was found to be inside the capsule between the

bulkhead and fuel where the tube was at 570 C. The heaters for the fis-

sion-product trap were adjusted to operate the lower traps at 538 C so

that the temperatures of the capsule bulkhead (628 C) and of the sweep-

gas line preceding the trap were higher than those of the trap surfaces.

This temperature distribution was intended to prevent fission products

that were volatile at temperatures above that of the trap from plating

out on cold surfaces prior to reaching the characterizer traps.

Operation was satisfactory until June 1, when a leak developed be-

tween the primary and secondary containment portions of the capsule. The

leak was found to be sensitive to the temperature of the fission-product

sweep-gas outlet line. It was therefore necessary to turn off the trap

and sweep-gas line heaters and to retract the capsule to a position where

the power was about 34% of normal. As a consequence of the leak it be-

came necessary to terminate the experiment.

Prior to termination a modified accident simulation (shorter duration

than desired and without the trap heaters) was made. Thirty-two hours

before the reactor shutdown, the capsule temperature was brought to nor-

mal conditions, 1050*C at the graphite-fuel interface, by changing the

sweep gas to neon and advancing the capsule toward the reactor. Nine

hours before the shutdown the capsule temperatures were raised to the

planned accident conditions, 1450 C in the graphite-fuel interface (1720C

central fuel temperature), by advancing the capsule further toward the

reactor. These conditions were held until the reactor shutdown. The cap-

sule was removed from the reactor June 16. Table 4.4 summarizes the fis-

sion-gas release data taken during the irradiation. The release rate dur-

ing the 9-hr simulated accident had not reached equilibrium.



Table 4.4. Fission-Gas Release During HTGR Nuclear Safety Test
in ORR Poolside Capsule 06-11

Date f Temperature ( C) R/B, Ratio of Release Rate to Birth Rate

Sample Fuel Graphitea 85mKr 7Kr EKr 1 3 5 Xe

5-17- 6 7 b 1230 1050 9.13 x 10-5 1.05 x 10~4 1.51 x 10~4 2.66 x 10-5

6-15- 6 7 c 568 460 3.57 x 10-5 3.58 x 10-5 1.08 x 10~4 1.81 x 10-5

6-15-67d 1720 1450 9.65 x 10-5 6.39 x 10-4 2.37 x 10-5

6-1 5 -6 7e 1720 1450 8.81 x 10~4 4.64 x 10~3 1.34 x 10-3 3.77 x 10-3

aEstimated fuel-graphite interface temperature.
b
Fission-gas release with experiment at "normal" operating condi-

tion.

cGas sample taken immediately before simulated accident.

dGas sample taken after 4.5 hr operation at simulated accident con-
ditions.

eGas sample taken after 6.5 hr operation at simulated accident con-
ditions.

N)
cO
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Postirradiation Evaluation

The internal gas leak that forced early termination of the experiment

was found by postirradiation examination to have been caused by a failed

braze joint in the sweep-gas outlet line immediately ahead of the first

fission-product trap.

A gamma scan (0.55 to 0.75 Mev) of the fueled-graphite assembly showed

a normal pattern (Fig. 4.7). The graphite fuel holder was scanned after

the fuel and spine assembly was removed. The activity peaked very sharply

in the central region of the graphite. The top, middle, and bottom of

the fuel holder were scanned with a 512-channel analyzer. The sean at

the top showed energies related almost entirely to 140Ba-La. The scan of

the central (high-activity) region showed only 1 4 0 Ba-La, while the scan
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at the bottom showed peaks for 141' 14 4 Ce, 140Ba-La, 1 3 2 Te, 1311, and
95Zr-Nb. These scans were made ten days following withdrawal of the cap-

sule from the ORR flux. Therefore, the 12.8-d 1 4 0Ba-La and the 63.3-d

95Zr-Nb activity peaks would have completely overshadowed the 30-y 13 7Cs

peak, despite the fact that the fission yields for all three nuclides are

quite similar. The graphite fuel holder temperature at the point of peak

activity was 1050 C for the normal condition and 1450 C for the accident

condition. The temperatures 1 in. from the lower end of the graphite were

950 and 1320 C for the normal and accident conditions, respectively, and

865 and 1220 C for the normal and accident conditions, respectively, 1 in.

from the upper end.

A gamma scan was made of the graphite sleeve located across the

0.020-in. gap from the graphite fuel holder (Fig. 4.8). There were two

very high peaks over the length of the sleeve superimposed over a back-

ground that tapered at the ends and peaked over the bottom half of the

sleeve. Analyses of the activities were made with the 512-channel analyzer

at four positions, including the two high-activity peaks. The high peaks

were due to 110Ag. The other positions also indicated 110Ag plus possi-

ble 1 3 2 Te, 9 5 Zr-Nb, 65Zn, and 1 4 0 Ba-La. It is likely that the silver ac-

tivity was due to diffusion from silver-soldered joints located upstream

in the sweep-gas lines. The high peaks were adjacent to ends of the ther-

mocouple wells, which were located in the graphite fuel holder. These

wells may, in some unexplained way, such as through a local temperature

perturbation, be responsible for the peaks.

Burnup was calculated from the estimated flux, from fission-product

analyses, and from changes in the 236:235 uranium ratios. All methods

agreed within a few percent and indicated 1 at. % burnup of the heavy

metal.

Fission-product analyses were carried out on the components of the

capsule. These analyses included tests of a sample of the inner surface

of the graphite sleeve, the top end cap of the primary containment vessel,

gas lines, filters, four radial samples of the graphite fuel holder in

the region of highest activity as determined by gamma scans, and the fuel.

Table 4.5 is a summary of the results of the analyses. Most of the fis-

sion products were contained in the fuel. Values for 131I and 10 3 Ru in



Table 4.5. Distribution of Fission Products in Experimental Assembly 06-11

Nuclide Per Component (f)
Assembly Component 1311 132Te 1 0 3Ru 9Sr 140Ba 95Zr 41Ce 144Ce 137Cs

Bonded fuel (a) 115 (a) 100 88 100 99 102 95

Gas-effluent-line samples 0.05 0.04 (b) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.03

Normal-operation filter (b) (b) (b) <0.0001 (b) (b) (b) (b) 0.003
screen

Normal-operation filter <0.01 (b) (b) <0.0001 (b) (b) (b) (b) 0.001
holder

Accident-condition filter (b) (b) (b) <0.0001 <0.0001 (b) (b) (b) (b)
screen

Accident-condition filter (b) (b) (b) (b) <0.0001 (b) (b) (b) (b)
holder

All graphite samplings, <0.001 <0.0001 <0.001 0.05 0.06 0.002 0.03 0.06 0.05
combined results

Absolute filters, combined 0.0001 (b) 0.001 0.0004 <0.0001 <0.0001 0.03
components

aTalues for these nuclides being analyzed.

bBelow limit of detection.

H
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Fig. 4.8. Gamma Scan of the Graphite Sleeve That Was Separated by
a 0.020-in. Gap from the Graphite Fuel Holder in Experiment 06-11.

the fuel are still being studied. While indications are that lower con-

centrations for these were found in the fuel than for the other nuclides,

as reported in Table 4.5, no significant amounts were found in any of the

capsule components other than the fuel.

Visual examination of the bonded fuel bed showed that the outer sur-

face contained numerous cracks; however, examination of an unirradiated

control revealed a similar pattern of cracks, as shown in Fig. 4.9. A

transverse section was taken from near the midlength of the irradiated

fuel and examined metallographically. This section included the central
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graphite spine. Examination of 312 coated particles disclosed no fail-

ures or evidence of potential failures. In fact, there was no microstruc-

tural evidence that indicated any radiation damage. There was little

evidence that the binder had wetted the pyrolytic-carbon coatings; numerous

PHOTO 90247

-\ Y i '" ft"1r

(b)

Fig. 4.9. Portion of the Outer Surface of the Bonded-Bed Fuel Stick
from Capsule 06-11. (a) Before and (b) after irradiation.
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shrinkage cracks were present throughout the binder matrix. A radial

panorama from the transverse section is shown in Fig. 4.10. The cracks

extended to the surface of the fuel stick and usually encircled the coated

particles. The only other microstructural detail worthy of note was that

two coated particles (<l%) were found that had inadequate buffer coatings;

typical and unusual particles are shown in Fig. 4.11.

A calculation showed the average thermal conductivity of the bonded

fuel bed to be 2.41 Btu/hr-OF-ft. The operating conditions considered in

the calculation were the measured fuel central temperature, the tempera-

ture in the surrounding graphite body, and the estimated linear heat rate

of 5.8 kw/ft in the fuel. The thermocouple in the graphite outer fuel

holder was at a finite distance from the surface of the fuel, and correc-

tions were made to allow for the temperature drop in the graphite and

across the fuel-to-graphite interface. Table 4.6 lists the values used

in the calculation. The linear heat rate of 5.8 kw/ft was estimated to

be correct within 15%. To achieve 5.8 kw/ft the estimated required ther-

mal-neutron flux at the argon flux monitor was 1.88 X 1013 neutrons/cm2.sec;

it was measured to be 1.80 neutrons/cm2 -sec. Also, preliminary results

Table 4.6. Values Used for Calculation of Fuel Stick
Thermal Conductivity

Fuel bed
Outside diameter, in. 0.450
Inside diameter, in. 0.250
Heat rate in fuel stick, kw/ft 5.8

Graphite outer fuel holder
Radial location of graphite thermocouple, in. 0.367

Thermal conductivity, Btu/hrft.F 20
Gamma heat in graphite, w/g 0.7

Temperatures
Fuel center line (measured), OF 2246
Graphite outer fuel holder (measured), OF 1850
Graphite outer fuel holder inner surface 1920
(calculated), F

Fuel stick outer surface (calculated), OF 1940

Thermal conductivity of bonded fuel (calcu- 2.41
lated), Btu/hr-OF-ft
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of radiochemical analysis of various fission products were in general in

good agreement with the measured flux.

Conclusions

The analysis and evaluation of data from this experiment are still

incomplete, so firm conclusions cannot be drawn at this time. Moreover,

since the irradiation was cut short by the occurrence of a leak in the

primary containment vessel, the burnup achieved by the fuel was only about

1 at. %, or a small fraction of the burnup expected in an HTGR power re-

actor. However, from the results in Table 4.5, it can be tentatively con-

cluded, for low burnup at least, that only a small fraction (less than

10-3) of the solid fission products will be released from an HTGR fuel

element that is operated near the maximum temperatures expected in the

Fort St. Vrain Reactor and then experiences a temperature excursion to

1700 C for several hours.

The amounts of fission products found distributed in and on the

capsule component surfaces were too small and the uncertainty too great

to permit realistic comparison with any of the fission-product release

or transport models.

4.5 THERMODYNAMIC AND TRANSPORT PROPERTIES OF
FISSION PRODUCTS

A. P. Malinauskas

In order to determine the migration characteristics of gaseous spe-

cies as they occur in both normal and accident modes of nuclear reactor

operation, it is necessary to specify, in a detailed manner, the thermo-

dynamic properties, as well as the transport characteristics, of the spe-

cies under the postulated conditions. As an example, the amount of a

given fission product that can be released during a temperature excursion

is determined by the thermodynamic properties of the species (chemical

form, vapor pressure), whereas the actual extent of release is more prop-

erly dependent on its transport characteristics (diffusion coefficient).
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Thus the release and, indeed, the ultimate fate, of a given gasborne fis-

sion product is the result of a combination of its thermodynamic and

transport behavior. Knowledge of these characteristics might also be

helpful in the investigation of fission products released under experi-

mental conditions.

The program of investigation reported here reflects, to some extent,

both the thermodynamic and transport property aspects of fission-product

migration. In the first part of the program an attempt is being made to

determine the volatilities of various possible fission products under dry

and moist atmospheric conditions, whereas the second part of the program

is concerned with the employment of deposition tubes as possible tools

for use in the characterization of fission-product species.

Effect of Water Vapor on the Volatility of
Fission-Product Oxides

It has become increasingly evident over the past few years that the

presence of water vapor causes enhancement in the vapor pressure of a

rather broad class of oxides. However, the underlying mechanism has not

been established, although sufficient evidence has been presented in sup-

port of the chemical reaction,

Oxide (solid) + H20 (gas) = hydroxide (gas) , (1)

proposed to account for the observed enhancement.

The studies conducted in this regard during the past year have con-

cerned TeO2. In accordance with Eq. (1), this compound should display a

volatility enhancement in the presence of water vapor as the result of

the chemical reaction

TeO2(s) + H20(g) = TeO(OH)2(g) , (2)

if a one-to-one correspondence is assumed for TeO2 and H20. On the basis

of this reaction, the apparent vapor pressure, pTeO2' of TeO2 at a given

temperature should vary linearly with water-vapor pressure, pH 20; thus

TeO2 pPH20 + +TeO 2 '
(3)
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where pTeO2 represents the vapor pressure of TeO2 under dry conditions

(pH20 = 0) and K is the equilibrium constant characteristic of Eq. (2).

Although studies involving this system had already been reported in

the literature,14 in which the linear relationship of Eq. (3) had been

verified, it appeared worthwhile to duplicate some of the experiments.

Accordingly, the transpiration apparatus sketched in Fig. 4.12 was con-

structed and a rather extensive series of experiments was performed at

955*K.

The transpiration or mass-transport method of vapor-pressure deter-

mination involves saturating a carrier gas with the material under inves-

tigation in one region of the apparatus, transporting it in this manner

to another region where the vaporized species is removed from the carrier,

and then determining the amount transported by some suitable means. Oxy-

gen 'was chosen as the carrier gas in the present investigations. As is

illustrated in Fig. 4.12, the gas was first saturated with water vapor

at a predetermined vapor pressure and the mixture brought into contact

with a loosely compacted bed of TeO2 in a resistance-heated furnace. The
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carrier gas was subsequently stripped of its additives by passing it down

a quartz tube, along which was maintained a temperature gradient such

that the Te02 was deposited, and then through a dry-ice-cooled condenser.

The amounts of Te02 and H20 that saturated the carrier gas were de-

termined gravimetrically. These measurements, in addition to the amount

of 02 employed and the total pressure of the system (which is almost

equal to atmospheric pressure), were sufficient to calculate both pH2O

and p

At 955 K, the data of Glemser, Haeseler, and Muller1 4 indicate that

the linear relationship between the apparent vapor pressure and the vapor

pressure of water is given by

pTe2 = 2.98 x 10-4 p + 0.0259 , (4a)

where the vapor pressures are in torr. The present investigations, on

the other hand, yield

pTe02 = 2.21 x 10-4 H20+ 0.0283 . (4b)

In both cases the range of water-vapor pressure is from 0 to about 1 atm.

Although the temperature corrections required to reduce the present data

to 955 K had been made in an approximate manner and are therefore subject

to modification, the magnitudes involved are sufficiently small that Eq.

(4b) will not be altered materially by subsequent studies of the tempera-

ture dependence of Kp.

It is interesting to note that a recent survey of vapor-pressure

measurements of Te0 2 under dry conditions suggests a temperature dependence

given by

log1 0 pTe0 2 = -(13.179 0.079)(10 3 /T) + (12.2750 0.0864) , (5)

in which the temperature T is given in K and p is in torr. At 955 K,

the vapor pressure of Te02, on the basis of Eq. (5), amounts to 0.0299

torr. This value is to be compared with the intercepts of Eqs. (4). In

view of the mutual errors involved, all three values are in excellent
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agreement. The present data do not demonstrate as strong a dependence

on water-vapor pressure as the data of the previous work, however, and

this facet will be explored further at other temperatures.

Fission-Product Deposition Characteristics
in Thermal Gradients

Considerable interest has recently been focused on the possible em-

ployment of thermal-gradient tubes in studies related to the identifica-

tion and characterization of gaseous fission-product species. The method,

first advanced by Castleman, Tang, and Munkelwitz,15 takes advantage of

vapor-pressure differences to effect separation of a multicomponent gas

mixture by passing the mixture down a tube along which a temperature gra-

dient is maintained.

As a typical case, the experimental procedure entails passing a car-

rier gas over a solid sample in such a manner that either the gas is not

saturated with the vapor in equilibrium with the sample or that equilib-

rium between the vapor and solid is not attained. As a result, the vapor

carried by the gas is characteristic of the equilibrium vapor pressure of

the solid at a temperature Td, which is less than that at its origin. If

the mixture is passed down a tube in which the temperature is gradually

decreased, deposition of the vapor will begin only when the temperature

of the tube is Td. In a mixture of vapors, all of which emanate from

their solids at the same temperature, separation can therefore be achieved

on the basis of the different deposition temperatures Td that are charac-

teristic of the individual components. In addition, the deposition pro-

file displayed by a particular component under a given set of temperature

and flow conditions is governed by both its transport and thermodynamic

characteristics, so an examination of such profiles can, in principle,

yield thermodynamic and transport property data as well.

The purpose of the current activities in this area is to provide

theoretical support for the experimental studies of barium transport de-

scribed in Section 4.1. This work primarily involves the examination of

mathematical models, some of which have already been developed,15 that

describe the processes of importance.
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The essential features of data obtained from the thermal-gradient

method can be most easily presented from the consideration of a model in

which only the thermodynamic aspects are taken into account. In this

model, it is assumed that thermodynamic equilibrium prevails throughout,

except that the vapor carried away by the sweep gas at a temperature To

is not in equilibrium with its solid phase (this can be accomplished, for

example, by separating the solid and the sweep gas with a porous barrier).

If supersaturation of the carrier with vapor prior to deposition of the

latter can be neglected and deposition is simply a condensation mechanism,

the deposit first appears at that temperature Td at which the molecular

density begins to obey the Clapeyron equation

T
n = n0  d exp [-AH(Td - T)/RTdT} , (6)

T

where n0 represents the molecular density at the temperature T, R is the

gas constant, and AH is the heat of sublimation of the condensing species.

In this particular case, thermodynamic equilibrium throughout implies

steady-state conditions as well, and f, the fraction of material deposited

per unit length of tube measured relative to the amount of material enter-

ing the tube, is given by the expression

x A dT

f= - (l -x) --- , (7)
x0 RT2  dz

in which -dT/dz is the thermal gradient along the tube, and x0 and x de-

note the mole fractions of vapor at the point of origin (i.e., at To) and

at temperature T along the tube, respectively. Equation (7) can be fur-

ther simplified if the depositing species is present in trace amounts

(x << 1) and variations in total pressure are negligible; thus

T AH T
f = - - exp[-AlH( T - T)/RTdT . (S)

To RT2 azdd

The deposition profile for TeO2, which is shown in Fig. 4.13, was

calculated from Eq. (8) by considering the following experiment. A sweep
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Fig. 4.13. Deposition Profile for TeO2 .

gas was passed over the solid at 700 K in such a manner that only 50% of

the equilibrium vapor pressure of TeO2 was attained. The resultant gas

mixture was then passed down a thermal-gradient tube in which the tempera-

ture was reduced by one degree per millimeter. As shown in Fig. 4.13,

deposition begins in an abrupt manner at about 689 K, after which the

fraction deposited drops exponentially. Although a consideration of

diffusive effects would yield a dependence of f on the flow rate of the

carrier gas and would tend to compress the ordinate and extend, in a

sense, the abscissa, this simplified model nonetheless displays both the

abrupt onset of deposition and exponential decay that are typical of the

experimental data.
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5.1 INTRODUCTION

Molten-salt breeder reactors (MSBR)1 utilize fluid fuel systems oper-

ating at high temperatures and low pressures and operate integrally with

a fuel-processing plant. Other parts of the plant involve an off-gas sys-

tem, an intermediate coolant-salt circuit, and a supercritical steam

cycle. Safety studies of these MSBR systems assist in determining reac-

tor designs that satisfy both economic and safety criteria. Since a num-

ber of systems are involved, many factors need to be included in these

studies so that safety criteria are established that adequately reflect

the characteristics of MSBR systems. Previously, little quantitative ef-

fort was associated with safety aspects of such systems, and this is the

first time such studies are reported as part of the Safety Program.

The scope of MSBR safety studies includes design, analytical, and

experimental work associated with establishing and specifying responsible

and realistic safety criteria. Since reactor design and safety are nec-

essarily interrelated, present studies are associated with developing in-

formation useful in establishing both safety and design criteria. During

the past six months, emphasis has been placed on calculation of MSBR re-

activity coefficients, stability analysis of MSBR systems, the time-de-

pendent response of these systems to reactivity changes, experimental

determination of fission-product behavior, compatibility studies of fuel

and coolant salt, and calculation of afterheat generation associated with

deposition of fission products. These studies indicate that MSBR systems

have inherent safety and stability characteristics, that fission-product

behavior can significantly influence emergency cooling requirements, and

that coolant and fuel salt appear to be compatible.

5.2 MSBR DYNAMIC STUD IES

0. W. Burke F. H. Clark T. W. Kerlin

Reactor System Response to Reactivity Changes

Analog computer studies of the MSBR system were initiated during the

past six months. These studies will form the basis for determination of
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a suitable control system and will help determine the safety requirements

of the plant. The basic approach is first to simulate, in as great de-

tail as possible, the various individual subsystems so as to determine

the behavior of these subsystems during postulated transient conditions.

The results will then be used to judge the validity of simpler models so

that the entire plant can be more readily simulated. Thus far simulation

studies were made of the kinetic model of the reactor, including treat-

ment of delayed neutrons in a circulating-fuel reactor. Studies were

also made on a model of the steam superheater.

The point reactor kinetics involve the following equations for pre-

cursors, Ci, and power, P, as a function of time, t:

d- P(t) = p A - P(t) +L A.c.(t)

L
d p. P(t) C.(t) e L

-C(t) = A.C(t) - + Ci(t-TiL) ,
c c

where Tc is the core transit time for the liquid fuel, TL is the transit

time of fuel outside the core, A is the prompt-neutron lifetime, p is re-

activity, Pi is the delayed-neutron fraction of ith delayed-neutron group,

= 5Z, p, and A. is the decay constant associated with the ith delayed-
i 1 1

neutron group. The occurrence of the term C (t - tL) required a trans-

port-lag device for each of the six delay groups. There are only two

such devices available on the ORNL analog computer; thus, two approximate

methods were considered.

1. The six groups were reduced to two effective groups by use of

the method of Cohen and Skinner.2

2. The lag term of the two groups with shortest time constants was

neglected, and for the two groups having the longest time constants the

lag terms were approximated by

6C.

C.(t - T )aC.(t) - i .

The two other delay groups were treated with the transport-lag devices.
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In tests of response to reactivity input the two models showed es-

sentially the same results, as illustrated in Figs. 5.1 and 5.2; these

results are for a step reactivity input of 0.000746 with the reactor

initially at design power. In general it appears that for tests where

the main emphasis is on reactor kinetic behavior, coupling to the rest

of the system can be abbreviated, and model 2 can be used. Where whole-

system behavior is to be studied and analog equipment is at a premium,

model 1 is preferred.

For model 1 the response to a pump coastdown was approximated by re-

ducing the fuel-salt inventory from design value to 10% of this value with
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Fig. 5.1. MSBR Dynamic Response to a Step Reactivity Input with
Treatment of Delayed Neutrons by Method 1. Run 4A.
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Fig. 5.2. MSBR Dynamic Response to a Step Reactivity Input with
Treatment of Delayed Neutrons by Method 2. Run 16.

a 6.5-sec time constant. Figure 5.3 gives the results obtained, which

show that the reactor responded in a desirable manner. If, after the

pump coastdown, the fluid flow were speeded up to the design value, again

with a 6.5-sec time constant, the response would be that given in Fig.

5.4. As shown, the MSBR system responded smoothly without difficulties.

Starting from design operating conditions, calculations were also

made with the coolant inlet temperature to the heat exchanger increased

from 850 to 1100*F at a rate of 25*F/sec. New equilibrium conditions

were reached within about 10 sec following the coolant temperature change.

This equilibrium condition was then used as an initial condition, and

the coolant inlet temperature to the heat exchanger was decreased from
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1100 to about 85 0 F at a rate of 25 F/sec. Again the power closely fol-

lowed the load signal without difficulty.

Considerable effort was made to obtain the dynamic response of the

steam generator operating under supercritical water conditions. The

equations considered were

ap

- + - (pv) = 0 ,

at ax

ae ae

- + V - = -HA(O - T)

at ax

a(ph) a
+ - (phv) = HA( - T) ,

at ax

av av ap

p - + pv - = -K - - F(x) ,
at ax ax

where the equations of state are

p = p(p,h) ,

T = T(p,h)

In these expressions

p = steam density,

v = steam velocity,

h = steam enthalpy,

p = steam pressure,

T = steam temperature,

6 = salt temperature,

V = salt velocity,

HA = heat transfer coefficient,

F(x) = friction loss per unit length.

For the outlet steam pressure to respond realistically to downstream con-

ditions, it is necessary to set up the model as a boundary-value problem.
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However, the analog equipment available is suitable only for the steady-

state solution of boundary-value problems. If the closed-loop response

of the system is sufficiently fast, there should be a useful range of

dynamic problems over which acceptable solutions can be obtained with

present equipment. The model has been set up on the analog computer, but

the present program has not been completely debugged.

Reactor System Stability Studies

Stability analysis was applied to the MSBR system to (1) determine

the inherent dynamic features of the uncontrolled system, (2) provide

data to aid in designing the control system, and (3) provide information

on the sensitivity of the stability of the system to design changes. All

components of the system (heat exchangers, boilers, etc.) were represented

by analytical expressions approximating their behavior.

Model

The general model for the system consists of a set of coupled non-

linear differential equations with time and position within each sub-

system as independent variables. The approach in the present study was

to linearize the equations and to treat the position dependence by lump-

ing each subsystem into space nodes.

The method employed is similar to that used in the MSRE dynamic analy-

sis.3  The adequacy of this approach for the MSRE was verified experi-

mentally in a series of dynamic tests.4 This experience suggests that a

similar approach is appropriate for the MSBR.

The linearized, nodal model has the following form:

---=Ax+d+f,
dt

where

x = the solution vector, whose components are the dependent variables
such as nuclear power, precursor concentrations, and temperatures,

t = time,
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A = a matrix of constant coefficients,

d = a vector of pure time-delay terms,

f = a vector of external forcing functions.

The time-delay vector is included to account for transport delays due to

fluid transit from one subsystem to another. A typical equation for de-

pendent variable xi would be

dx.

a. x +a.x + ... + r.x (t -T.1)
dt li j. 12 2 11 j. 11

+ r. x (t - T. ) + ... + f .122 12 1

The quantities T represent the time lag incurred in the influence of

variable j on the differential equation for xi. The neutronics model is

a point kinetics model with six precursor groups and explicit treatment

of the circulation effect on the precursor contribution.3

The overall heat transfer model currently includes fuel and fertile

streams in the core, fuel, and fertile-salt heat exchangers, and the salt

side of the boiler and reheater. The heat removal from the boiler and

reheater is currently handled by a simple power-removal term. This power-

removal term may be treated as a constant or an external perturbation on

the system.

The current stability analysis model is shown in Fig. 5.5. There

are 27 nodes and 9 transport delays. There is also an equation for the

nuclear power and there are six equations for the precursors (each with

a time-delay term). This gives a total of 34 coupled first-order linear

differential equations with 15 time delays.

The analytical model used for the nodes in the MSBR is described in

Ref. 3. Most of the parameters required for the coefficients in the equa-

tions were obtained from the MSBR design study report.1 The core con-

sidered in the dynamic study is a 556-Mw(t) [250-Mw(e)] module of a 1000-

Mw(e) plant. The core design used in this study consisted of hexagonal

graphite blocks with three upflow channels and one central downflow chan-

nel for fuel passage through the core. The upflow channels were 7/8 in.
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Fig. 5.5. Nodal Model Used in MSBR Stability Studies.

in diameter and the downflow channel was 1 1/2 in. in diameter. The fer-

tile salt flows through gaps between the graphite blocks.

Method of Analysis

The analysis is being performed with general-purpose digital computer

codes developed in the MSRE study. The first step is a frequency-response

analysis made with the SFR-3 code,5 which computes the vector of frequency

responses; this vector relates each dependent variable to the selected

input perturbation. By computing the "frequency response" for a complex

argument rather than a purely imaginary argument, as is usually done,

the three-dimensional surface of the gain of the transfer function, IG(s)I,

can be obtained as a function of the real and imaginary parts of s. The

location of the poles is indicated by infinite resonance peaks in the

three-dimensional surface. The second step is a calculation of the time
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response of the linearized system with the MATEXP code. 6 This code op-

erates with the same basic input as SFR-3. The linear equations limit

this analysis to small perturbations.

The SFR-3 and MATEXP codes can automatically compute the sensitivity

of the solution to changes in the basic system parameters. This provides

data that may be used in evaluating the effects of subsequent design

changes on dynamic performance and which helps in determining the under-

lying physical causes for the calculated performance of the system.

Results

The analysis showed that the poles all have negative real parts and

indicated that the MSBR system is inherently stable. The approximate

values for the dominant poles (those closest to the imaginary axis) are

1 = -0.02 ,

72 = -0.04 ,

A3= -0.06 0.04 j

The frequency responses relating reactor power to reactivity input for

the full-power reactor are shown in Figs. 5.6 and 5.7, which also illus-

trate that the MSBR system is stable.
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Fig. 5.6. Gain of P/Ap Frequency Response of the MSBR.
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5.3 MSBR TEMPERATURE COEFFICIENTS OF REACTIVITY

0. L. Smith

Isothermal temperature coefficients of reactivity were

for the MSBR over the temperature range from 800 to 1000 K.

cients are nearly constant over this temperature range, and

lated values are given in Table 5.1.

calculated

The coeffi-

their calcu-

Table 5.1. MSBR Temperature
Coefficients of Reactivity

Coefficient
1 dk

Component k dT

(OK-1)

Moderator +1.66 X 10-5
Fertile salt +2.05 x 10-5
Fuel salt -8.05 x 10-5

Overall -4.34 x 10-5

ORNL-DWG 68-306

-- 0 0

w 0

-40

-80

-420
4C0-3 40-2

Fig. 5.7.
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The moderator coefficient comes almost entirely from changes in

spectrum-averaged cross sections with temperature. The fertile-salt re-

activity coefficient comprises a strong positive component due to salt

expansion (and hence reduction in the number of fertile atoms per unit

core volume) and an appreciable negative component due to temperature

dependence of the effective resonance-absorption cross sections. Thus

the overall coefficient, although positive, is less than one-half as

large as that due to salt expansion alone. The fuel-salt coefficient

comes mainly from volume expansion of the salt, which of course reduces

the average density of fuel in the core. Even if all core components

should undergo equal temperature changes, the fuel-salt coefficient domi-

nates; and in transients in which the fuel temperature change is far

larger than that of the other components, the fuel coefficient is even

more controlling.

5.4 FISSION-PRODUCT BEHAVIOR IN MOLTEN-SALT REACTORS

Fission-Product Concentrations in the MSRE

S. S. Kirslis F. F. Blankenship

Experimental determination of fission-product behavior involves de-

velopment of proper sampling methods. Evidence that could be interpreted

as indicating the presence of highly corrosive volatile fission-product

fluorides has persistently been encountered in the pump bowl of the MSRE.

Concern about the origin and destination of these fission products (noble

metals, largely) and the possible hazards therefrom has led to extensive

sampling tests in the pump bowl.

Recently there was a suspicion that the metal ladle usually used for

sampling fuel might have been contaminated with offending fission products

by passing through the gas phase while dipping up a sample. This would

lead to erroneously high results for the noble-metal content of the fuel.

Accordingly, the fuel was sampled with a capsule having a freeze valve

that melted underneath the surface of the liquid and captured a sample of
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salt that could be analyzed without interference from gas-phase contami-

nation.

The suspicions were confirmed. Radiochemical analyses of the ac-

tivities inside the freeze-valve capsule indicated that the salt contained

only one-thirtieth of the 99Mo, one-tenth of the 132 Te, one-fiftieth of

the 10 3 Ru, and one-tenth of the 106Ru found in samples taken by the usual

ladling procedure. The concentrations of 9 9Mo and 132Te were only 1.6

and 0.7%, respectively, of the theoretical concentrations if none of the

activities had left the fuel-salt phase. On the other hand, the concen-

trations of 95 Zr, 89Sr, 1 43Ce, 147 Nd, and 14 0Ba were in good agreement

with those found by the ladling method and with theoretical concentrations.

Stability of Molybdenum Fluorides in LiF-BeF2 Melts

C. F. Weaver H. A. Friedman

A study of the chemistry of the fluorides of molybdenum is proceed-

ing in an attempt to gain an understanding of fission-product behavior

in molten-salt reactors. The current investigation included the prepa-

ration of these compounds in a pure state and the study of their chemical

reactions and disproportionations in the presence of fuel and container

materials. Current results of experiments with MoF3 show that this com-

pound is stable in a melt of LiF-BeF2 (66-34 mole %) at 500C but dis-

proportionates according to the reaction

2MoF3 = MoF6 + Moo

at 700 C.

This conclusion is based on experiments in which an LiF-BeF2 melt

containing 700 ppm as MoF3 remained at constant composition in a copper

vessel for 30 hr at 500 C in a stream of helium. At 700 C, the concen-

tration of molybdenum in the melt was observed to drop steadily to ap-

proximately 19 ppm in 22 hr. Spectroscopic analysis of the melt indi-

cated that fluorination of copper did not occur. This confirmed that

the disappearance of MoF3 at 700 C was the result of disproportionation.
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5.5 MOLTEN-SALT COMPATIBILITY STUDIES

C. J. Barton L. 0. Gilpatrick

In a single-fluid MSBR, the fuel salt would contain a mixture of

LiF, BeF2, UF4, and ThF4. If a leak occurred in the primary heat ex-

changer, coolant salt would mix with fuel salt. The coolant salt pres-

ently being considered is largely sodium fluoroborate. To study compat-

ibility between this fuel and coolant salts, a limited investigation of

NaBF4-BULT4 (65 LiF-30 BeF2-1 UF4-4 ThF4 mole %) mixtures was made to

determine whether liquidus temperatures high enough to cause precipita-

tion of solid phases might result from mixing of these materials.

Two mixtures were prepared: one contained 10 wt % BULT4 and 90 wt %
NaBF4 and the other contained 10 wt % NaBF4 and 90% BULT4. Differential

temperature analysis (DTA) and gradient quenching experiments were per-

formed with these mixtures. No evidence was found of the two-liquid-

phase formation reported by Bamberger and Young* with similar but not

identical mixtures. The validity of their observations, which suggest

that two-liquid-phase formation may very well occur over the range of

compositions covered by this investigation, is not questioned, but it is

evident that DTA and quenching techniques were not suitable for revealing

the occurrence of this phenomenon. The results obtained showed no evi-

dence of solid-phase separation at temperatures associated with reactor

operating conditions.

5.6 AFTERHEAT GENERATION IN AN MSBR SYSTEM

J. R. Tallackson R. J. Kedl
D. Scott

Deposition of fission products in the MSBR primary heat exchanger

could lead to significant heat generation that would affect equipment

temperatures following drainage of fuel salt from the reactor fuel loop.

This afterheat would be generated7 by noble-metal fission products

*Oak Ridge National Laboratory, Reactor Chemistry Division, personal

communication.
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(molybdenum, niobium, ruthenium, etc.) plated out on metal and graphite

surfaces. In addition, gaseous fission products could diffuse into the

core graphite. Afterheat temperatures would be of consequence only in

the primary heat exchanger and in the reactor core, where internal sur-

face areas and graphite volumes are large compared with the heat-dissi-

pating area.

Afterheat Generation in an MSBR Fuel-Loop Heat Exchanger

Preliminary analyses were performed to define the scope and severity

of the afterheat temperature problem in the primary heat exchanger. A

"worst case" calculation, based on the present MSBR primary heat exchanger

concept and the assumption that 100% of the noble-metal fission products

would plate out uniformly on the internal surfaces exposed to the fuel

salt, indicated that excessively high internal temperatures may develop

in the fuel heat exchanger. The computation considered saturation-level

concentrations of all decay-heat producers and led to 1.6 X 107 Btu/hr

(469 kw) generated uniformly on the inner surfaces of the heat exchanger

tubes. This, in turn, is equivalent to an initial heat-generation rate

immediately after shutdown of 14 Btu/hr-ft of tube (0.134 w/cm of tube).

It was also assumed for the analysis that the heat exchanger was com-

pletely drained of both fuel and coolant salts and that all the after-

heat was transferred radially by thermal radiation; no credit was taken

for conductive or convective transfer.

With these assumptions a peak internal tube temperature of 4300F

(2371 c) was calculated by using a 0.3 value for the emissivity of all

radiating surfaces. The calculation indicated that the present heat ex-

changer concept will require additional cooling for approximately 75 days

after shutdown if peak temperatures are to be held to acceptable values

for the stated conditions. A similar analysis for estimating peak tem-

peratures within the reactor core is in progress.

Afterheat Generation in Graphite Due to Fission-
Product Gases and Their Decay Products

The afterheat generation in the core graphite of an MSBR due to

noble-gas fission products and their daughters was estimated as a function
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of 1 3 5Xe poison fraction and time after reactor shutdown. The results

are shown in Fig. 5.8, with xenon poison fraction and time of reactor

operation as parameters. As shown for the reference MSBR operating con-

ditions (0.53% xenon poison fraction), the afterheat generated in the

graphite is nearly the same for several days following reactor shutdown,

independent of whether the reactor operated one year or ten years prior

to shutdown. The amount of energy to be removed from the graphite due

to xenon and krypton diffusion into it is about 1 Mw initially at a xenon

poison fraction of 1.4%, but this decreases to approximately 0.1 Mw about

10 hr after reactor shutdown.

(46.7 hr
ORNL-DWG 68-307
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Fig. 5.8. Afterheat Contribution by Noble Gases and Their Daughters
Absorbed by Graphite in MSBR Core [556 Mw(t)].

5.7 CALCULATION OF FISSION-PRODUCT BUILDUP IN AN MSBR

J. P. Nichols

A computer program is being developed to calculate the concentra-

tion of nuclides as a function of position and time in an MSBR system,
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with physical behavior of the nuclides as a parameter. The program will

be useful for determining conditions that can lead to radiological haz-

ards and also to thermal hot spots.

The concentrations of nuclides in a fluid reactor system can change

due to nuclear transmutation (fission, decay, and neutron absorption) and

to mass transport (bulk flow, corrosion, deposition, resuspension, and

diffusion). These processes are considered in the present program. In

the associated calculations, the neutron flux is assumed to be constant

in a region over a finite time interval. Thus the governing equations

are a system of ordinary first-order linear differential equations with

constant coefficients over finite time intervals.

The matrix of coefficients for the system will be generated by a

subsidiary library program that contains the first-order rate constants

for transmutation and transport phenomena. The library program, which

associates rate constants with each nuclide and its location in the re-

actor system, considers atomic number, mass number, isomeric state, and

region as variables. Typical regions would concern the fissile salt

within the core, the graphite, the salt in the piping leading to the heat

exchanger, the inner walls of the pipe, and vessels in the fuel-process-

ing plant.

The number of equations in the system is the product of the number

of nuclides and the number of regions. The number of nuclides of poten-

rial interest is about 650, including about 500 fission products, about

50 actinides, and about 100 nuclides normally present in the salt or ma-

terials of construction plus their activation products. It is hoped that

about 15 regions can be accommodated in the program; the resulting sys-

tem will have about 10,000 equations.

Compilation of nuclear transmutation constants for the library pro-

gram is about 75% complete. All nuclides of interest are permitted two

level states. Negatron, positron, electron capture, and internal transi-

tion types of decay are permitted for fission products. The library

contains fission yields from five fuels (2 3 3u, 235U, 
232 Th, 238U, and

2 3 9 PQ). Three-group representation of cross sections is permitted: ther-

mal cross sections averaged over a Maxwellian distribution, a resonance
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integral averaged over a l/E distribution, and a high-energy cross sec-

tion averaged over a fission spectrum. The specific energy generation

of fission products is calculated by taking into consideration known beta-

energy spectra.

An initial version of the arithmetical portion of the program was

completed. This subprogram, entitled MATBAL, solves a system of ordinary

first-order linear differential equations by a series technique. Addi-

tional work is required to speed up the computation and to provide for

handling up to 10,000 equations on the IBM 360/75 computer.
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6.1 PRESSURE VESSEL TECHNOLOGY

G. D. Whitman

A report1 on the current state of the technology of steel pressure

vessels for water-cooled reactors was completed and issued, and a syn-

opsis of the information contained in the report was published in Nuclear

Safety.2 The organization and content of the report were not altered

significantly from the draft, since the comments received on this mate-

rial were predominantly favorable. An index was added to facilitate use

of the document.

Major observations and conclusions may be summarized as follows. The

size of steel pressure vessels has nearly reached an upper limit with com-

mercial materials and practices currently available. Higher strength

steels have been developed; however, more experience in fabrication and

the behavior of these materials in the environments of interest are needed

before commercial application can be realized.

One of the major objectives of those engaged in the research and de-

velopment of the technology is the attainment of techniques whereby the

probability of catastrophic frangible behavior can be more accurately as-

sessed. Fracture mechanics appears to offer the best possibility for

this type of determination.

Additional development of techniques and equipment for postopera-

tional and in-service inspections is needed before such tests can be put

to meaningful use for evaluating the whole pressure-containing structure.

Those engaged in the design and fabrication of these vessels are

producing a high-quality product that embodies considerable conservatism

as gaged by the standards and codes now in effect.

6.2 HEAVY-SECTION STEEL TECHNOLOGY

F. J. Witt

A program to evaluate the effects of flaws, variation of properties,

stress raisers, and residual stresses on the strength and structural re-

liability of present and contemplated light-water reactor pressure
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vessels was initiated during 1967 at the Oak Ridge National Laboratory by

the United States Atomic Energy Commission. The program was designated

the Heavy-Section Steel Technology Program (HSST) and is to be carried

out in very close cooperation with the materials, fabrication, and de-

sign segments of the nuclear power industry.

The program arose as a result of the efforts by the USAEC to resolve

questions posed by the Advisory Committee of Reactor Safeguards concern-

ing various safety aspects of light-water reactor pressure vessels cur-

rently designed or contemplated for future construction.3 ,4 The program

evolved from proposals and recommendations from several research facilities

and professional organizations, the largest contributor being the Pres-

sure Vessel Research Committee of the Welding Research Council. 5 The ef-

fort is supplemented by several research programs carried out by the USAEC

and by cooperative efforts of the nuclear power industry. The program is

mainly concerned with welded vessels fabricated from thick-section plates

(possibly up to 14 in. for some applications).

The HSST program is divided into ten tasks, in addition to the man-

agement task. Briefly, the additional tasks are

1. materials inspection and control,

2. characterization of plates,

3. studies of variability of properties in plates, heat-affected zones,

and welds,

4. transition-temperature investigations,

5. fracture mechanics analyses,

6. investigations of fatigue-crack propagation,

7. studies of irradiation effects,

E. analyses of complex stress fields,

9. periodic proof testing,

10. simulated service tests.

Many of the program activities will be performed under subcontract

by industry and scientific research facilities. Tasks generally to be

performed at ORNL are material inspection and control; characterization

of plates; and studies of variability of properties in plates, heat-af-

fected zones and welds. The complex stress analyses will probably also

be carried out at ORNL.
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Dissemination of information obtained in the HSST program is of

prime importance. Quarterly progress reports will be required of all

subcontractors, as well as a final topical report. Semiannual progress

reports are issued; the first is cited in Ref. 6. Unclassified informa-

tion meetings are to be held on a semiannual basis; the first was on

June 6, 1967 at ORNL.

The eleven tasks of the HSST program identified above may be grouped

under the following five general categories: program administration, ma-

terials property and integrity studies, fracture behavior analyses, pe-

riodic proof testing, and simulated service tests. The program is dis-

cussed in the context of this grouping.

Program Administration

The HSST program is assigned to the Pressure Vessel Technology Pro-

gram, which is under the direction of G. D. Whitman. The staff organiza-

tion of the HSST program is divided into three categories: administration,

technical, and project. The administrative and technical staffs are re-

sponsible for the technical direction and justification of the total pro-

gram, while the project staff are those responsible for those of the

eleven tasks assigned to ORNL. The project staff currently identified

are R. W. Schneider, Material Inspection and Control; R. G. Berggren,

Characterization of Plates and Variability of Properties in Plates, Heat-

Affected Zones, and Welds; and G. C. Robinson, Simulated Service Test

(planning, feasibility, and cost estimating phases). A major responsi-

bility of the administrative and technical staff is coordination with

related programs supported by industry and additional programs supported

by the USAEC and other government agencies.

Working very closely with the staff of the HSST program is an advi-

sory panel of seven consultants known as the Program Planning Committee.

This group is assisting in the detail planning of the overall activity.

A larger group, called the Program Review Committee, provides critical

analyses of the general progress and assists in coordinating the activity

with the related program supported by industry.
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One of the first activities of the HSST program was to secure a sup-

ply of steel to serve as a standard for the many research efforts. The

steels of current interest to the program are ASTM A 533, Grade B, Classes

1 and 2; ASTM A 542, Classes 1 and 2; and ASTM A 543, Classes 1 and 2

(see Ref. 7).

Four 10-ft by 20-ft by 12-in. plates were purchased to ASTM A 533,

Grade B, Class 1 specifications from Lukens Steel Company. An ingot

weighing about 60 tons is shown in Fig. 6.1 being readied for rolling.

The plates are currently being heat treated. Three of the plates will

Fig. 6.1. An Ingot Ready for Rolling.
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become Class 1 material, while the fourth will be the subject of mill

fabrication and heat-treatment studies. Class 2 material and 4-in. and

8-in. plates will be obtained from the fourth plate. The Class 1 mate-

rial receives the same normalizing, austenitizing, quenching, and stress

relieving as a plate that would become a part of a vessel. Of course,

no forming is performed. Thermocouples are placed on the plate to re-

cord the exact temperature history of the plates. A plate ready for aus-

tenitizing is shown in Fig. 6.2. The tubes protruding from the plate

contain the thermocouple wires. Some typical results obtained from sur-

face and near-surface (11-in.-deep) thermocouples during the quenching

process are shown in Fig. 6.3. Cooling rates of around 100 F/sec are in-

dicated near the instance of quench.

Fig. 6.2. A Plate That Has Been Instrumented with Thermocouples
and Is Ready for Austenitizing.

WNW~
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A thick plate of ASTM A 543, Class 1 material is currently being

procured. ASTM A 542 material is scheduled to be examined later in the

program.

A system for identification and control of program materials was

developed in order to maintain systematic conservation and accountability

of the steels. A central storage area was set up.

Material Properties and Material Integrity

Nondestructive testing and testing to determine the more or less

standard mechanical properties will be carried out. The nondestructive

testing along the lines of current commercial practice is oriented mainly

toward an accurate evaluation of the heavy-section plates used in the

program.

All the program plates are receiving ultrasonic examinations before

and after heat treatment. Ultrasonic results obtained by the longitudinal-

R

_____
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beam method on one side of the first A 533 plate before and after heat

treatment are shown in Fig. 6.4. The portion of the plate shown is only

slightly over half the full plate but does contain all the recordable in-

dications. A recordable indication is one in which there is either a

complete loss of back-surface reflection or the distance-amplitude cor-

rection (DAC) curves obtained from calibration blocks are exceeded. The

basis for recording the indications is given in Table 6.1. The results

listed were obtained by the same investigators with the same calibration

block and equipment. Settings on the instruments were different for the

two examinations because of grain refinement during the heat treatment.

Shear-wave techniques produced recordable results at indication 4 before

heat treatment only. The apparent growth, initiation, and disappearance

of indications during heat treatment are currently under study. Addi-

tional details are provided in Ref. 6.

The general objective of the characterization and variability tasks

is to determine the mechanical properties as a function of location within

a plate and from plate to plate, including all plates specifically ob-

tained for use in the program and, to a lesser degree, excess material

from plates used in fabricating reactor pressure vessels. The tests to

be performed are the tensile, Charpy-V notch, and drop-weight tests.

Chemical analyses and metallographic examinations will also be performed.

Under other program tasks, similar studies as a function of location will

be made with drop-weight tear and fracture mechanics specimens.

Included in this general testing effort will be an investigation of

the significance of mill-processing variables on the properties of pres-

sure vessel plate. Weldments representative of commercial pressure vessel

practice for A 533 material will also be obtained, and the weld and heat-

affected zone metal will be extensively examined.

The initial effort will be directed toward studies of the plates

presently available. Other materials will be examined as priority per-

mits. The weld investigations have a high priority, and efforts to ob-

tain typical weldments have been initiated.
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Table 6.1. Results of Ultrasonic Inspection by Combustion Engineering
On the First A 533 Plate Before and After Heat Treatment

Distance-Amplitude Loss of Back

Indication Depth (in.) Correction () Reflection ()

Before After Before After Before After

6 1/4
6 1/8
4 1/2 to 6 1/2
6
5 1/2
4 1/2 to 6 1/2
5
6
5
5 3/4
5 to 6
6 1/4
4 3/4
6 1/4
4 3/4 to 6 3/4
5 3/4
5 to 5 1/4
5 3/4
4 1/4 to 7
5 to 6 1/2
5
5 1/4
5 to 6 1/4
5 3/4
5 1/2 to 6 1/4

1
2
4
5
6
7
8A
8 (Gen.)
8B

9
10
11
12
13a

14a

15
16a

17 a
18b

19b

20
21
22
23
24
Nlc
N2
N3
N4
N5
N6
N7
N8
N9
N10
Nl
N12
N13
N14
N15

100
100
20

100
15
25
50

10-30
80

110
50-90
100
120
100
40

10-15
55-80
105
10
10
100
120
10

100
10

0
60

5 100
65

5 100
5 100

90
15 100

85

35 90
25 100

35
45 90
20 100

5-10 100
<5 100
0 100

25 85
5 100

100
25 90

100
40 100

100
100

10
10
10
5
0
5

20
10
<5
5

25
5

<5
<5
5

aIndications 13, 14, 16, and 17 were combined as area 14 on Fig. 6.4.

bIndications 18 and 19 were combined as area 18 on Fig. 6.4.

cN indicates new indication found after heat treatment.

5 3/4

5 3/4
5 3/4

5 1/4 to 6 1/2

5 3/4
5 3/4

5
6
5 1/2 to 6 1/2
6 to 6 1/2

5 3/4
5 1/4 to 5 3/4

5

5 3/4

5 1/2
6 1/4
6
6

6 1/4
6 1/4
6
6
5 3/4
5
5 to 6
6
6 1/2
5 1/4 to 6

100

100
100

100

100
100

100
100
100
100
100
100
100
100
100

100

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
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Fracture Behavior

The transition-temperature concept of material behavior, with em-

phasis on the nil-ductility transition (NDT) temperature, is currently

the most widely used engineering criterion for selecting the operating

conditions for pressure vessels. The transition-temperature concept has

been applied primarily to pressure vessels of thicknesses considerably

less than 12 in. The main objective of the transition-temperature inves-

tigations under the HSST program will be to establish the applicability

of using small standard specimens to predict the behavior of heavy-sec-

tion plates and pressure vessels fabricated from such plates.

The initial attention will be directed toward the drop-weight and

dynamic tear (drop-weight tear) tests.8  For both the tests, a study will

be made of size effects on test results for the A 533 program plates.

The investigation of the drop-weight test will initially include speci-

mens with thicknesses of 1, 2, 4, and 8 in. These specimens will not

meet the specifications of the ASTM Standard Drop-Weight Test, since the

size effect of interest in the investigation is that of geometric simili-

tude in which the flaw will be scaled with larger specimens. It should

be noted, however, that the drop-weight tests used in plate characteriza-

tion are the ASTM standard types. A contract, dated October 1, 1967, was

awarded to Martin-Marietta Corporation to perform the size-effect study

on drop-weight specimens.

The size-effect investigations of the dynamic tear test will involve

specimens 5/8, 1, 3, and 12 in. thick. A complete energy-temperature

curve will be obtained for each size of specimen. The dynamic tear tests

of the 12-in.-thick specimens will be performed first in order to gain

assurance that the A 533 plate at thicknesses up to 12 in. still possesses

shelf-energy levels of sufficient magnitude to preclude low-energy shear

failure and to determine whether the transition temperature is signifi-

cantly increased with greater thickness. This is a prerequisite to the

use of heavy-section plate in reactor pressure vessels and is a neces-

sary condition for the extensive research program projected for this ma-

terial. The 12-in.-thick dynamic tear specimens are shown in Fig. 6.5.

The U.S. Naval Research Laboratory will perform the investigation.
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Fig. 6.5. Large 12-in.-Thick Dynamic Tear Test Specimens Obtained
from the First HSST Program Plate.

The major objective of the fracture mechanics investigations is to

extend the applicability of current fracture mechanics specimens and tech-

nology to the tough behavior of pressure vessel steels. Two initial ef-

forts are anticipated.

An approach that could be extremely useful in interpreting results

from ductile fracture specimens is the development of an accurate elastic-

plastic plane-stress and plane-strain analysis based on laboratory-ob-

tained stress-strain curves with somewhat arbitrary transverse restraint

conditions. Such an analysis would present, within bounds, the stress

at a crack tip at the instant of failure, as well as a complete stress-

strain history of the whole specimen throughout the testing period and

up to failure. A contract is currently being negotiated to perform the

elastic-plastic analysis.
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A second program is for the determination of KIc, fracture tough-

ness, under fixed conditions (size, temperature, and so forth) as a func-

tion of location within a thick plate. Measurements at higher tempera-

tures and of larger specimens will also be made in an attempt to extend

the range of valid KIc values. Measurements that are invalid for deter-

mining KIc by current criteria9 may take on new significance when the

evaluation is made in the light of results from the elastic-plastic analy-

sis described above.

In addition to the primary efforts to be undertaken in the near

future, several other studies will probably be initiated. Strain-rate

effects on notch-toughness measurements are of interest. A program will

be supported to determine the dynamic KIc values for comparison with

statically determined values.

Support will also probably be given to the development of empirical

methods for establishing criteria for crack initiation, and the signifi-

cance of notch acuity for the pressure vessel steels of interest will be

examined as a task within one of the larger sponsored programs.

A program to study the phenomena of small crack growth to critical

size will be initiated. It is anticipated that the standard fatigue

tests on program material will be supplemented by fatigue tests on notch-

toughness specimens. A program is currently being developed.

Notch-toughness measurements are generally obtained from specimens

tested under plane-strain conditions. Therefore the crack-initiation and

crack-propagation behavior of steels subjected to highly varying multi-

axial stress fields (as perhaps around a nozzle attachment) may not be

adequately predictable from the usual notch-toughness values, even under

extremely frangible conditions. Likewise, the significance of the ori-

entation of a crack in such a stress field is not readily evaluated.

A program is currently being planned to investigate, both theoreti-

cally and experimentally, the behavior of cracks in complex stress fields.

An extension of plane-strain techniques to the three-dimensional case

will, in general, be pursued both analytically and in the laboratory.

First, the investigation will be carried out without the complexity added

by welds and the heat-affected zone.
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Since the HST program relates primarily to reactor pressure ves-

sels, the effects of irradiation on program steels are of prime importance.

This phase of the HSST program will be pursued in conjunction with the

USAEC-sponsored Irradiation Effects on Reactor Structural Materials Pro-

gram (see Ref. 10 for a description of this effort).

It is anticipated that irradiation information will be obtained which

will, in general, supplement each of the experimental programs on unir-

radiated materials, and the results will be included in the progress re-

ports of the HBST program. The irradiation program is currently being

planned and will be carried out in close cooperation with the programs

on unirradiated materials. Emphasis will be placed on typical pressure

vessel irradiation conditions, the influence of this environment on the

fracture characteristics of program steels, and the ultimate implications

of these results to the structural reliability of operating reactor ves-

sels. The several critical facets of the basic HBST program will be in-

vestigated with the imposition of the critical factor of radiation. Thus,

both transition and fracture mechanics approaches will be studied, along

with questions of fatigue-crack propagation, strain-rate effects, notch

acuity, complex stress states, and so forth. Close coordination of re-

sults between this effort and the primary BST program will assure maxi-

mum results with minimum cost.

Periodic Proof Testing

The periodic proof test and warm prestressing are procedures proposed

for insuring the safety of nuclear pressure vessels during the operating

life of the reactor. These procedures are to be evaluated under the re-

search sponsored by the BEST program.

The purpose of a periodic proof test is to define an upper limit to

the severity of the worst possible flaw that could exist in the vessel

at the time of testing. In this sense, the proof test is being used as

a means of end-result inspection. Since flaws can conceivably grow in

service, subsequent proof tests would be necessary at intervals through-

out the service life of a vessel to insure that no flaw had grown to

critical size.
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Warm prestressing is based on the hypothesis that a vessel loaded

to a certain pressure at one temperature will not fail at a lower pres-

sure at any lower temperature." Thus if a vessel is warm prestressed

above the NDT temperature, the presumption is that it will not fail at

any lower pressure below the NDT temperature.

The initial effort of this activity will be a literature search and

evaluation for both periodic proof testing and warm prestressing. This

effort will include a description of the physical basis of the material

behavior and an analysis of all known instances in which warm prestress-

ing has either succeeded or failed. Particular attention will be given

to the conditions of loading, environmental factors, and material prop-

erties that appear to affect the reliability of warm prestressing. A

subcontract in support of the initial activity was awarded to General

Electric Company.

Simulated Service Test

All programs and activities described above are oriented toward pre-

dicting the behavior of a welded pressure vessel fabricated from heavy-

section steel plate in which a flaw of some size may exist.. (At least

the largest flaw undetectable by nondestructive tests must be assumed.)

Some of the tests performed in the laboratory on small specimens will

supposedly simulate the behavior of a large pressure vessel. In order

to validate the total research program, a series of simulated service

tests will be performed. The investigation will mainly be directed to-

ward determining the behavior of a pressure vessel in which a very severe

surface flaw exists. This activity has been divided into two general

areas of investigation; one is the testing of large flawed specimens and

the other is the testing of a full-size pressure vessel.

The details of the simulated service tests are currently being for-

mulated. Of prime importance are the technical questions to be answered

and the most convincing manner in which the problems can be examined.

Both technical and feasibility studies are under way. The planning of

this should be completed within three months, including cost studies.
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Conclusions

The HSST program encompasses the study of the structural behavior

of very thick nuclear pressure vessels typical of current and future de-

sign. The approach is first to assure that the engineering methods in

current use (for example, transition-temperature considerations) on thin-

ner vessels are equally applicable to the thicker vessels. Accompanying

this is the validation and extension of fracture mechanics methods to

the vessels of interest and to a temperature region of tougher behavior.

The influence of radiation in various aspects of the problem will be

studied in considerable detail. Combined with these programs is a very

thorough testing program on mechanical properties involving not only

variations within a plate and from plate-to-plate but also the statisti-

cal variations in properties that can be expected to exist in actual

pressure vessels. The program will culminate in a series of simulated

service tests, including full-size vessel tests, for validating the re-

search. As a supplement to the simulated service testing, periodic proof

testing and warm prestressing will be evaluated as engineering procedures

in nuclear power reactor operation.

Eight contracts were awarded; four in the area of fabrication and

heat treatment and four of a more basic nature. These last four are in

the areas of elastic-plastic analysis, periodic proof testing, and size

effects in drop-weight and dynamic tear tests.

Inspection and control procedures were established for the program

materials. Initial ultrasonic inspection results before and after heat

treatment of program plates produced anomalies that are currently being

investigated.

The characterization of material properties of the program plates

are currently under way. Results from these studies and tests on similar

materials are presently being examined and collated.

Efforts are being made to maintain close contact with the various

programs, sponsored both by industry and USAEC, that are closely related

to the HSST program. Contact is also being established with other less

closely associated programs sponsored by USAEC, other government agencies,

professional societies, and industry.
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The information and results to be obtained under the HSST program

are related to current and future designs for boiling-water and pres-

surized-water power reactor systems. However, the results will be equally

valid for reactor vessels now in operation and for pressure vessel ap-

plications in general.

6.3 EXPERIMENTAL AND ANALYTICAL INVESTIGATION OF NOZZLES

B. L. Greenstreet R. C. Gwaltney

An accurate determination of the stresses in the region of a nozzle-

to-shell junction is essential in the design of most nuclear reactor pres-

sure vessels in order to insure the structural integrity of the vessel.

The analytical treatment of single radially attached nozzles in spherical

shells is well advanced, and, at present, a shallow-shell-theory solution

exists for single nonradial nozzle-to-sphere attachments. However, no

complete (nonshallow-shell) solution exists for single nonradial nozzles

or for closely spaced clusters of nozzles. Fundamental analytical and

experimental studies are required to extend the present knowledge so that

nozzle attachment regions for configurations different from the first one

mentioned can be analyzed adequately. Experimental results are needed to

evaluate forthcoming theoretical solutions and to develop rational design

methods.

ORNL is conducting a combined analytical and experimental program

on single-nozzle and closely spaced multiple-nozzle connections in cylin-

drical and spherical vessels. The program is divided into two portions -

an AEC (ORNL)-sponsored effort and an AEC-PVRC (Pressure Vessel Research

Committee of the Welding Research Council) cooperative effort. The AEC

(ORNL) effort is directed primarily toward studies of multiple-nozzle

connections, whereas the AEC-PVRC cooperative effort is concerned with

the single-nozzle-connection studies. The loadings of principal interest

are internal pressure, axial thrust on the nozzles, and bending moments

applied to the nozzles. Parameters being studied are diameter-to-thick-

ness ratios for the nozzle (d/t), ratios of diameter of nozzle to diameter
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of shell (d/D), and diameter-to-thickness ratios for the shell (D/T).*

Additional parameters being studied are internal nozzle lengths and angle

of attachment. For clustered nozzles, the influences of number of attach-

ments, pattern of attachment locations, and nozzle spacing are also being

studied. Much of the work is being done under subcontract either to ORNL

or to the PVRC, depending on the source of funds. The current research

projects for the two portions of the program are listed in Table 6.2.

ORNL has been assigned the task of coordination, review, and evalu-

ation of the research program for the PVRC Subcommittee on Reinforced

Openings and External Loadings. This management function includes (1)

participation in and direction of AEC-sponsored work, (2) the generation

of parameter studies in support of various evaluation and correlation

studies being done at Battelle Memorial Institute, (3) making reports

and recommendations to the subcommittee on non-AEC-sponsored projects,

and (4) soliciting recommendations from the subcommittee on AEC-sponsored

projects.

Summary descriptions of all the work on the program supported through

AEC funding are given below.

Oak Ridge National Laboratory Program

The analytical solution for the out-of-plane bending problem for the

cylindrical nozzle-to-cylindrical shell attachment, as derived by General

Technology Corporation, was checked. The original form of the solution

was modified extensively to eliminate errors and to place the solution

in a form more amenable to numerical computation. The modified solution

is presently being programmed for the ORNL computer. Results obtained

with a computer code supplied by General Technology Corporation for the

internal pressure case are being compared with available experimental

data.

A computer program for the creep analysis of a thin cylindrical shell

based on a nonlinear creep law was written at ORNL under the direction of

*An alternate but equivalent set of parameters is d/D, D/T, and s/S,

where s is the nominal membrane stress in the nozzle and S is the nominal
membrane stress in the shell.



Table 6.2. Current Experimental and Analytical Investigations of Nozzle Attachments

SpogsrmProgram Subcontractor FuAgencyle
Sponsorgnc

AEC (ORNL) Multiple-nozzle studies

Joint AEC-PVRC Single-nozzle studies

Applied Technology Associates
Auburn University

Auburn University

University of Tennessee

University of Tennessee

General Technology Corporation

Westinghouse Research Laboratories

University of Waterloo

University of Sherbrooke

Battelle Memorial Institute

Oak Ridge National Laboratory

Oak Ridge National Laboratory

AEC Theoretical solution for clustered nozzles in spherical shells
AEC Theoretical solution for a single nonradial nozzle attached to

a spherical shell
AEC Experimental stress analysis of spherical shells with clusters

of nozzles
AEC Experimental stress analysis of clusters of nozzles in flat

plates (applicable to small nozzles on large vessels)

AEC Experimental stress analysis of single radial and nonradial
nozzles in spherical shells

PVRC Theoretical solutions for a cylindrical nozzle joined to a cy-
lindrical shell (a tee connection) with internal pressure or
applied bending moment loadings on the nozzle

PVRC Photoelastic studies of nonradial nozzles in spherical and cy-
lindrical shells

PVRC Theoretical upper and lower bounds for the general problem of
a spherical shell with a radial nozzle subjected to any load-
ing combination, experimental tests of external loading on a
45-deg lateral tee in the elastic range, and plastic analyses
of pressurized tees, both theoretical and experimental

PVRC Theoretical upper and lower bounds for intersecting shells and,
also, skewed holes in flat plates

AEC Engineering evaluation and correlation of results for nozzle-
to-shell attachments and preparation of material based on
these results for use in support of ASME Code Committee work

AEC Computer programming of solutions for the radial nozzle-to-
cylindrical shell attachment problem developed by General
Technology Corporation and making parametric studies for pro-
gram guidance and code use

ABC Thin-shell hard-model construction for experimental stress
analysis

l)
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R. K. Penny.* This program, together with a computer program written in

England for a spherical shell with a single hole, is to be used to de-

velop the creep analysis of a nozzle attached to a spherical shell.

Several computer programs for the calculation of stresses in thin

shells were acquired at ORNL and are being adapted for operation on ORNL

computers. These programs are to be tested against experimental data.

At present, A. Kalnins' static shell program, Seal-Shell II, SOR-II, and

SAMIS are being examined. SAMIS is a finite-element code.

Two steel cylinder-to-cylinder models were fabricated at ORNL for fu-

ture testing. The models have the following parameter ratios: D/T = 100,

d/D = 0.5 and 1.0, and s/S = 1.0. The five models for the different flat-

plate nozzle-cluster studies and one model for the cluster-of-holes prob-

lem were fabricated for the University of Tennessee experimental stress

analysis project (models listed in later section).

A theoretical analysis and a theoretical versus experimental data

comparison for one of the radial nozzle-to-spherical shell models being

tested at the University of Tennessee were made with the CERL-II computer

code.1 2 The particular model1 3 has a 7 7/8-in.-OD nozzle with a 0.375-in.

wall thickness and an internal protrusion of the nozzle. The model was

strain gaged and tested with loadings of internal pressure and an axial

force on the nozzle. The theoretical analyses were based on thin-shell

theory, even though the radius-to-thickness ratio of the nozzle was only

10. The nozzle and spherical shell were assumed to be joined at the in-

tersection of the midsurfaces.

Comparisons of theoretical and experimental results for internal

pressure and axial thrust are given in Figs. 6.6 and 6.7, respectively.

The theoretical and experimental results are plotted from the intersec-

tion of the middle surfaces.

The experimental and theoretical results agree satisfactorily in

both distribution and magnitude, except for the stresses at the inner

surface of the sphere and the meridional stress on the outer surface of

the sphere, as shown in Fig. 6.6. The spherical portion of this model

has a flat spot that measures about 1 1/4 in. along a meridian, and the

*Temporary staff member from Cambridge University, Cambridge, England.
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A report covering the first series of tests on the 7 7/8-in.-OD ra-

dial nozzle was published.14 This model was bored for the next series

of tests.

Auburn University - Experimental Stress Analysis of
Clustered Nozzles Attached to Spherical Shells

Two spherical shell models were fabricated. One has two large ra-

dial nozzles, as shown in Figs. 6.8 and 6.9, and the other has five sepa-

rate clusters of small holes, as shown in Fig. 6.10. The first model

with the large nozzles will eventually have five large radial nozzles.

The pattern of holes for this model is shown in Fig. 6.11. The second

model will also be fitted with nozzles after tests are made on the per-

forated shell.

The loading frames and pressurizing systems for these models were

fabricated, and a computer code for reducing the data was written. The

first model with the large radial nozzles is being instrumented for testing.

Fig. 6.8. Auburn University Model with Two 7-in.-OD Radial Nozzles.
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Fig. 6.9. Close View of the Attachment Area of the Auburn Model.

ORNL-DWG 68-694

0 0

Fig. 6.10. A Schematic Diagram of
the Model with Clusters of Holes.

ORNL-DWG 68-692
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Fig. 6.11. Model with
the Layout of Large Holes
for Five Radial Nozzles.
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University of Tennessee - Experimental Stress Analysis of
Clustered Nozzles Attached to Flat Plates

Another experimental investigation being performed at the University

of Tennessee involves the examination of nozzle clusters attached to flat

plates. The tests will include the following loading conditions for the

nozzles - internal pressure in combination with biaxial tension in the

plate, axial thrust loads, and bending moments. An unpierced flat plate

was strain gaged in a circular region near the center and tested under

uniaxial and biaxial tension. The outer strain gages were 7 in. from

the center of the plate, and all gage readings agreed within 5% for the

second type of loading. A photostress examination also indicated the

slight, but not serious, variation from a biaxial stress state.

The present loading frame was designed to load the flat plates in

biaxial tension and was not designed to withstand transverse loads on

the plates. Therefore, a second loading frame was designed to hold the

plates when external loads alone are applied to the nozzles. This load-

ing frame is now being fabricated.

The six separate flat-plate models described below will be studied:

1. a flat plate containing a pattern of holes,*

2. a flat plate containing one nozzle in the center of the plate,

3. a flat plate containing two nozzles spaced in the center of the plate,

4. a flat plate containing three nozzles spaced on a triangle in the

center of the plate,

5. a flat plate containing four nozzles spaced on a square pattern in

the center of the plate,

6. a flat plate containing five nozzles spaced on a square pattern with

one nozzle in the center of the pattern in the center of the plate.

Current work includes the testing of coupons from both directions

in the plates to determine materials properties and variations in these

properties and the instrumenting of the flat-plate model containing a

single hole. This flat-plate model will be tested in the near future.

*The first pattern will be one hole, and then after testing the
plate will be machined for the two-hole pattern. This process will be
repeated until all patterns that will be the same as for the plates with
nozzles are tested.
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Westinghouse Research Laboratories - Photoelastic Studies

A photoelastic study on three single nozzles attached to a cylindrical

shell was carried out at Westinghouse Research Laboratories. The geometri-

cal parameters were the same in each case, but different methods for join-

ing the nozzle to the shell were used. The nozzle-to-shell configuration

had parameter ratios of D/T = 99.1, d/D = 0.129, and s/S = 0.93. The model

was tested with internal pressure, and the results were published.15

Applied Technology Associates - Theoretical Stress Solution
for Clusters of Nozzles Attached to Spherical Shells

Initial studies being done by Applied Technology Associates prelimi-

nary to an investigation of the stress problems of clusters of nozzles

attached to spherical shells led to the stress solution for an infinite

plate with two holes of unequal radii.16 A ligament method of analysis

of a spherical shell perforated by many radial holes was also derived un-

der this study.17 Current emphasis is being placed on studying the ef-

fect of bending around the periphery of two holes in an infinite plate.

Auburn University - Theoretical Stress Solution for Single
Nonradial Nozzles Attached to Spherical Shells

A literature survey was conducted in order to collect available in-

formation on shells that may be applicable to this study. A duplicate

copy of the index cards will be supplied to ORNL. An existing solution18

based on shallow-shell theory will be extended to a general-shell theory

type of solution (complete solution).

Conclusions

The discussions above show the interrelations between the analytical

and experimental phases of the program. Progress is being made simulta-

neously in each phase. Thus, maximum opportunity for input from one phase

to the other is promoted, a necessary condition for the type of investi-

gations being conducted.
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6.4 DESIGN CRITERIA FOR PIPING, PUMPS, AND VALVES

B. L. Greenstreet S. E. Moore
T. G. Chapman

Industry and the AEC are presently upgrading their design require-

ments for nuclear-service piping, pumps, and valves to a level commensu-

rate with the requirements for the design and construction of Class A

nuclear pressure vessels, as given by the ASME Boiler and Pressure Ves-

sel Code, Section III. The industrial efforts are being conducted by

code-writing committees under the American Society of Mechanical Engi-

neers (ASME) and the United States of America Standards Institute (USASI),

with research assistance from the Pressure Vessel Research Committee

(PVRC) of the Welding Research Council. AEC efforts are being coordi-

nated at ORNL, under the AEC Division of Reactor Development and Tech-

nology (RDT) Standards Program, and will result in supplements to the

industry codes. The AEC-RDT standards will also include approved methods

of design analysis. These codes and supplements will become mandatory

requirements for AEC-owned reactors. The work described here under the

design criteria for the piping, pumps, and valves program is in support

of all the above efforts.

The proposed industry codes - the USA B31.7 Code for.Nuclear-Service

Piping and the ASME Code for Pumps and Valves for Nuclear Service - have

selected a stress-index and flexibility-factor approach for determining

system behavior under various loading conditions. Such an approach pre-

supposes the existence, or the development, of experimentally verified

theoretical or empirical equations describing the behavior of individual

piping system components. These verified equations are combined with

convenient formulas to define the stress indices and flexibility factors

that become integral parts of the codes. Ideally, this method of solu-

tion will reflect the actual stresses and deformations in piping system

components, including pumps and valves, if the system analysis is per-

formed correctly. With this design approach and a suitable system analy-

sis selected by the designer, a sound basis for systematically analyzing

a piping system will be established.



337

PVRC Research Program

In order for the new industry codes and the AEC-RDT standards to be

completed, the required stress indices and flexibility factors must be

developed. This information is a prerequisite to properly analyzing a

piping system. In response to a request by the code committees, the

PVRC organized an Ad Hoc Subcommittee and defined a research program* to

develop the information. The program proposed is comprised of 12 tasks

for the development of fundamental information on component behavior un-

der various loading conditions and the determination of stress indices

and flexibility factors for code use. The proposal was submitted to the

AEC and other interested parties for financial assistance.

A listing of the 12 tasks identifying major areas of concern is

given below:

1. Task 1 is the experimental stress analysis of 13 tees.

2. Task 2 is the evaluation of existing analytical methods and ex-

perimental data for elbows, miters, bends, and curved pipes.

3. Task 3 is an evaluation of existing experimental and analytical

tools available for specified piping components.

4. Task 4 is the application of theoretical analysis to tees, and

these analyses are to be compared with the experimental results of task 1.

5. Task 5 is an extension of task 2 to include elbows with ovality

and nonuniform wall thickness.

6. Task 6 is the development of stress indices for axisymmetric

components with existing analytical methods.

7. Task 7 is the analytical determination of the time-dependent

temperature distributions and unstable flow conditions (eddying) in mix-

ing tees.

8. Task 8 is the test of plastic models of task 1 tees to determine

the variations in stresses through the wall thickness.

9. Task 9 is the development of stress indices for valve bodies,

flanges, and discontinuities.

10. Task 10 is the determination of stress indices for pump casings.

*Program and Proposal for Development of Stress Indices and Methods

of Analysis for Piping Components, Pumps, and Valves, July 1, 1967.
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11. Task 11 is a uniaxial cyclic fatigue test with local stresses

exceeding the peak stress limit of three times the allowable stress (3Sm).

12. Task 12 is a biaxial cyclic fatigue test of local stresses ex-

ceeding the 3Sm peak stress limit.

ORNL Program

The interrelationship between the codes and the AEC-RDT standards

requires a cooperative effort of the entire nuclear industry to provide

the missing data. This cooperative effort will be coordinated through

the Pressure Vessel Research Committee with ORNL managing and directing

the AEC portion of the program. ORNL will also provide assistance to

the PVRC in issuing requests for proposals, investigations of technical

capabilities and facilities of bidders, awarding contracts, contractual

liaison, periodical reviews, and appraisals of final technical reports.

This effort will be accomplished with the aid of consulting authorities

in the field of piping system analysis. Two consultants have been re-

tained; they are E. C. Rodabaugh of Battelle Memorial Institute and A. G.

Pickett of Southwest Research Institute.

Surveys

Working under the assumption that the AEC will respond favorably in

support of a major portion of the PVRC proposed research program, work

was started on two surveys: (1) a literature survey and engineering analy-

sis of the literature pertinent to the program and (2) a dimensional survey

of standard piping components. The literature survey will be a summary

of research work on structural design of piping systems and components, a

comprehensive review of data available in the literature, and an extensive

bibliography (probably 400 to 600 references) of background information.

The report should prove useful in planning future work to fill in perti-

nent design information. The report was assigned top priority because

it provides a starting point to begin accumulating all the necessary data

to complete the research program satisfactorily and efficiently.

The objective of the dimensional survey is to obtain sufficient in-

formation to characterize standard piping components. The characterization
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is required in order to properly relate the results from theoretical

stress analyses to the manufacturing practices of the piping component

industry. The practices, as governed by applicable standards, cover such

a broad spectrum that no two manufacturers fabricate identical components.

In addition, differences in properties of materials of fabrication impose

differences in component shapes made by an individual manufacturer.

The dimensional survey will also develop nondestructive techniques

of measuring components. This may require some destructive examination

of components for validation of the methods, but the nondestructive tech-

niques will eventually be used to characterize any components that undergo

experimental stress analyses and subsequent fatigue tests. The survey

will also provide an estimate of the dimensional variations to be ex-

pected from the different manufacturers due to variations in materials,

sizes, and ratings. It would be desirable for the survey to provide

enough data to permit a valid statistical evaluation of component varia-

tions, and industry will therefore be asked to participate by supplying

data that can be used in a statistical analysis.

Information from these two surveys was considered to be necessary

background material that could not be delayed; therefore, both surveys

were started at ORNL. An outline of the literature survey and drafts of

several chapters were completed. Considerable dimensional data on com-

mercial pipe fittings were generated, and an analysis of the data is in

progress.

Evaluation of PVRC Proposal

Before responding to the PVRC request for a financial commitment to

the proposed research program, the AEC asked ORNL for a critical evalu-

ation in light of the RDT-Standards needs. In general the program was

found to be adequate to develop the specific information requested by

the ASME and the USASI code committees. The theoretical studies work

spans the range of present interest; however, some of the experimental

program work outlined is either premature or inadequate. The experi-

mental work is heavily relied upon to develop the information needed for

empirical correlations and to validate the theoretical results. The pro-

gram does not provide for sufficient repetition of tests on individual
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components to fully develop empirical relations. Therefore it would be

desirable to increase the number of tests. Specific comments on the in-

dividual task items are given below.

Tasks 1, 4, and 8 form an important set for which data are urgently

needed. These three tasks define a reasonable approach to the complex

problems associated with stress analyses of tees.

Information developed in task 7 would be used for the design analy-

sis of tees. This task defines the study of time-dependent temperature

distributions and unstable flow conditions. In spite of the importance

of this information in defining design conditions, these studies are not

properly a part of the stress-indices and flexibility-factors investiga-

tion.

Tasks 2, 3, 5, and 6 form a group of problems that are amenable to

theoretical solutions, which can be compared with existing experimental

data on piping components. These tasks are presently being worked on at

ORNL and at Battelle Memorial Institute (under subcontract), and computer

codes are being written to do parametric studies.

Tasks 9 and 10 would develop experimental data on flanges, valve

bodies, and pump casings. Adequate theory does not exist for applying

the stress indices to these components. Pump and valve analyses have

not progressed to a point where definitive models can be proposed nor

can pumps and valves be treated in a manner similar to vessels and pip-

ing because of their geometrical shapes. Therefore it is recommended

that a broad-based study program be undertaken before large-scale test-

ing is done. Such a study should be directed toward defining reasonable

evaluation criteria and proposals for meaningful experimental work.

Tasks 11 and 12 are proposed to demonstrate that the maximum stress

limits for secondary stresses, 3Sm, in the code can be exceeded safely

in view of a fatigue-life reduction factor. This factor is related to a

theoretical notch-concentration factor. It is recommended that these

studies be broadened and considered in greater depth than was requested

by the code committees.

It is thought that the results of these studies will materially aid

both industry and the government in assuring the continued safe design
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and operation of nuclear reactor power plants in a most efficient and

economical manner.

Stress Indices and Parametric Studies

Appendix D of the USA Standard Code for Nuclear Power Piping, USA

B31.7, was completed for inclusion in the first printing of the Code. Ap-

pendix D contains stress indices applicable to the simplified analysis of

piping components identified in the Code.

Additional stress indices are being developed in a combined analyti-

cal and experimental program. A parametric study of elbows and pipe

bends was made, and the preliminary stress indices are shown in Fig. 6.12.

These are subject to change as theoretical analysis continues. Data from

component tests will be compared with analytical results.
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7.1 FUEL TRANSPORT SAFETY STUDIES

L. B. Shappert

A new program was organized in the early part of 1966 to develop

irradiated fuel shipping cask criteria for the AEC Division of Reactor

Development and Technology (DRDT) that present cask design standards and

specifications such that proof of adherence to the criteria will satisfy

DRDT that the cask will perform as required by the AEC regulations.1

The criteria are to identify suitable engineering standards for the

design, fabrication, testing, and inspection of irradiated fuel shipping

casks; in addition information on shielding, heat transfer, criticality,

and materials will be included. Experimental work is being conducted

where necessary to establish adequate criteria. Casks built according

to the criteria will have the benefit of considerable information devel-

oped from experiments and analyses. The criteria will also aid in stan-

dardizing the reporting procedures for demonstrating adherence to AEC

regulations.

In the process of evolving the criteria, the Laboratory's staff has

become familiar with shipping regulations and the latest methods of com-

plying with them. The Commission consequently utilizes the staff for

consultation on problems involving shipping casks.

Structural Design and Philosophy

In the previous report,1 equations were presented with which a de-

signer could determine the minimum inner and outer steel shell thick-

nesses for a lead-shielded cask that met the puncture requirement of 10

CFR 71.2 Additional information obtained in the past year has led to an

improvement in the equation for predicting the outer shell thickness, ts;

the equation that is suitable for both carbon or stainless steel is

taS is )e.7e1

where W is the cask weight and S is the ultimate tensile strength of the
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material. The only restriction on the use of this equation is that the

material have an ultimate elongation greater than 40/.

The kinetic energy of a cask in an impact must be dissipated in the

cask. Since the regulations are based on the assumption that the impact

surface is unyielding, the impact energy will be absorbed by elastic and

plastic deformation of the cask and/or any shock-absorbing shield built

to absorb such impacts. The material properties must therefore be known

in order to analytically study the effect of impact on a cask.

The dynamic flow pressure of lead is a property that will provide

an indication of the energy-absorbing capability of lead under impact

conditions. Data on this property from a number of investigators were

examined and found to vary widely. However, a recommended value of about

5500 psi for chemical lead is considered realistic from an engineering

standpoint. This figure may be used in the equation developed below to

predict movement of lead under impact conditions.

A limited amount of test data indicates that a well-built lead-

shielded steel-jacketed cylindrical cask will withstand a 30-ft impact

on its end without rupture or excessive distortion of the welded steel

shells. Most of the impact energy appears to be dissipated in deforma-

tion of the lead shielding. The lead behaves like an extremely viscous

fluid that tends to expand against the outer steel shell and collapse

the inner one. If the lead is not bonded to the steel shells and the

end drop is exactly parallel to the major axis of the cask so that the

lead receives no support from the inner and outer shells, the lead will

settle its maximum amount and may create a void in the end opposite the

point of impact.

The change in height of a column of lead, Lah, contained in a steel

jacket may be estimated from the following equation:

RWH
( -h = r)p

(R2 - r2) ts a + R pb [
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where

R = outer radius of lead, in.,

r = inner radius of lead, in.,

W = cask weight, lb,

H = drop height, in.,

is = outer steel shell thickness, in.,

Us = static yield point stress of the steel, psi,

pb = dynamic flow pressure of lead, psi.

The University of Tennessee has a subcontract under which they have

been studying cask closure designs and lifting devices. Their report cov-

ering the drop tests performed to evaluate the several closures considered

will be completed soon, and their draft report on cask lifting devices has

already been received. Both topics will be discussed in the criteria.

Heat Transfer

All shipping casks should be evaluated to determine their response

in normal and accident thermal environments. Specifically, the maximum

cask surface and fuel element temperatures under normal conditions, as

well as temperature distribution through the shield and the maximum fuel

element temperature under accident conditions, should be determined.

Battelle Memorial Institute has a subcontract to analyze all aspects

of the heat transfer problem. The two heat sources considered are the

decay heat from the radioactive source and the solar heat load to which

the cask is exposed. The decay heat load for a fuel element that is op-

erated at a known power level can be determined from Fig. 7.1 by entering

on the ordinate at a specified irradiation time, proceeding horizontally

to a cooling time, and then moving upward to the decay heat/operating

power scale. This last number, when multiplied by the operating power

of the element, gives the decay heat load. Equations to determine the

solar heat load are also available, as well as curves that indicate heat-

ing rates on variously oriented surfaces.

External heat transfer analysis involves the rejection of both the

decay heat and the solar heat from the cask surface to the environment.
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outer shell. Temperature maps of two fuel element geometries for several

heat loads were studied. The data were developed by using a heat trans-

fer computer code that considers conductive, convective, and radiative

heat transfer simultaneously and solves the problem by a relaxation tech-

nique. The internal geometry considered was an "egg crate" arrangement

with steel plates forming the compartments. In this arrangement, each

fuel element sees only the four sides of the compartment, and heat is

transferred through the air coolant to the steel and conducted to the

inner surface of the inner shell. For a square array of the nine fuel ele-

ments considered, which were enclosed in steel plate or webbing, 1/4 in.

thick (unless otherwise noted), Fig. 7.2 indicates the maximum temperature
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of the center fuel element as a function of heat generation rate per foot

of fuel element.

Case 1 refers to a fuel element having a square array of 36 pins, and

case 2 refers to a fuel element having a square array of 144 pins. In one

analysis, copper shot was used to fill interior voids. This enhanced the

heat transfer and reduced the maximum temperature.

The fire analysis method described in the criteria treats the ther-

mal phenomena occurring in the cask during a fire of specified intensity.

The objectives of the analysis are to determine the temperature profile

through the cask shield as a function of time and to determine what por-

tion of the lead shield melts. The analysis presented in the criteria

consists of solving the finite difference form of Fourier's equation in

cylindrical coordinates. The cask is assumed to be subjected to a radi-

ant heat source at 1475 F for 1/2 hr. The procedure described can be

carried out by hand, but it has also been programmed for a computer.

Criticality

The AEC regulations2 require that every shipment of fissile mate-

rial remain subcritical at all times during normal transport, including

loading and unloading, and under hypothetical accident conditions. In

complying with the AEC regulations, shippers of irradiated reactor fuels

normally carry out a criticality evaluation for their shipping containers.

Since this activity is expected to keep pace with a rapidly growing nuclear

power industry, a need exists for a guide to good practice in criticality

evaluations specifically for shipping casks containing irradiated power

reactor fuels.

The criticality evaluation criteria are not so much concerned with

the method of maintaining subcriticality as with the proof of adherence

to the requirement of subcriticality. In the interest of economy and

practicality, a shipper should be allowed to exercise any practical con-

trols he desires in rendering a system subcritical; however, the shipper

must present proof that his controls are adequate. Therefore, the cri-

teria deal with the determination of the kinds of evidence that should
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be considered as acceptable in proving that a system conforms to the

criticality requirements of existing federal regulations.

Proof of system subcriticality can hardly be better substantiated

than with an experiment in which the fuel in question is arranged in the

most reactive credible configuration with respect to the design of the

shipping cask. Many times such information is not available, and proof

of subcriticality is based on calculational methods. It is therefore

highly desirable to at least have the cask concept in mind at the time

critical experiments on new fuel elements are being performed so that ad-

ditional experiments may be carried out if necessary to predict the degree

of subcriticality during shipment.

Shielding

The shielding of any shipping cask must reduce the external dose

rate from the largest expected source to below specified tolerance levels;

in addition, the cask should be as light as possible, since unnecessary

weight adds both to the initial cost and, most particularly, to the re-

curring shipping charges. For the most part, shielding of highly radio-

active materials, such as spent fuel elements, is accomplished with lead.

The criteria on shielding will therefore be devoted primarily to the use

of lead, although steel and depleted uranium can be used to advantage

under various circumstances.

There are a number of text books and reference documents available

that cover the subject of shielding, and consequently the theory and cal-

culational methods are not to be discussed. The purpose of the chapter

of the criteria on shielding will be to provide a quick and reasonably

accurate method of determining whether the shielding in a given cask will

be adequate for the specified source.

To aid cask designers, a nomograph (Fig. 7.3) is given3 that permits

the estimation of the shielding required to reduce the dose rate from

spent fuel elements to 100 mr/hr on a cask surface. Surface dose rates

different from 100 mr/hr can be estimated by noting that the dose rate

changes by a factor of 2 for about a 0.6-in. change in lead thickness.

Figure 7.3 is based on the assumption that a large source has the same



354

ORNL-DWG 67-11649A
404

- MODEL: INFINITE POOL WITH ACTIVITY AND

MASS PER UNIT VOLUME SAME AS 42
- 6 AVERAGE FOR CASK CAVITY

3 4
o 41--

2a-(9v
ZJ 2 W

-0

a W O U

HZ 94

>-O 6

4 2 00 

W 
7400

-14000 W

oW 26 6
a 6 300 30LL

O 4 60010W5J

0-
2 4

0 
40

DIRECTIONS: FROM PROPER POINT IN IRRADIATION-DECAY

GRID, PROJECT PERPENDICULARLY TO
REFERENCE SCALE. THEN PROJECT FROM
W/Q SCALE THROUGH POINT ON
REFERENCE SCALE.

Fig. 7.3. Nomograph for Estimating Shielding Required to Reduce

Dose Rate from Spent Fuel Elements to 100 mr/hr on a Cask Surface. (Data
taken from Ref. 3)

activity and mass per unit volume as the average for a cask cavity and

that the fuel is either fairly well distributed or approximately centered

in the cavity. This model is suitable when the product wD exceeds about

200, where w is the average density of the cask contents, in pounds per

cubic foot, and D is the minimum cross-sectional dimension of the cavity,

in feet. For values of wD as small as 100, however, the conservatism of

the method results in less than 1/2 in. of added thicknesses.

The calculations for determining the shielding thickness required

to produce a dose rate of 100 mr/hr on the cask surface were made with

the QAD-P5A code,4 which uses a kernel technique, and the results were
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compared with the values obtained in Fig. 7.3. It was found that the no-

mograph gave values of lead thicknesses generally within 5% of those cal-

culated by the QJD-P5A code, with the extremes being -7.6% and +5.4w.

AEC Consulting Work

During the past year the staff has been called upon to provide con-

sulting services concerning the casks

projects. The following is a list of

Organization
Project Concerned

Hallam

PM-1 and -3A

Piqua/Elk River

BONUS/LACBWR

AARR

Uranium cask

TREAT

Atomics Interna-
tional, AEC

Navy, AEC

AEC Chicago Opera-
tions Office

AEC Chicago Opera-
tions Office

Argonne National
Laboratory

Paducah Gaseous
Diffusion Plant

Argonne National
Laboratory

which are used with various reactor

projects involved:

Principal Consultation Problems

Overall design, including fabri-
cation, lead bonding, and cask
repair problems

Design review, including rede-
sign recommendations

Complete analyses indicating
compliance with AEC and IAEA
regulations

Specifications review

Safety analysis review, includ-
ing recommendations

Continuing program and cask de-
sign review

Safety analysis review, includ-
ing recommendations

Conclusion

The irradiated fuel shipping cask criteria are approximately 85% com-

plete, and the first draft of the report should be finished shortly. The

criteria will bring together much of the latest cask test and analysis

information, some of which has not been published. The information forms

the basis of a cask design that should meet necessary licensing require-

ments.
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7.2 HTGR SAFETY PROGRAM OFFICE

S. I. Kaplan M. D. Silverman
E. A. Nephew W. C. Ulrich

The High-Temperature Gas-Cooled Reactor (HTGR) Safety Program Office

(SPO) was established at ORNL in 1966 at the request of the AEC Division

of Reactor Development and Technology (DRDT). The purpose of the SPO is

to act as an extension of the DRDT nuclear safety organization in evalu-

ating and coordinating the HTGR safety research presently being conducted

and to provide DRDT with competent and independent recommendations on the

direction and implementation of such research for the future. While the

SPO forms a part of the ORNL effort in the nuclear safety field, it re-

ports independently to the Laboratory Director's staff, since its mission

involves evaluation of various contractor programs on HTGR safety, in-

cluding that of ORNL.

High-Temperature Physics

During the past year, the HTGR-SPO prepared a "Physics Scope Letter"

for DRDT setting forth its views on the research objectives needed in

HTGR physics studies in order to provide solutions for future HTGR safety

problems. The letter included analyses of project needs and recommenda-

tions for future research in the areas of high-temperature physics pa-

rameters, calculational methods development, transient reactivity tests,

and simulated accident testing of fuels. In the course of preparing this

letter a one-day meeting was held at ORNL in which the views of DRDT and

cognizant AEC contractors were presented and discussed.

No existing nuclear test facility is presently equipped to realisti-

cally simulate HTGR reactivity transients. One of the activities of the

HTGR-SPO has been to encourage the study of existing high-temperature

reactors to see whether any of these could perform useful HTGR transient

experiments without unreasonable modifications. An SPO-sponsored sub-

contract presently in effect with the Pacific Northwest Laboratories of

the Battelle Memorial Institute concerns a safety analysis of the High-
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Temperature Lattice Test Reactor (HTLTR) to determine whether it could

be operated as a transient test facility without undue hazard.

The SPO has also encouraged and participated in evaluations of the

potential of the UHTREX reactor at Los Alamos Scientific Laboratory (LASL)

for research on HTGR physics problems. A mathematical analysis was made

of the UHTREX potential for determining the thermal conductivity of the

HTGR fuel-particle buffer layer by observing the peak power attained fol-

lowing step reactivity insertions. The analysis indicated that if the

buffer conductivity is near 0.1 Btu/hr.ft.OF, significant differences in

peak power can be achieved in pulsing two different core loadings con-

taining identical uranium and thorium contents but differing in that for

one loading the metals are segregated in separate particles and in the

other they are intimately mixed. Although a conductivity of this magni-

tude is conservatively assumed in the Fort St. Vrain HTGR design, current

determinations indicate a value in the range 0.4 to 0.7 Btu/hr-ft-OF. At

this level, the effect of the parameter on peak power could be obscured

by experimental error and calculational uncertainties.

Fission-Product Transport and Coolant Chemistry

The SPO is currently engaged in preparing recommendations on fission-

product transport and coolant-chemistry research in a format analogous to

the Physics Scope Letter described above. The basis for recommendations

evolves from an evaluation of information on current HTGR technology com-

piled from (1) published documents from the U.S. and abroad that are

available from the HTGR-SPO and ORNL Gas-Cooled Reactor Program document

files and those of the Nuclear Safety Information Center, (2) proceedings

and informal transmissions from professional society meetings, project

topical meetings, and relevant regulatory hearings, and (3) personal con-

tacts with representatives of the AEC, AEC contractors, and European

organizations involved in HTGR technology.

Information on the present status of research in this area and fu-

ture needs will be developed on the following topics:

1. fission-product release from irradiated fuels,

2. fission-product transport in carbon matrices and graphite,
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3. fission-product plateout and desorption,

4. gas-graphite reactions,

5. carbon transport.

In conjunction with the evaluation of UHTREX for HTGR physics re-

search, the consideration of that reactor for contributions to fission-

product and coolant research was encouraged. At a meeting at Los Alamos

in November, representatives of LASL, Gulf General Atomic (GGA), and the

HTGR-SPO identified pertinent areas of interest and general approaches

to attaining the desired information during UHTREX operation. An experi-

mental program covering proposed studies in these fields will be prepared

by the UHTREX staff.

Future Topical Evaluations

The susceptibilities of the numerous systems comprising an HTGR

plant to malfunction induced by individual component failure are being

examined, and attempts are being made to assess the consequences of such

incidents with respect to plant safety. An allied study recently ini-

tiated seeks to identify the needs for operational surveillance of vari-

ous reactor components and to compare these with the means presently

available for this task.

Supplementary Activities

At the request of DRDT, the SPO reviewed and furnished recommenda-

tions on several AEC contractor proposals for research generally related

to reactor safety. These included a proposal by Phillips Petroleum Com-

pany involving reactivity transient tests for space-dependent kinetics

studies and proposals by Gulf General Atomic on space-dependent kinetics

experiments in a TRIGA reactor and on development of multidimensional

space-dependent kinetics codes.

In March and April of this year, the SPO assisted DRDT in preparing

testimony on the HTGR nuclear safety program for the Nuclear Safety Sub-

committee of the Advisory Committee on Reactor Safeguards and partici-

pated in the presentation during the meeting of that group in May.
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7.3 DISCUSSION PAPERS ON VARIOUS ASPECTS OF
WATER-COOLED REACTOR SAFETY

J. W. Michel, Coordinator

The Laboratory is preparing a series of eight discussion papers on

various aspects of water-cooled reactor safety. It is intended that these

papers will provide a comprehensive assessment of the present status of

the specific aspects of nuclear safety and, by identifying accepted tech-

nology and the technology needing further experimental verification, that

they will enhance understanding and confidence in this new industry. A

number of the safety aspects of large light-water power reactors were

selected by the AEC* as subjects for detailed study to determine whether

gaps in knowledge exist where a research and development program could

be of benefit. The subjects selected cover many of the areas where in-

adequate factual bases exist or where research to duplicate expected con-

ditions is very difficult. In general, the subjects are in areas con-

sidered critical in the safety analysis of power reactor installations.

The papers, which are directed primarily toward a technical management

audience, generally compare existing or planned plant applications with

what can be done at this time. Such comparisons have helped to identify

inadequacies in assumptions, available data, or general basic knowledge

so that, together with the opinions of experts in a particular field,

areas of meaningful research and development have accordingly been iden-

tified.

The titles, authors, and document numbers of the eight papers, which

have not yet been released, are listed in Table 7.1. Although not spe-

cifically one of this series, a related discussion paper on the technology

of steel pressure vessels for water-cooled reactors was prepared and is-

sued during the year.5

The general approach in the preparation of the papers listed in

Table 7.1 was to select a primary author-investigator who is knowledge-

able in the subject area and to establish committees of experts to re-

view the work at several stages during its preparation. Review groups

*Letter from Milton Shaw (Director, AEC Division of Reactor Develop-
ment and Technology) to ORNL, March 28, 1966.
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Table 7.1. Discussion Papers on Water-Cooled Reactor Safety

Title Author ORNL Report No.

Missile Generation and Protection in R. C. Gwaltney ORNL-NSIC-22
Light-Water Reactor Plants

Potential Metal-Water Reactions in H. A. McLain -23
Light-Water Power Reactors

Emergency In-Core Cooling Systems for C. G. Lawson -24
Light-Water Power Reactors

Air Cleanup as an Engineered Safety G. W. Keilholtz, -25
Feature in Light-Water Power Reactors C. E. Guthrie,

and G. C. Battle

Testing of Containment Systems Used F. C. Zapp -26
with Light-Water Power Reactors

Consideration of Additional Nuclear R. C. Robertson -27
Reactor Plant Safety Features for the
Control of Accident Released Activity

Earthquakes and Reactor Plant Design C. G. Bell and -28
T. F. Lomenick

Protection Instrumentation Systems on C. S. Walker -29
Light-Water Reactor Plants

were formed both from within ORNL and outside. The external review com-

mittee members were drawn principally from other national laboratories,

universities, and private research institutes - in all 52 individuals

who contributed are identified in the reports. In some cases, part of

the material used was developed and/or written by a subcontractor,-who

is similarly identified. In all cases, correspondence and/or visits were

made to many sources of information, particularly to reactor operators,

suppliers, architect engineers, and public utilities, as well as to the

appropriate national laboratories. This wide use of acknowledged experts

was made in an attempt to include their opinions and knowledge toward the

ultimate goal of achieving, through an intensive research and development

program, well-defined design criteria to better insure the public health

and safety and to maintain a viable nuclear power industry. However, in

all instances the authors have expressed conclusions and recommendations
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that reflect their own judgement and not that of any particular group,

such as the AEC, reactor designers, or utilities.

During the year, drafts of these papers were reviewed formally by

the ORNL review committees, the external review committees of experts in

each subject area, the AEC, and the water-reactor safety program office

(WRSPO). Comments were also solicited from nuclear suppliers, architect

engineers, reactor operators, national laboratories, and other related

firms and individuals possessing expertise pertinent to the papers. Sub-

contracted work on portions of two of the papers was completed by Geotech,

Holmes and Narver, and John A. Blume Company for the earthquake paper and

by Nuclear Utilities Services for the paper on containment systems testing.

The final drafts of six of the papers (including the comments and

suggestions from the above extensive review process) have been completed.

Some additional, though limited, review of these drafts is planned, but

it is anticipated that little or no revision will be required. It is

therefore expected that the first six papers listed above will be pub-

lished early in calendar year 1968. The two remaining papers, Earthquakes

and Reactor Plant Design by C. G. Bell and T. F. Lomenick, and Reactor

Protection Instrument Systems by C. S. Walker, require additional formal

review, so their publication dates will probably be three to four months

later.

7.4 RDT REACTOR STANDARDS

R. A. Schmidt

The RDT Standards Program was established to provide an extensive

engineering foundation for AEC reactor programs to assure that reactor

designers, material suppliers, fabricators, builders, and operators will

be apprised of current proven technology for the design and construction

of safe, reliable reactors. A large part of the effort will be directed

toward the preparation of design methodology guides for components, in-

cluding vessels, piping systems, and engineered safety features. The

Standards Program will draw on both favorable and unfavorable experience

and successful developments emanating from programs for reactors, systems,
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components, and materials within the AEC and elsewhere. Immediate ef-

forts are being directed toward assisting the AEC, its laboratories, and

its contractors through cooperative efforts as requests and current needs

arise. Long-range plans include preparation, distribution, and continu-

ous updating of standards to be used for pending and future reactors.

ORNL will coordinate the incorporation of standards that are being pre-

pared and distributed at several sources under AEC auspices into the RDT

Standards Program.

Program Organization

ORNL personnel were selected and assigned to specific activities

within the standards group. This staffing operation was accelerated as

the year progressed to augment the program as presented in proposals to

the AEC and requested in correspondence from DRDT. Input information and

the needs of activities under way are being sought from other laboratories,

contractors, and offices to aid in the preparation of standards and to

establish schedules to augment parallel activities and interests.

Some of the areas under study for preparation of standards are pres-

sure vessels, heat exchangers, pumps, piping, valves, instrumentation and

controls, reactor internals, materials, engineered safety features, and

operations and maintenance procedures and testing. Program plans are be-

ing detailed to determine specific standards that are needed, develop a

tentative list of standards, establish interfaces, and prepare schedules.

Conferences have been held with engineering consultant organizations

to enlist their services where applicable within the program. These dis-

cussions have culminated in the issuance of contracts to United Nuclear

Corporation; NUS, Inc.,; MPR Associates; Franklin Institute; and Teledyne

Materials Research Laboratory. Standards staff members have visited re-

search, test, and power reactor sites to discuss problem areas and to

ascertain activities of mutual interest. Conferences have been held with

other AEC program organizations, including UMEC, PNL, INC, and PPC where

standards activities are under way. Advisory services have also been

provided to DRDT, DRL, and ACRS.
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Standards Preparation

A preliminary format was prepared to serve the wide variety of stan-

dards in a uniform manner but with sufficient flexibility that no disci-

pline is hampered. The format is being reviewed prior to discussions

with other sites.

Preliminary standards were prepared covering equipment, wrought

metals, pipe and fittings, quality assurance, design, and fabrication.

Special Studies

Consideration is being given to the use of computer or other tech-

niques for storage and retrieval of pertinent standards information. An

approach that will permit keying standards to computer programming is be-

ing studied so that information can readily be exchanged with activities

such as CHORD-S, NSIC, LMIC, and the national codes and standards groups.

A preliminary review was made of malfunctions caused by vibration-

induced tube damage in heat exchangers in AEC-sponsored reactors. Much

of the information provided came from key personnel at the various reac-

tor sites. This problem is being investigated in greater depth to assist

in current reactor programs and to provide data that will implement the

preparation of heat exchanger standards.

The AEC-ACIRS document entitled "Inspection and Testing Requirements

for the Reactor Coolant System and Certain Associated Systems of Nuclear

Power Reactors" was reviewed by ORNL at the request of AEC. A commentary

was prepared to assist DRDT in evaluating the proposed requirements for

verification of the integrity of a reactor throughout its operating life

by utilization of scheduled nondestructive inspections.

During the year a survey was conducted within a large cross section

of users and manufacturers of nuclear instruments. This survey was made

to determine the possible advantages of standard modular instrument racks,

bins, and components similar to those specified in the Nuclear Instrument

Module (NIM) standard that is currently in use for research instrumenta-

tion. It was the concensus of most users and manufacturers that while
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standardization has many advantages,

needs of reactor instrumentation.

it does not satisfy the diverse

List of Standards Issued

Tentative Standards Released

RDT-E-3

RDT-MA-105

RDT-MA- 234

RDT-MA- 541

RDT-S-902

RDT-S -903

RDT-S-904

RDT-S-905

RDT-S-910

RDT-S-916

RDT-S-928

RDT-S-942

Preliminary

Specification for a Steam Generator for Pressurized Water
Reactors

Quenched and Tempered Carbon Steel Forgings for High-Tem-
perature Service

Wrought Seamless Carbon Steel Welding Fittings

Quenched and Tempered Alloy Steel Forgings for Pressure
Vessel Components

Welding Standard

Quality Control System Requirements

Inspection System Requirements

Calibration System Requirements

Preparation for Sealing, Packaging, Packing, and Marking
of Components for Shipment and Storage

Requirements for Identification Marking of Reactor Plant
Components and Piping

Continuous Identification Marking of Wrought Metal Prod-
ucts

Inspection Requirements for Materials Used in Reactor Cool-
ant System Wear Applications

Draft Standards Completed

Specification for Centrifugal Hermetically Sealed Electric-
Motor-Driven Pumps for Pressurized-Water Reactors

Specification for Reactor Pressure Vessels, Pressurized
Water, Nuclear Reactor

Specification for Pressurizer, Electrically Heated for
Pressurized Water Reactors

Equipment Specification for Heater and Connector Assembly,
Electric, for Pressurized Water Reactor Service

*Approved by DRDT for distribution as a tentative standard.

RDT-E-1

IDT-E-4*

RDT-E- 6

RDT-E-7
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RDT-E-9

RDT-E-10

RDT-E-ll

RDT-E-13

RDT-MA-106*

RDT-MA-182*

RDT-MA-213*

RDT-MA-216*

RDT-MA-233*

RDT-MA-240*

RDT-MA- 276*

RDT-MA-298*

RDT-MA-316*

RDT-MA-320*

RDT-MA-336*

RDT-MA-351*

RDT-MA-371*

RDT-MA-376*

RDT-MA-399*

RDT-MA-403*

RDT-MA-461*

RDT-MA-473*

RDT-MA-479*

RDT-MA-508*

Specification for Valves: Manual and Power Operated for
Pressurized Water Reactors

Specification for Valves, Swing Check, Horizontal Pres-
surized Water Reactor Service

Specification for Gate Valves, Split Disc, Electric Motor
Operated for Nuclear Reactors

Specification for Relief Valves, Pressure-Actuated Pilot
Control Type

Seamless Carbon Steel Pipe for High-Temperature Service

Forged or Rolled Alloy-Steel Pipe Flanges, Forged Fittings,
and Valves and Parts for High-Temperature Service

Seamless Austenitic Stainless Steel Tubes

Carbon Steel Castings

Mild Steel Covered Arc-Welded Electrodes

Chromium-Nickel Stainless Steel Plate, Sheet and Strip for
Fusion-Welded Unfired Pressure Vessels

Low Carbon Chromium Steel (Type 403) Bars

Corrosion-Resisting Chromium and Chromium-Nickel Steel
Covered Welding Electrodes

Low-Alloy Steel Covered Arc-Welding Electrodes

Alloy Steel Bolting Materials for Low-Temperature Service

Alloy Steel Forgings for High-Temperature Service

Austenitic Stainless Steel Castings for High-Temperature
Service

Corrosion-Resisting Chromium and Chromium-Nickel Steel
Welding Rods and Bare Electrodes

Seamless Austenitic Stainless Steel Pipe

Surfacing Welding Rods and Electrodes

Factory-Made Wrought Seamless Austenitic Steel Welding
Fittings

Nickel-Chromium-Iron Age-Hardenable Alloy Bar, Rod, and

Forgings

Low Carbon Chromium Steel (Type 403) Forgings

Stainless and Heat-Resisting Steel Bars and Shapes for
Use in Boilers and Other Pressure Vessels

Quenched and Tempered Vacuum Treated Carbon and Alloy
Steel Forgings for Pressure Vessels

*Approved by DRDT for distribution as a tentative standard.
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RDT-MA-516*

RDT-MA-533*

RDT-MB-163*

RDT-MB-166*

RDT-MB-168*

RDT-MB-225*

RDT-MB-259*

RDT-MB-260*

RDT-MB-295*

RDT-MB-304*

RDT-MM-313*

RDT-MM-318*

RDT-MM-319*

RDT-MM-322*

RDT-MM-323*

RDT-MM-325*

RDT-MM-335*

RDT-MM-336*

RDT-MM-341*

RDT-MM-373*

RDT-S-908

RDT-S-913

RDT-S-915

RDT-S-917

RDT-S-922

Carbon Steel Plates of Intermediate Tensile Strength for
Fusion-Welded Pressure Vessels

Manganese-Molybdenum and Manganese-Molybdenum-Ni Alloy
Steel Plates, Quenched and Tempered, for Pressure Vessels

Seamless Annealed Nickel-Chromium-Iron Alloy Condenser and

Heat Exchanger Tubes

Nickel-Chromium-Iron Alloy, Rod, Bar, and Forgings

Nickel-Chromium-Iron Alloy Plate, Sheet, and Strip

Copper and Copper-Alloy Arc-Welding Electrodes

Copper and Copper-Alloy Welding Rods

Brazing Filler Metal

Nickel and Nickel-Alloy Covered Welding Electrodes

Nickel and Nickel-Alloy Bare Welding Rods and Electrodes

Test Requirements for Thermal Insulation Materials for
Use on Austenitic Stainless Steel

Non-Metalic Seal Materials

Impregnated Asbestos Packing Material

Cobalt-Chromium Alloy Castings, Wear and Corrosion-Resis-
tant

Wrought Cobalt-Chromium Tungsten-Nickel Alloy Rounds

Chromium-Nickel Steel Bars and Forgings, Corrosion-Re-
sistant, Precipitation Hardening

Springs, Helical Age-Hardenable Nickel-Chromium-Iron Alloy

Electrodes and Rods Welding, Bare, Low and Medium Carbon
Steel

Cobalt-Chromium Alloy Bars and Shapes

Alloy Wire, Corrosion and Heat-Resistant, Nickel-Base,
Annealed

Nondestructive Test Methods

Cleaning and Cleanliness Requirements for Nuclear Reactor

Components

Preloading Threaded Fasteners or Closures by Torquing, or

by Thermal or Mechanical Straining

Radioactive Decontamination

Material Fabrication Requirements

*Approved by DRDT for distribution as a tentative standard.
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RDT-S-923

RDT-S -924

RDT-S-934

RDT-S-935

RDT-S-941

Material and Fabrication Requirements for Ni-Cr-Fe Alloy
Steel Applications

Examination Requirements and Acceptance Standards for
Seal Membranes

Weld Examination Standard, Water-Cooled Nuclear Power
Plants

Mechanical Locking Devices for Use on Nuclear Reactor
Equipment

Heat Treatment Requirements for Carbon and Low Alloy Steel
as Fabricated into Pressure Vessels

7.5 ANTISEISNIC DESIGN OF NUCLEAR FACILITIES

R. N. Lyon

The location of nuclear facilities in the vicinity of earthquake

faults gives rise to concern that in future earthquakes the faults may

extend to the nuclear site and both cause a major accident and the in-

validation of the engineered safety features provided with the plant.

ORNL has been assigned responsibility as a central coordinating group

to assist the Commission in the planning and execution of a program of

antiseismic design of nuclear facilities that initially includes the as-

sessment of the significance of possible areas of research, assignment

of priorities, and evaluation of techniques and results.

In general, the approach was to employ a number of architectural

firms to attempt to develop a basis for an antiseismic design technology

by preparation of specific conceptual designs that could be applied to a

wide range of general geologic and seismic site conditions and serve to

narrow the range of any later testing needed to demonstrate the viability

of the antiseismic designs. Concurrently, there would be an early ana-

lytical evaluation of the relative significance of various seismic ques-

tions and of the capabilities and limitations of available research tech-

niques (specifically, scale-model testing).

The earthquake program was initiated in November 1966. As described

in the previous report,6 three specific tasks were identified:
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Task 1 - Development of Conceptual Antiseismic Designs

Task 2 - Development of Model Testing Parameters, Test Methods,
and Analyses

Task 3 - Interim Scale-Model Screening Tests

In implementation of the first task, four architect engineers with

previous experience in determining the integrity of structures subjected

to earthquakes were given contracts to develop conceptual designs of re-

actor systems that will resist one or more of three levels of ground vi-

bration and ground faulting. Another investigation was initiated to de-

velop model-testing techniques. Work on task 3 awaits at least prelimi-

nary results from tasks 1 and 2. In the meantime, a more comprehensive

earthquake program proposal is being prepared that encompasses all aspects

of the problem that have become evident during the past year.

Conceptual Antiseismic Design Studies

Four contractors were chosen to investigate the increase in nuclear-

power-plant cost required to provide protection against three cases of

simultaneous shaking and differential movement due to faulting. Each con-

tractor is considering a different method of allowing for fault movement

under the plant. The methods consist of strengthening the reactor con-

tainment vessel and base, arranging to limit the stress or load that would

be applied to the containment vessel and base, or combinations of these.

Of the four contractors, only one (Holmes and Narver) has completed

the initial study. The other three studies are to be completed or essen-

tially completed early in 1968. All contractors have found that plants

designed without regard for faulting can withstand no more than 1 or 2 in.

of horizontal or vertical fault slippage under the plant. In some loca-

tions (for example, on bedrock), no appreciable slip could occur without

rupture of the containment vessel unless provision was made for slipping

between the bedrock and the base of the containment vessel.

Floating Plant: Daniel, Mann, Johnson, and Mendenhall

Studies by the architectural firm of Daniel, Mann, Johnson, and

Mendenhall indicate that a floating plant is feasible with currently
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available engineering technology. They suggest that all components of

the plant be supported by a single floating platform protected from ver-

tical forces by a honeycomb of individually pressurized air cells on the

bottom of the platform. Since spent-fuel storage, turbine-generators,

transformers, and switchgear would all be located on the platform, the

only external connections with the platform would be those for transmit-

ting the power, for bringing service trucks and personnel onto the float-

ing platform, and for mooring the platform. Cooling water would be drawn

from the pond surrounding the platform and returned by means of long

spigots that would project to the surrounding breakwater. Effluent from

the spigots would be caught and piped far enough from the breakwater to

avoid recirculation of the heated water.

Suspended Plant: Burns and Roe

Burns and Roe are investigating the possibility of total or partial

suspension of a reactor system by an aqueous or nonaqueous suspension or

slurry. Such a suspension might provide simpler mooring and reduce the

danger of loss of the suspending fluid because of a fault in inland ap-

plications where a Newtonian fluid might tend to leak out of the support-

ing pond.

Protected Foundations: Holmes and Narver

Holmes and Narver completed a draft of their final report before

the end of the year. They are considering two concepts: (1) a contain-

ment vessel imbedded in about 50 ft of engineered sandy material, or at

least material of known properties, and (2) a freestanding containment

vessel, either in a walled pit or on grade. In either of the freestand-

ing cases, the base slab must be increased in diameter to provide against

excessive rocking during an earthquake.

Holmes and Narver have examined several arrangements involving a

sandy material of postulated internal friction separating the containment

vessel and pad from the indigenous earth or rock. They conclude that the

greatest stress occurs when a horizontal fault transects the containment

vessel in a vertical plane through the diameter. They use data of Row

and Peaker7 to obtain an idealized expression that relates the passive
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pressure on a wall moving through a sand bed to the sand properties, the

depth, and the amount of displacement. Predictions based on the result-

ing equation are given in Fig. 7.4 for a sand with a dry density of 120

lb/ft3 (70 lb/ft3 submerged) and an internal friction angle of 40 deg.

Holmes and Narver suggest that these peak pressures be multiplied by the

factors shown in Fig. 7.5 to allow for the variation around a cylindrical

vessel. Figure 7.5 was obtained by assuming that the pressure increases

from roughly zero at the fault line to a maximum at an angle of 25 or

30 deg around the approach side. The pressure then follows a cosine

curve to 90 deg and remains low around the retreat side. This method is

believed to be conservative, although admittedly it is very arbitrary and

tentative at present.

Force on the containment walls can be minimized by reducing the

depth to which the containment is embedded. This, however, increases

the toe pressure under the base pad during shaking, and increases the

hazard of overturning. An alternative possibility is to extend the base

pad beyond the containment walls for a distance greater than that of any
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conceivable strike slip and to use it also as the foundation for a re-

taining wall that can fail during faulting without jeopardizing the con-

tainment vessel.

Plant Strengthening: Kaiser Engineers

Kaiser Engineers are examining the idea of unifying and strengthen-

ing the plant to withstand earth movement that might break all external

lines and still permit maintenance of safe shutdown of several days with-

out any outside contact. It includes, in addition to storage of borated

water for emergency cooling, a closed cooling tower and stored water for

spraying on the outside of the cooling tower tubes to improve their ef-

fectiveness.

Model Studies

The problem of developing model testing parameters, test methods,

and analyses was subcontracted to Wyle Laboratories of Huntsville, Alabama,

and a draft of a final report has been received. Although the report is

incomplete, it indicates a variety of experimental tests for use in de-

signing and developing earthquake-resistant buildings. These include

full-scale shaker tests on small components, such as instruments and con-

trol devices, model tests on large parts of the system, such as the con-

tainment vessel, and model tests of soil-foundation interaction.

Wyle Laboratories suggest that model tests can be useful not only

for elastic systems but also for some soil-foundation studies. The pre-

dictions plotted in Figs. 7.4 and 7.5, for example, could be tested on a

relatively small scale if the angle of internal friction was unaffected

by pressure.

For shaking tests, the following four parameters of the structure

are of principal concern:

1. soil bearing pressure,

2. ratio of height of center of gravity to the width of the base,

3. overall weight,

4. moment of inertia about the center of gravity.

Wyle suggests that by simulating a rigid structure with two lumped masses
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rather than one, both the height of the center of gravity and the moment

of inertia can be controlled.

General Studies

In addition to coordinating the work of the various subcontractors,

the ORNL staff is developing a comprehensive proposal for additional

studies relative to the development of earthquake-resistant nuclear struc-

tures. The report will be available early in calendar year 1968, but it

has already served to identify the following additional projects that

should be initiated:

1. Model tests are required to demonstrate that the loads in con-

tainment vessels and in foundation pads due to faulting can be predicted.

2. Reactors have already been built on soil that some experts be-

lieve will become unstable during an earthquake. Methods for determining

the stability of soils and the possibility of designing against instability

should be developed as quickly as possible.

3. Many instruments, relays, and transducers have an unknown resis-

tance to earthquakes. Many of these will be subjected to amplified vi-

brations due to resonances in the supporting structure. Initially, it

is hoped to determine how serious this problem really is by determining

the amplitudes at various frequencies where some of the more sensitive

components fail to function.

4. The most conservative way of predicting the amplitude of vibra-

tion in a structure is to shake it at low amplitude and extrapolate the

resulting response linearly to the amplitude of shaking that might occur

during an earthquake. Existing shaking machines or slightly larger ma-

chines appear to be able to produce measurable response in a reactor

structure using current or slightly improved instruments. This possi-

bility needs to be explored, and estimates are needed of the cost of

such tests and of the development of any new equipment required.

5. A study is needed of the types of failure to be expected when

reactor components are shaken. This program is longer range than the ex-

perimental program listed above, but might be combined with it.
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6. Of the concepts studied so far for resisting faulting, the one

studied by Holmes and Narver appears to be the closest to existing prac-

tice. The study needs to be continued to determine the usefulness of

materials other than sand under the pad and as backfill.

7. In ordinary buildings and other large structures, credit is

taken in earthquake analysis for the damping due to plastic deformation

of some of the components. It is generally agreed that plastic deforma-

tion should be held to a minimum in a reactor system. It appears that

inexpensive, reliable radiation-resistant dashpots or dampers might be

developed that would consist of bellows and a noncorrosive liquid ele-

ment, such as a liquid metal.

8. For a simple inverted pendulum, the amplitude at the center of

mass divided by the amplitude applied at the bottom is approximately equal

to one-half the reciprocal of the fraction of critical damping in the sys-

tem. Thus the amplification with 1% of critical damping is 50, but for

10% critical damping the amplification is only about 5. Insufficient

data are available for predicting the damping coefficient in many parts

of the reactor system. More data are needed, and methods need to be de-

veloped for designing in a way that permits better prediction of the

damping coefficients.

9. The finite-element method for approximating solutions of boundary-

value problems appears to offer a powerful computer approach to both the

dynamic and the stress analyses for predicting the earthquake response

and resistance of reactor structures. The method needs to be developed

further, however, to be most useful in reactor-earthquake analyses.

10. In the past there has been considerable controversy concerning

the expected vibrations and especially the expected ground displacements

at some sites, and structural designs to accommodate differential dis-

placements have not yet been proven. Strong-motion instruments should

be installed at power reactor sites, and in addition, procedures and sys-

tems for servicing the instruments and for gathering, analyzing, and evalu-

ating the data should be developed. Microearthquake studies will be needed

to evaluate the potentialities of using the results of such studies to

obtain a measure of the seismicity of any given small area, such as a
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reactor site. The work to be performed may include modifications to ex-

isting microearthquake instruments and/or techniques, establishment of

optimum field procedures, and a statistical evaluation of the validity

of the approach. The determination of the nature and characteristics of

the so-called minor branch or subsidiary faulting and the problems of

establishing the activity of faults as they affect reactor siting and de-

sign will require intensive investigations to permit the preparation of

a base map of coastal California that will show the location of all faults,

onshore as well as offshore, that would be considered to be critical in

reactor siting and design, as well as the activity of these faults and

epicenter locations of significant shocks.
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8.1 NUCLEAR SAFETY INFORMATION CENTER

J. R. Buchanan Wm. B. Cottrell

In 1963 the Nuclear Safety Information Center was established by the

USAEC Division of Reactor Development and Technology as a focal point for

the collection, analysis, and dissemination of information for the benefit

of the nuclear community. It aids those concerned with the analysis, de-

sign, and operation of nuclear facilities in the definition and solution

of their nuclear safety problems.

NSIC has indexed over 17,000 references into its storage files since

it became operational. Pertinent abstracts are readily retrievable from

a computer to meet a number of requirements. These abstracts are fre-

quently used to aid the staff in answering technical inquiries. The files

are also extensively used during the preparation of NSIC "state-of-the-

art" reports and review articles for the Nuclear Safety journal. Routine

forms of reference output from the storage files are a quarterly indexed

bibliography of NSIC's accessions and a biweekly Selective Dissemination

of Information (SDI) program that selects references according to indi-

vidual user requirements. The Center's services are currently available

without charge to governmental agencies, research and educational institu-

tions, and the nuclear industry. Surveys are being conducted to investi-

gate the possibility of charging for some of the services in the future.

Organization and Scope

There have been no changes in or additions to the scope of NSIC in

the past year. With one notable exception, neither have there been any

appreciable changes in the number of documents processed in the various

subject areas. There has been a significant increase in the number of

documents that relate to operational safety, including the licensing and

regulation of nuclear facilities. In order to keep abreast of this very

important segment of the nuclear safety literature, an additional spe-

cialist was assigned to that area in June. Present NSIC staff assign-

ments are given in Table 8.1. The individuals are members of various

Laboratory Divisions or organizations, as indicated on the table.
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Table 8.1. NSIC Staff Assignments

Wm. B. Cottrell, Director
J. R. Buchanan, Assistant Director

Sci dentist Time Spent
ScietistWorking

or ORNL Division Subject Area for NSIC
Engineer (%)

J. P. Blakely Reactor General Safety Criteria 10

W. C. McClain Health Physics Earthquake Considerations 10

H. B. Piper Reactor Information Retrieval Coordination and 50
Siting - General

L. B. Shappert Chemical Technology Transportation and Handling of Radio- 10
active Materials

M. H. Fontana Reactor Heat Transfer and Fluid Dynamics 10
C. G. Lawson 10

J. V. Wilson Reactor Reactor Transients, Kinetics, and 50
Stability

G. W. Keilholtz Reactor Chemistry Fission-Product Release, Transport, and 50
Removal

H. A. McLain Reactor Sources of Energy Release Under Acci- 10
dent Conditions

C. S. Walker Instrumentation and Nuclear Instrumentation, Control, and 50
H. G. O'Brien Controls Safety Systems and Electrical Power
T. L. McLean Systems
E. W. Hagen

J. G. Merkle Reactor Structural Integrity 10

F. M. Empson Health Physics Environmental Surveys, Monitoring, and 50
B. L. Houser Radiation Exposure of Man and Radio- 50

nuclide Release and Movement in the
Environment

S. D. Swisher* Meteorological Considerations 30

E. N. Cramer Operations Safety Analysis and Design Reports and 50
R. L. Scott Operations Operational Safety and Experience 25
C. A. Myers Reactor 100

M. L. Winton Reactor SDI Program and Computer Codes for Ac- 50
cident Analysis

H. B. Whetsel Reactor Technical Editing and Vocabulary Con- 100
trol

C. M. Murphy Reactor Information Specialist 100

*[.S. Department of Commerce, Environmental Science Services Administration.
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Computerized Operations

NSIC's information-storage and -retrieval operations are completely

computerized through the facilities of the Union Carbide Computing Tech-

nology Center. The principal uses of the computer programs and files are

to (1) operate a biweekly Selective Dissemination of Information program,

(2) handle requests for retrospective bibliographies, and (3) produce a

quarterly indexed bibliography of NSIC accessions.

The equipment for a computer telecommunications station has been re-

ceived and installed at NSIC. Testing has been initiated, and it is ex-

pected that the station will soon operate on a routine basis to provide

more efficient information input to and retrieval from the master storage

files.

Selective Dissemination of Information

The SDI program has continued to experience rapid growth since it

was initiated in October 1965. The number of participants has doubled

in the past year, and there are now about 1000 members of the nuclear

community receiving the biweekly abstract service. The references are

automatically selected by the computer according to the interests of each

participant and printed on specially prepared continuous-form 5- X 8-in.

cards.

NSIC has been able to reach a large segment of the scientists and

engineers who can profitably use the service by publicizing it through

appropriate AEC Divisions, the Atomic Industrial Forum, technical society

meetings, and direct contact with contractors and university groups. The

current user affiliations for SDI are as follows:

Percentage
of Total
Users

Private industry 47
U.S. Atomic Energy Commission staff 21
Government contractors 13

Universities 9
Oak Ridge National Laboratory 8
Federal government (other than AEC) 1
State or local government 1
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The last card in each SDI accordian style set is for user feedback.

Feedback from recipients makes possible adjustments to individual profiles

to reduce the quantity of citations of marginal interest. Response has

been very good; about 50% of cards are returned, and as a result about

20% of the profiles have been adjusted on the basis of feedback. The

method of adjustment was described earlier.1 Feedback is currently handled

entirely on a manual basis. A program will be developed in 1968 so that

statistics on the response from each profile can be automatically accumu-

lated.

User Profiles. Additions to the SDI program are made in two ways.

Initially, all SDI customers had interest profiles constructed of ap-

propriate keywords from NSIC's indexing vocabulary. Each keyword was

weighted and a target score was assigned to the profile. A bibliographic

accession on the computer tapes must equal or exceed the target score

before the item is considered to meet the search parameters. An indi-

vidual with varied interests was assigned more than one profile. This

method of profiling, which is described in Ref. 1, is still used, although

not as extensively as in the early stage of the program. The application

form used is shown in Fig. 8.1.

More recently most of the user profiles have been based on NSIC's

subject categories. The application form used for this purpose is shown

in Fig. 8.2. This procedure has several advantages when the number of

SDI customers is being increased rather rapidly. First, the amount of

time required to prepare an average profile is reduced by a factor of 5.

Second, the categories were constructed as discrete safety topics, so

individual categories usually match the interests of the user. Third,

the mechanics of profile input at the computer are greatly simplified.

Last, NSIC is able to serve more SDI users more quickly. The main dis-

advantage is that users may have interests in material that constitutes

only a small fraction of one or more categories. This is only an interim

problem, however, since feedback from the participant can be used to

eliminate the bulk of the unwanted references. He can also advise the

Center of new interests.
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FORM A

NUCLEAR SAFETY I N F O R M A T I O N C E N T E R

SELECTIVE DISSEMINATION OF INFORMATION (SDI) APPLICATION

Technical personnel in government service or the nuclear industry who wish to
participate in NSIC's SDI program may do so by completing this form. Cards of biblio-
graphic information, abstracts and keywords describing current nuclear safety documents
will then be sent to you on a biweekly basis.

--Define your specific interests and the computer will do the rest--

1. Name

2. Title

3. Organization

4. Address

5. City State Zip Code

6. Telephone No.

7. A brief statement of your specific interests:

8. Signature

9. Date

Return To:

Nuclear Safety Information Center
Oak Ridge National Laboratory
P. 0. Box Y
Oak Ridge, Tennessee 37831

Fig. 8.1
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FORM B

N U C L E A R S A F E T Y I N F O R M A T I O N C E N T E R

SELECTIVE DISSEMINATION OF INFORMATION (SDI) APPLICATION

Technical personnel in government service or the nuclear industry who wish to
participate in NSIC's SDI program may do so by completing this form. Cards of biblio-
graphic information, abstracts and keywords describing current nuclear safety documents
will then be sent to you on a biweekly basis.

1.

2.

3.

4.

5.
6.

7.

8.

9.

Name

Title

Organization

Address

City State Zij

Telephone No.

Check your category of interest: (One only, please)

General Safety Criteria

Li Siting of Nuclear Facilities

[ Transportation and Handling of Radioactive Materials

j Accident Analysis

E Reactor Transients, Kinetics, and Stability

Li Fission Product Release, Transport, and Removal

j Sources of Energy Release Under Accident Conditions

Li Nuclear Instrumentation, Control, and Safety Systems

a Electrical Power Systems

Containment of Nuclear Facilities

Plant Safety Features

Radiochemical Plant Safety

Radionuclide Release and Movement in the Environment

Li Environmental Surveys, Monitoring and Radiation ExpoE

Meteorological Considerations

Operational Safety and Experience

Li Safety Analysis and Design Reports

Signature

Date

Return To:

Nuclear Safety Information Center
Oak Ridge National Laboratory
P. 0. Box Y
Oak Ridge, Tennessee 37831

p Code

sure of Man

Fig. 8.2
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Persons who read this progress report and who are not now participa-

ting.in the SDI program but would like to join may do so by submitting

a completed facsimile of Fig. 8.1 or 8.2 to NSIC.

Specialized Profiles. Five specialized profiles of interest related

to nuclear facility operating experience were recently structured in order

to direct suitable references to the USAEC operator licensing examiners.

The basic distinction in the profiles was that of plant type, as shown

in Table 8.2. The keywords common to all five profiles are given in

Table 8.3. All words with "incident" or "failure" are used, and they

constitute the bulk of each profile.

Twenty-four examiners are receiving SDI on the basis of these pro-

files. Some have one profile while others receive two to five. The type

of information being disseminated should also be of considerable interest

to the large body of individuals concerned with the (present or planned)

operation of nuclear reactors. Any who wish to participate may do so

by making this desire known to NSIC.

Surveys. A recent survey of 100 SDI users gave these results on

the basis of the 91 questionnaires that were returned:

Degree of usefulness

Useful 50%
Very useful 48%
Of little use 2%

Depth of coverage

About right 91%

Frequency

About right 79%

Satisfaction

Can rely on SDI alone 71%
Prefer SDI to bibliographies 87%

The benefits of this program have been available to the nuclear com-

munity at no charge since its inception two years ago. Because of the

increased use of SDI and the other services, with a correspondingly greater

demand on the capabilities and budget of the Center, NSIC is currently

investigating the possibility of recovering some of the increased costs

from users. The users are being surveyed to see what effect this would
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have on the program. The results of the survey will be known early next

year. At that time a decision will be made as to whether a cost-recovery

program will be undertaken.

Table 8.2. Profile Number and Plant Type

Profile
Number

Plant Type

01 Pool type, pulsed, research, test, training,
fast burst, flux trap

02 Pressurized water

03 Boiling water

04 Gas cooled, liquid-metal cooled, organic cooled,
pressure tube, molten salt, breeder, circula-
ting fuel, fast, heavy water, safety research,
internal super heat, power, water, high-tem-
perature gas, production

05 Radiochemical plant safety, radiochemical
processing, fuel reprocessing

Table 8.3. Keywords Common to all Profiles

Failure, administrative control
Failure, cladding
Failure, coated particle
Failure, component
Failure, design error
Failure, equipment
Failure, fabrication error
Failure, fatigue
Failure, fuel element
Failure, fuel element, waterlogging
Failure, general
Failure, installation error
Failure, instrument
Failure, maintenance error
Failure, operator error
Failure, pipe
Failure, pressure vessel
Failure, scram mechanism
Failure, sequential
Failure, simultaneous
Failure, tubing
Incident, compilation
Incident, actual, equipment

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.

Incident, actual, general
Incident, actual, human error
Incident, actual, nonnuclear
Incident, actual, nonreactor
Incident, actual, recovery from
Incident, exposure
Incident, fatality
Incident, SL-l
Incident, Windscale
Incident, Wood River
Administrative controls and practices
Operations report, general
Radiation in perspective
Safety review (operations, experiments)
Operating experience
Population exposure
Operations report, analysis
Personnel exposure, radiation
Radiation, public education/acceptance
Flow blockage
Reactivity effect, anomalous
Instrumentation, abnormal indication

1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
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Retrospective Searches

Special "one shot" searches of NSIC's entire computer file can be

made to aid in accumulating background information on a particular sub-

ject. The requests are usually quite narrow in scope. The demand for

them has grown during 1967 from about 8 to 10 per month early in the year

to about 30 to 35 per month at present.

Indexed Bibliography

Another four-issue set of the NSIC quarterly indexed bibliography

was printed and issued in 1967.2-5 The latest document contained over

1347 references sorted into the Center's 19 subject categories. Each

bibliography is sorted and printed by the computer with keyword and author

indexes, and no editorial or graphic arts work is required to get re-

producible copy. Presently, over 1100 copies of each document are dis-

tributed.

Telecommunications

NSIC received delivery of its computer telecommunications equipment

in mid-1967, about 18 months following placement of the order. The station

consists of an IBM 2740 typewriter-printer and two IBM 2260 cathode-ray

tube (CRT) display stations with an IBM 2848 control unit. Figure 8.3

shows the 2740 in use with one of the 2260 consoles in the foreground.

The station is served by two special telephone lines. One links the

2740 to the IBM 360 Model 50 computer at the Computer Technology Center

(CTC) and the other links the control unit for the display stations to

the computer.

Delivery of systems software by the vendor has been slower than

anticipated; however, it was possible to start testing the 2740 on an

abbreviated file of 133 NSIC references in August 1967. Any of 95 key-

words can be used singly or in combination to retrieve appropriate ref-

erences that are stored in a disk pack at CTC. Use of the complete NSIC

data file is not yet possible because of a lack of adequate subroutines

in the overall program. Delivery of the required software is expected

by the end of the year.
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Fig. 8.3. Testing of the IBM 2740 Communications Terminal; an IBM
2260 Display Station Is in the Foreground.

Preliminary tests were conducted on the CRT equipment to show that

it functions as required. No tests with NSIC data are planned, however,

until the 2740 is operating routinely with access to the entire master

file. The CRT's will be used initially for handling direct data input

to the computer. This will bypass the keypunching step now required. In

addition to the input and inquiry capability, the remote station will be

used for direct maintenance of the computer files. When the remote con-

soles are in full use, it is anticipated that the Center's information

retrieval operations will become significantly more efficient.

Meetings and Conferences

One of the most important techniques employed by the staff of the

Center to "stay on top" of nuclear safety information is direct contact

with individuals active in the business, and the most effective way of

doing this is by attending technical meetings. NSIC staff members have

participated in the following 34 sessions since the last report period:

.Vol 71 1
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1. Standards Committee, IEEE Nuclear Science Group, New York City,

January 31, 1967. Attending: C. S. Walker.

2. IEEE Nuclear Science Group - Working Group I of the Standard Subcom-

mittee of the Reactors and Reactor Controls Committee, New York City,

February 1-2, 1967. Attending: C. S. Walker.

3. Informal conference on growth of NSIC and SDI program with A. J.

Pressesky and W. A. Kee, Washington, D.C., April 4-5, 1967. Attend-

ing: J. R. Buchanan.

4. N6 Subcommittee meeting, New York City, April 10, 1967. Attending:

Wm. B. Cottrell.

5. The American Geophysical Union meeting, Washington, D.C., April 20,

1967. Attending: W. C. McClain.

6. American Power Conference, Chicago, Illinois, April 25-27, 1967.

Attending: J. R. Buchanan.

7. AIF Workshop on Atomic Power Information, La Jolla, California,

May 1-5, 1967. Attending: J. R. Buchanan, as faculty member.

8. Talk presented at the National Symposium, Putting Information Re-

trieval to Work in the Office, Washington, D.C., May 8-10, 1967.

The talk was entitled "Evaluation and Compression of Scientific and

Technical Information at the Nuclear Safety Information Center."

Presented by Wm. B. Cottrell.

9. Informal conference with R. Guilloux, Centre d' Etudes Nucleaires

de Saclay, France, May 22, 1967. Participating: Celia Murphy.

10. Informal conference with h. c. E. Pietsch, Zentralstelle fuer

Atomkernergie - Dokumentation, Gmelin - Institut, Frankfurt/Main,

West Germany, May 23, 1967. Participating: Celia Murphy.

11. Informal conference with IAEA, Health Safety and Waste Disposal Di-

vision and with the head of the IAEA Technical Information Division,

Vienna, Austria, June 5-7, 1967. Participating: E. N. Cramer.

12. Informal conference with the head of the Euratom Documentation Center,

Brussels, Belgium, June 8, 1967. Participating: E. N. Cramer.

13. Informal conference with Secretary of CREST, Paris, France, June 9,

1967. Participating: E. N. Cramer.
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14. American Nuclear Society Annual Meeting, San Diego, California,

June 12-16, 1967. Attending: Wm. B. Cottrell and G. W. Keilholtz.

Wm. B. Cottrell chaired a panel discussion on the "Current Role of

the Maximum Credible Accident in Reactor Safety Analysis" on June 14.

15. Informal conference with members of the Division of Operational

Safety, Division of Reactor Licensing, Division of Reactor Develop-

ment and Technology, Office of General Council, Division of Com-

pliance, Division of Technical Information, Germantown, Maryland,

June 13, 1967. Participating: J. P. Blakely.

16. Nuclear Standards Board, Special Committee, San Diego, California,

June 14, 1967. Attending: Wm. B. Cottrell.

17. Meeting of the Executive Committee of Nuclear Standards Board,

New York City, June 29-30, 1967. Attending: Wm. B. Cottrell.

18. American Nuclear Society meeting on Reactor Operating Experience,

Atlantic City, New Jersey, July 24-25, 1967. Three papers were pre-

sented: "HFIR Coolant Flow Anomalies" by R. L. Scott, "Shortcomings

of Operator Crew Training and Internal Certification Programs" by

E. N. Cramer, and "Heat Transfer in the MSRE Heat Exchanger" by

H. B. Piper.

19. Lecture on "Reactor Safety and Capabilities of NSIC" to radiation

safety officers attending Health Physics Institute sponsored by the

National Science Foundation, Oak Ridge, Tennessee, July 28, 1967.

Presented by J. R. Buchanan.

20. Meeting of the Standards Subcommittee of the Reactor Controls and

Instrumentation Committee of the Nuclear Science Group of the Insti-

tute of Electrical and Electronics Engineers, Washington, D.C.,.

August 3-4, 1967. Attending: C. S. Walker.

21. Talk presented at Conference on Special Topics - Nuclear Education

and Research, cosponsored by Oak Ridge Associated University,

Gatlinburg, Tennessee, August 28-30, 1967. Presented by Wm. B.

Cottrell.

22. Meeting of Working Group No. 1, Single Failure Criterion of the

Standard Subcommittee of the Reactor Controls and Instrumentation

Committee of the Nuclear Science Group of the IEEE, New York City,

September 29, 1967. Attending: C. S. Walker.
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23. Discussions with Dr. Werner Klug on stack height criteria at the

Institut fuer Meteorologie of the Darmstadt Technische Hochschule,

October 1967. Participating: Gary Briggs.

24. Informal conference on cooperation between Atomic Industrial Forum

and NSIC with AIF staff members, New York City, October 23, 1967.

Participating: J. R. Buchanan.

25. American Documentation Meeting, New York City, October 23-26, 1967.

Attending: J. R. Buchanan.

26. Incipient Failure Conference, Gatlinburg, Tennessee, October 30-31,

1967. Attending: E. N. Cramer and C. S. Walker.

27. American Nuclear Society meeting, Chicago,'Illinois, November 5-9,

1967. Attending: Wm. B. Cottrell.

28. Informal conference regarding plume rise experiments and model with

Dr. D. H. Moor, Dr. K. James, and Mr. R. A. Scriven at the Central

Electricity Research Laboratory, Leatherhead, England, November 6,

1967. Participating: Gary Briggs.

29. Forum of Federally Supported Information Analysis Centers, COSATI

Panel 6, Gaithersburg, Maryland, November 7-8, 1967. Attending:

J. R. Buchanan.

30. Conservation of Clean Air and Water in Western Europe, The Hague,

Netherlands, November 8-10, 1967. Attending: Gary Briggs.

31. Informal conference with AEC Regulatory Staff members, Washington,

D.C., November 9, 1967. Participating: J. R. Buchanan.

32. Nuclear Standards Board, Special Committee, Chicago, Illinois,

November 8, 1967. Attending: Wm. B. Cottrell.

33. Conference on Information Engineering for Educators, Oak Ridge As-

sociated Universities, Oak Ridge, Tennessee. J. R. Buchanan briefed

the conference on NSIC, November 29-30 and December 1, 1967.

34. Meeting of the Executive Committee of Nuclear Standards Board, New

York City, December 7-8, 1967. Attending: Wm. B. Cottrell.
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Status of Reviews and Reports

Summaries of the status of the various reviews and reports that the

Center is actively engaged in preparing or has issued during the past

year are presented below.

1. Reliability Considerations in Nuclear Reactor Protection
Systems

Considerations of the reliability aspects of nuclear reactor pro-

tection systems are included in several papers prepared under the sponsor-

ship of the Nuclear Safety Information Center. One such paper was pub-

lished in the Summer 1967 issue of Nuclear Safety under the title "Some

Aspects of Reliability in Reactor Instrument Systems," by T. L. McLean.6

Two state-of-the-art reports that place significant emphasis on the prob-

lems of reliability and performance of reactor protection systems are in

preparation. One report, by S. H. Hanauer, University of Tennessee, will

discuss principles of the design of protection systems. The second re-

port, by C. S. Walker, is part of the group of papers being written on

water-cooled reactor safety (see Sect. 7.3, Discussion Papers on Various

Aspects of Water-Cooled Reactor Safety) and will describe and review pro-

tection systems as they are being applied in typical nuclear plants. A

draft of each report is scheduled for completion in early 1968, and the

final reports are to be issued in mid-1968.

2. Indexed Bibliography on Transportation and Handling of
Radioactive Materials by L. B. Shappert and R. S. Burns

The intent of this report is to provide interested parties with a

compilation of reports on the subject of transportation and handling of

radioactive materials. The literature search included articles published

as early as the 1940's and up to the present time. The report contains

approximately 700 abstracts and was issued in June as ORNL-NSIC-33.7

3. Aerosols and Their Relationship to Fission-Product

Transport and Deposition Processes by G. W. Keilholtz

A review on this subject was outlined in 1966 but placed on the in-

active list because of higher priority work on other reports. The sub-

ject was discussed in the article on "Air Cleaning Systems as Engineered
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Safeguards in Nuclear Reactor Containment" by G. W. Keilholtz in the

Summer 1967 issue of Nuclear Safety8 and will also be treated in the re-

port "Air Cleaning Systems as an Engineered Safety Feature in Water-Cooled

Power Reactors" by G. W. Keilholtz, C. E. Guthrie, and G. C. Battle (see

Sect. 7.3, Discussion Papers on Various Aspects of Water-Cooled Reactor

Safety). There are no immediate plans for a further review on this topic.

4. 1967 Compilation of National and International Nuclear
Standards (Excluding U.S. Activities) by Wm. B. Cottrell

The third edition of a "Compilation of National and International

Nuclear Standards" was distributed in October.9 The report presents all

national and international nuclear standards activities known to the

United States of America Standards Institute in simple tabular form (ex-

cept for U.S. standards). The standards activities of all national organi-

zations, technical societies, etc., as well as relevant regulations es-

tablished by government agencies are listed in alphabetical order by

country in the first part of the report. Activities of the international

organizations are listed alphabetically in the second part. For the first

time, this report contains a brief description of most of the organiza-

tions involved.

5. 1967 Compilation of United States Nuclear Standards

The fourth edition of a compilation of U.S. nuclear standards activi-

ties known to the United States of America Standards Institute has been

assembled and will be submitted for publication before the end of the

year. It will be distributed early in 1968.

6. Core Melt-Through as a Consequence of Failure of Emer-
gency Core Cooling by M. H. Fontana

An article was prepared for Nuclear Safety, 9(1) (January-February

1968), that summarizes the technical results and conclusions of the ad

hoc committee on emergency core cooling chaired by W. K. Ergen. The

article examines the consequences of failure of emergency core cooling

and suggests several avenues of approach to either prevent the problem

from occurring or to understand the consequences of cooling failures.
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7. Fission-Product Release and Transport in Liquid-Metal
Fast Breeder Reactors by G. W. Keilholtz and G. C. Battle

A state-of-the-art review of research, development, and experience

in the release and transport of fission products in liquid-metal fast

breeder reactors, currently being revised in accordance with comments

from external reviewers, will be issued as ORNL-NSIC-37 in the first half

of 1968. The report will discuss the effects of type of fuel and mode

of release on the amounts and types of fission products released from the

fuel, fuel element venting devices and the effects of venting on the re-

lease of fission products into the coolant, the ability of sodium coolants

to retain certain fission products, and fission-product transport in and

release from the coolant and the blanket gas. It will also discuss the

possible major release of fission products into the reactor building and

other accidents in sodium-cooled reactors; the production, transport,

and control of aerosols of sodium oxide and fission products; and the

characteristics of sodium-plutonium aerosols. Recommendations for re-

search and development, both in the near future and on a long-term basis,

will be included.

8. Plume Rise: Critical Survey by Gary Briggs

This report on rise of stack effluence should be the broadest survey

on the subject up to this time and will attempt to resolve some of the

uncertainties and contradictions appearing in the literature. It includes

an extensive analysis of the published data. About two-thirds of the

text has been drafted, and nearly all data comparisons have been com-

pleted. The author gained much insight valuable to this work in discus-

sions with the top European experts on plume rise during recent official

travel. Estimated completion time is about two months.

9. Sources of Tritium and Its Behavior Upon Release to the
Environment by D. G. Jacobs

A draft of the report was completed and has undergone internal re-

view. It is being revised and retyped prior to submission for external

review. The report consists of eight chapters, including one chapter on

projected tritium production in an expanding fission power economy, with
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an evaluation of the impact of the release of this tritium into the en-

vironment. The final review should be finished by February 1968.

10. Radiation in Perspective - Correcting the Record
by Henry B. Piper

A treatment of items disseminated to the public through the "popular"

press will be submitted for publication in Nuclear News. The review dis-

cusses critics who are unreasonable and damaging in their writings con-

cerning the potential hazards of the nuclear industry. Several articles

have recently appeared in the public press that cover the spectrum of

criticism from clever misdirecting of conclusions to extensive distortions

and misrepresentation. These pieces appeared primarily in newspapers and

magazines and were written by the nontechnical free-lance writer, by the

syndicated columnist, and by the technical author. Several instances of

varying degrees of misrepresentation in these articles are pointed out

by comparing statements and conclusions with the reported and documented

facts of the case.

11. Computer Codes for Accident Analysis by M. L. Winton

Material is being assembled for an article compiling information on

computer codes that are used in the nuclear industry for accident analy-

sis. The compilation will show the name of the code, the authors, per-

sonal and corporate, coding language and computer, nature of the problem

solved, approximate running time (when available),.limitations, and ref-

erences. The article will appear in the July-August 1968 issue of Nu-

clear Safety, 9(4).

12. Patterns in Radiography Incidents and Overexposures
by E. N. Cramer and R. L. Scott

In December, work began on a report whose working abstract is as

follows:

There have been more than 90 overexposures to radiog-
raphers in the past five years that were due to two sequen-
tial failures: (1) the source and drive tube were not cou-
pled correctly and therefore the source did not retract with
the drive, and (2) the radiographer did not carefully monitor
for radiation before changing the film. The radiation safety
content of a training course for radiographer trainees and
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industrial safety personnel who have had no radiation safety
experience has been developed as a means of preventing such
overexposures. The precautions needed in handling sources
and the setup of administrative control are also factors in
the safety program.

In addition, a previously written self-instructional training manual

on Radiation Safety and Control may be revised to make it more appropriate

to this situation.

13. Evaluation and Compression of Scientific and Technical
Information at the Nuclear Safety Information Center
by Wm. B. Cottrell

A report presenting a brief resume of the operation of NSIC with

emphasis on those functions that constitute evaluation or compression of

technical information was published in June.1 0 A compression ratio of

greater than 100 is reported for the Center's review articles and state-

of-the-art reports.

14. NSIC Activities by J. R. Buchanan

A report summarizing NSIC activities for the past two years is being

prepared. A draft will be available in December 1967.

15. Prescriptive Duties and General Guidelines for the NSIC
Reviewer and Editor by H. B. Whetsel

The booklet (50 or 60 pages long) on the reviewer's and the editor's

duties is about two-thirds finished. It is in the second-draft stage,

which includes the insertion of suitable examples of actual "green sheets"

(reviewer's sheets). Reviewers' comments on the first draft have been

taken care of, and chapter introductions are being rewritten. Since the

first draft was written, a second kind of thesaurus (large printed sheet)

has been adopted that will call for an appendix to the booklet to explain

the uses of the two forms of the thesaurus (the single sheet and the book).

The booklet should be finished sometime in February 1968.

16. The Information Specialist's Duties at the Nuclear
Safety Information Center by Celia Murphy

This report describes the activities of the NSIC group that selects

and processes documents (exclusive of abstracting and indexing) into the
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Center's storage files. It includes such sections as background infor-

mation on the Center; the scanning, ordering, and routine procedures; the

NSIC numbering system; the parts and function of the input form commonly

referred to as the "green sheet;" and the NSIC filing system. The draft

for this report should be completed by the end of January 1968.

Summary of Information Activities

During 1967 the following requests were received and answered by

NSIC personnel:

Information inquiries (letters and tele- 534
phone)

Specific NSIC reports 244
Additions to NSIC reports distribution 225
Visits for consultation or use of reference 146
material

Additions to SDI program 470

A recent analysis of the affiliation of users making information in-

quiries is as follows:

Percentage
of Total
Users

Private industry 30
Universities 16
Government contractors 11
Oak Ridge National Laboratory 15
Foreign 12
U.S. Atomic Energy Commission staff 9
Federal government (other than AEC) 4
State or local government 2
General public 1

The AEC's "General Design Criteria for Nuclear Power Plant Construc-

tion Permits" were reviewed by the NSIC, and comments and suggestions

were submitted to the Commission in September. The AEC occasionally re-

quests that NSIC review program proposals or reports submitted to the

Commission. Seven such reviews were completed during this report period,

and the results were made known to the Commission.
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8.2 COMPUTER HANDLING OF REACTOR DATA - SAFETY (CHORD-S)

W. E. Browning, Jr. R. E. Lampton
D. W. Cardwell C. G. Lawson
F. A. Heddleson I. K. Namba
Judith Joyner H. B. Piper
J. 0. Kolb P. Rubel

At the request of the U.S. Atomic Energy Commission, Computer Handling

of Reactor Data - Safety (CHORD-S) was initiated in early 1967 as a part

of the Nuclear Safety Program of the Oak Ridge National Laboratory. A

computerized system is being developed in this program for the clear, con-

cise, and flexible documentation of safety characteristics of nuclear fa-

cilities. ORNL reactor specialists are collecting and organizing reactor

safety characteristics systematically for computer storage and retrieval.

Personnel of the Union Carbide Computing Technology Center (CTC) (located

at the K-25 plant) under the direction of C. L. Allen and E. M. Kidd are

developing the special computer programming required for CHORD-S. While

the information storage and computer retrieval system will be initially

established to be of maximum usefulness to the AEC's Division of Reactor

Licensing (DRL), it will also be designed to provide for the needs of

other AEC divisions, such as Compliance, Safety Standards, Reactor Devel-

opment, and Operational Safety, for the same and related information.

This task has three somewhat distinct subtasks:

1. identification of safety characteristics and establishment of format

for recording them,

2. computer programming for data retrieval and comparisons,

3. collection of information.

There exists an urgent need within DRL to improve the efficiency of

safety evaluations of light-water power reactors. The number of reactors

currently being processed for licensing is already leading to problems of

coordination, consistency, and a clear identification of evolutionary

changes in reactor safety characteristics as they occur. These problems

will be aggravated as the number of reactors being reviewed continues to

increase, and this type of documentation will become increasingly more

important to aid in maintaining the high caliber of DRL reviews.
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A general layout of the CHORD-S system as an information storage

and retrieval network is shown in Fig. 8.4. Reactor design data of pri-

mary significance to safety evaluations are stored in the computer memory

in such a fashion that a family of users can conduct rapid selective

searches of the data file from remote locations by means of time-shared

telecommunication terminals. Direct access to information concerning

particular technical categories for a selected reactor, or for groups of

reactors, is accomplished by a conversational-mode computer language that

includes special lead-in capabilities. A rapid scan of data for various

reactors can be requested, as an optional feature, wherein the computer

detects major differences and reports these as "readout by exception."

Initial Development of Computerized Information System

Selection of Technical Categories and Reactor Power
Plants for Initial Study

Under the general direction of the Nuclear Safety Program, ORNL re-

actor specialists reviewed the characteristics of systems important to

the safety of nuclear electric power plants. Periodic meetings were held

with the Advisory Committee that was formed by representatives from vari-

ous AEC headquarters divisions to guide this program. As a first phase,

it was agreed that studies would be made of selected systems of the fol-

lowing seven water-cooled power reactor plants:

1. pressurized-water reactors

a. Connecticut Yankee (Haddam Neck)

b. Palisades

c. Indian Point 2

d. Oconee

2. boiling-water reactors

a. Oyster Creek

b. Dresden 3

c. Browns Ferry

These reactors were selected to provide typical examples of products

of the four principal reactor design organizations where features are

representative of current practice in the industry. Studies made of
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safety analysis reports (SAR's) on the seven water-cooled power reactors

generated initial characteristics data, structured for computer input,

to cover three major categories:

1. Containment System,

2. Safety Control System,

3. Design Basis Accident (DBA).

Recently, emphasis was placed on revising information previously

collected on reactor characteristics to reduce the amount of detail, as-

sembling additional reactor data for the selected categories, and ini-

tiating development of information on additional reactor systems. Review

and rework of reactor data are succeeding in consolidating and reducing

the degree of detail for each category. Priority is being given to those

items considered to be most directly applicable to the reactor licensing

process for which specific technical data can ordinarily be drawn from

SAR documents or from amendments to those documents.

Some discussion has taken place with an Advisory Committee from AEC

headquarters regarding proper identification of the various systems and

the relative priority that should be attached to developing them into the

CHORD-S program. The following additional categories were selected for

development as resources permit:

1. Containment Cooling System,

2. Emergency Core Cooling,

3. Electrical Power - normal and emergency,

4. Loss-of-Coolant Accident,

5. Core Thermal and Hydraulic Analysis.

Three additional reactors were also selected for characteristics

data development:

1. Diablo Canyon

2. Peach Bottom 2 and 3

3. VEPCO (Surry)

Methods Employed in Developing Input to Data Bank

Generalized methods were developed for extracting data from prelimi-

nary safety analysis reports (PSAR's) and structuring that information in

formats suitable for computer input coding. These methods were then
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employed to prepare lists of reactor design characteristics, in detail,

according to the separate systems listed above. As preliminary lists

were produced, they were reviewed by designated AEC reactor licensing

specialists, who provided suggestions for changes and additions that were

incorporated in later revisions.

This process tended to produce a body of information containing all

the detail desired by each reviewer, but which collectively was of rather

large volume. Accordingly, subsequent effort was directed toward iden-

tifying those items of information most crucial in current licensing de-

cisions. Input for this judgement was obtained from recent questions

asked by DRL of applicants, from the AEC General Design Criteria, from

reports by the Advisory Committee on Reactor Safeguards, and from the

Regulatory Staff of the AEC on individual nuclear power plants recently

approved by those bodies. A level of detail for reactor characteristics

and data was determined that is considered satisfactory for most poten-

tial users of the CHORD-S information system in its present state of de-

velopment.

Identification of reactor safety characteristics required precise,

uniform definition of terms for expressing physical parameters and the

bases for design and operation of systems and components, accident analy-

sis determinations, etc. It is expected that reactor design data now

being established in the CHORD-S system can be of substantial value when

related to subsequent plant operating experience. To provide capability

for such an application, limited studies were initiated to determine the

nature of requirements for collection and computerization of failure data

to develop reliability information from operating systems. From such

studies it was concluded that an information store of this nature would

be most efficiently developed by close relationship to the system design

and safety evaluation (now under development by CHORD-S) in order to re-

late the performance information to both plant design and its role in

the safety evaluation.

During the last six months, a computer file up-dating program was

placed in initial operation, with emphasis on accommodating open-ended

arrays so that additional reactor systems or information categories,

specific characteristics under any of these, or the number of reactors
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in the system can be readily altered. As data listings become available

for various categories from the reactor specialists, input program inno-

vations will be added to cope with special requirements. The file-updating

program is a very important and distinctive feature of the CHORD-S infor-

mation system. Having the flexibility of the computer being able to

readily accept changes in data structure or progressive technical modifi-

cations in data content allows the project to proceed without permanent

commitment in areas of uncertainty.

The NUS Corporation of Washington, D.C., was employed by CHORD-S to

assist in developing characteristics listings and specific reactor data

in all technical categories. This firm has long been prominent in assist-

ing electrical utilities and reactor design organizations in assessing the

safety of proposed nuclear plants. Under direction, NUS staff members

have become capable of preparing specific reactor characteristics lists

and data, in formats required for computer entry compatible with CHORD-S

programming requirements. A substantial volume of such material has been

produced by NUS, and it is of high quality.

MPR Associates, Inc. has been engaged to assist DRL and ORNL in de-

termining the general content of information for the CHORD-S Data Bank

that can be most useful to DRL's reactor safety evaluations.

In some areas where safety data were found to be incomplete or not

clearly defined, special studies were initiated to seek clarification along

lines suggested by the AEC Regulatory Staff. An area of special study in

the CHORD-S project is one assigned to Ross H. Bryan, Consulting Structural

Engineer, in which characteristics are selected for the data bank that de-

scribe the features of containment systems most pertinent to assuring

structural integrity. Mr. Bryan's firm employs a staff of technical per-

sonnel representing a wide range of experience in the design of conven-

tional, as well as prestressed and posttensioned, commercial concrete

structures. His was one of the first firms to become engaged in the de-

sign of this type of structure in the United States. Mr. Bryan assisted

in the program by identifying design information that must be available

to characterize a prestressed-concrete containment vessel for safety.
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Another example of a special study is that of network analysis of

instrumentation and control circuits by conversion to logic statements for

digital-computer processing. Mr. Jack Rattner of Long Island, N.Y., pro-

vided consulting services along this line in developing techniques for

analyzing the logic of electrical control and safety circuits.

Mr. A. F. Goldenson, Y-12 Process Analysis, is assigned part time

to the CHORD-S project for the purpose of keeping the program abreast of

the state of the art of distinctive information storage and retrieval

systems and of query-language processing to bridge the interface between

man and machine. He has visited a number of installations to examine

existing data storage and retrieval systems.

The task of developing input to the CHORD-S data bank is indeed com-

plex, since it spans many technical specialties and involves choices that

require mature, experienced judgement. Success is being achieved in this

task by careful overall guidance of the most capable professional talent

obtainable.

Computer Programming for Storage of Reactor Characteristics

The Union Carbide Computing Technology Center (CTC) assists the

CHORD-S project with preparation and execution of computer programs em-

ploying a large-capacity high-speed electronic digital computer to store

and retrieve technical information describing individual characteristics

of nuclear electric generating stations. The necessity for automated

processing of such information is a direct consequence of the sudden ex-

pansion of the nuclear power industry.

Computer programming was developed for preliminary trial batch pro-

cessing of the data on the CTC IBM 360 computer, initially with punch

card input, magnetic tape storage, and line printer output. The program

provides means for file maintenance to accommodate changes, insertions,

and additions to any portion of the data bank of characteristics listings

or the values of characteristics recorded for specific reactors. The en-

try of data for individual characteristics may be either numeric or alpha-

numeric. Where alphanumeric expressions must be used to evaluate charac-

teristics, condensed verbiage and abbreviations are employed to minimize
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the volume of information handled between the computer and prospective

users.

Following initial batch processing of CHORD-S data, programming was

initiated for direct access to the computer from telecommunications ter-

minals. Limited operation via a remote typewriter terminal located at

NSIC was achieved.

Steps were taken to see that the reactor safety information system

developed in this program will be compatible with the Commission's long-

term Management Information System (MIS). Discussions were held with the

Assistant Controller for Information and members of his staff to learn

of the detailed plans being developed for MIS and to present examples of

data structure being assembled for CHORD-S These discussions demonstrated

compatibility between the two developing programs.

Accumulation of increased volume is being handled by transfer of

storage at the CTC computer from magnetic tape to a high-capacity disk-

type memory device. An even higher capacity data cell will be used as

soon as such modern hardware becomes operational at CTC.

Data-Retrieval Objectives

At present a number of ways are envisioned for retrieving reactor

characteristics from the computer file that would be very useful to the

Regulatory Staff both in the licensing process and in the operation moni-

toring or compliance stage. Other desirable functions are sure to become

evident as the data format is developed and subsequently programmed. Use-

ful functions that are available are (1) listing of specific reactor

characteristics and (2) comparison of characteristics between reactors.

One option is provided by the CTC Computer Program whereby specific

characteristics of individual reactors, or groups of reactors, will be

read out from the data bank, selectively, in response to requests from

users of the system. Another option in the program allows the user to

request a rapid scan of a large number of characteristics, compare sev-

eral reactors, and read out only items that have significant differences

in their numerical values. A technique was developed whereby the user,

by the nature of his queries, can search for either large differences or
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progressively smaller differences between characteristics of different

reactors. This accomplishment is considered to be the beginning of sev-

eral measures that are to be developed experimentally for employing the

computer to assist the Regulatory Staff in efficiently spotting unusual

features of reactor designs so that their major effort can then be di-

rected toward studying and evaluating the detailed nature of distinctive

characteristics.

The experience gained thus far in attempting systematically to iden-

tify and format safety-related nuclear power plant data clearly emphasizes

the urgent need for efficient use of computer techniques to enable the

Regulatory Staff to upgrade the process of evaluating reactor safety.

Several very important steps are being taken, with the help of CTC com-

puter specialists, in the development of practical methods for computer

processing of CHORD-S information that involve pioneer applications of

both hardware and software. These steps are essential to determining

how best to machine sort through large volumes of data in a fashion to

output the varying degrees of detail required by different users of the

system and to compare rapidly the characteristics of different reactors

for pinpointing weakness in design and then progressively searching these

areas deeper into the data bank.

Contacts with Other Groups

In July 1967, D. W. Cardwell met with representatives of the United

Kingdom Atomic Energy Authority (UKAEA), Health and Safety Branch, to

exchange information on computerization of nuclear facilities safety data.

The areas discussed included the UKAEA safety program and data-collection

methods. It is well known that J. F. Ablitt, Assistant Safety Engineer

of the UKAEA, Safeguards Division, and his staff have pioneered the field

of nuclear reactor safety analysis by utilizing statistical failure-rate

data developed with the aid of digital computers. Observations from this

visit emphasized the importance of maintaining continuous close contact

with British accomplishments in these areas of common interest.

CHORD-S staff members made direct contacts with a number of organi-

zations engaged in the development or operation of information storage
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and retrieval systems involving the collection and processing of technical

data of diverse character. These include the Federal Aeronautics Agency

(Atlantic City, New Jersey; Oklahoma City, Oklahoma; and Atlanta, Georgia);

Secretary's office of the U.S. Department of Agriculture (Current Research

Information System, Washington, D.C.); Union Carbide Corporation (New York

City and South Charleston, West Virginia); Franklin Institute (Philadelphia,

Pennsylvania); Lockheed Aircraft Corporation (Marietta, Georgia); NASA

(Houston, Texas, and College Park, Maryland); Army Missile Command (Hunts-

ville, Alabama); National Bureau of Standards (Gaithersburg, Maryland);

University of California (Berkeley, California); U.S. Air Force (Washington,

D.C.); and Atomics International (Canoga Park, California).

The CHORD-S project is maintaining liaison with a number of compa-

nies that have interest in the handling of reactor safety and reliability

data. CHORD-S supported the technical value of certain features of a

proposal by Holmes and Narver to AEC, and they, in turn, gave considera-

tion to feeding their data into the CHORD-S central data bank. The pro-

posal introduces an arrangement whereby Holmes and Narver would collect

operating reliability data in depth for detailed analysis for one power

plant by subsidizing the utility for their work. In time, the degree of

success in the Holmes and Narver experience would determine what is prac-

tical to do ultimately nationwide on all nuclear power plants.

Mr. G. W. Griffin, Liquid Metal Engineering Center, visited ORNL for

a briefing by CHORD-S on data-collections plans. A unified systems code

between CHORD-S, the Liquid Metal Fast Breeder Reactor Program, and Holmes

and Narver (a subcontractor to Phillips Petroleum Company) was discussed

during this visit. This code and the areas of interest for future coop-

eration between the three groups were further prescribed at a subsequent

meeting.

A member of the CHORD-S group attended a demonstration of the FARADA

Program in Washington during July. The FARADA Program is a joint Army,

Navy, Air Force, and NASA sponsored effort to compile and disseminate

parts and components failure-rate and failure-mode data to prime contrac-

tors and major subcontractors engaged in the design, development, and

production of hardware for the entire spectrum of military and space
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equipment and systems. The data are intended for use in reliability and

maintainability programs. CHORD-S was invited to participate in this

program.

As a means of determining the best practice to employ for user query

language and associated computer language, consultations were held with

leading firms in that rapidly developing field. These include the follow-

ing: Data Corporation (Dayton, Ohio); Digidata Corporation (Bethesda,

Maryland); IBM Corporation (Washington, D.C., and Knoxville, Tennessee);

General Electric Company (Oklahoma City, Oklahoma, and Santa Barbara,

California); Thompson Ramo Wooldridge (Redondo Beach, California); Systems

Development Corporation (Santa Monica, California); The RAND Corporation

(Santa Monica, California); and Auerback, Inc. (Philadelphia, Pennsylvania).

The many contacts with leading designers of nuclear power plants and

associated electric utility companies by various ORNL Safety Program staff

members during the past year provided a continual flow of practical in-

formation that beneficially influenced the selection of technical material

for the CHORD-S data bank. Reactor specialists associated with NSIC, the

Nuclear Safety Journal, the Discussion Papers, and the DRDT Standards

Program were especially useful in linking the CHORD-S staff to nuclear

industry activities.

Preparation of Reactor Safety Information
for Computer Processing

At mid-year, structured lists of characteristics for the containment

system, design basis accident, and instrumentation and control safety

system categories had been issued for review. Also, collection of data

for these catagories to specifically describe the seven selected reactors

were in various stages of completion.

Reviewers of the first material to be assembled for CHORD-S had con-

trasting opinions regarding the degree of detail that should be included,

particularly where reactor characteristics listings called for data not

readily available from safety analysis reports as currently submitted for

the light-water nuclear power stations. More recently the CHORD-S reac-

tor specialists directed effort to the restructuring of such characteris-

ti~cs listings and specific reactor data to develop a technical content
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and limited degree of detail intended to be of optimum usefulness to the

Commission's licensing process. This activity was pursued in parallel

with continued development of computer programming in order that the se-

lective capability of the computer can play its rightful role of rapidly

searching and sorting through the data bank to output the varying degrees

of detail that will be requested by different users of the information

system. Trial usage of the information system is being employed to obtain

a clearer understanding of how reactor characteristics can best be struc-

tured for input to the data bank and what types of computer programming

will yield retrieval techniques of greatest values.

General Facility Information

Generalized information identifying individual reactor power plants

and their overall features most pertinent to safety assessment was brought

together in a separate category to provide an introductory section for

the CHORD-S Data Bank. This activity is based on listings previously de-

veloped of all reactor systems related to safety. The generalized infor-

mation category was structured to consolidate highlights of distinctive

functional features of reactors and minimize design details. Prospective

users of the CHORD-S information system can address their initial queries

to this category and call on the computer to search rapidly for major

significant differences among various reactors. Cross references to the

more specialized categories can then be followed for retrieval of more

detailed data describing the specific nature of such differences, where

that is desired.

Containment

From an extensive study of both PWR and BWR Safety Analysis Reports,

it was determined that the data file on containment should include the

following main topics:

1. the Containment Design Basis (CDB) analysis of accident conditions

that determine the forces that may be imposed upon the structure,

2. the structural features of the containment vessel design under vari-

ous load conditions,
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3. the integrity of penetrations into the containment vessel,

4. features incorporated in the isolation system design,

5. provisions specified for initial and periodic leak testing,

6. instrument sensors and closure devices provided to preserve isolation,

7. operational surveillance requirements.

A complete reactor characteristics listing covering these topics was

formulated. This original listing is now being revised to reduce the de-

gree of detail. In the subcategory CDB, over 70% of the listed charac-

teristics have specific data posted for each of the seven reactors being

studied; the nature of unavailable data varies somewhat among the differ-

ent reactors. No significant change was made in the original structure

of CDB because it provides information in a progressive and consistent

form directly applicable to analyzing the conditions imposed on the con-

tainment system from accidents under several sets of presumed conditions.

CDB data for all seven reactors were coded and processed into the computer.

The original listings of characteristics for sections of the containment

category, other than CDB, are undergoing major revisions. A pattern of

revised characteristics listings was developed by careful study and

classification of questions and answers contained in amendments to SAR's

for both PWR's and BWR's in an effort to reflect the relative degrees of

emphasis that DRL places on various features of containment system integ-

rity. Reactors for which specific. data are first being entered into the

newly structured characteristics listings are Indian Point, Palisades,

and Oconee. So far a high percentage of the desired containment system

information is being drawn successfully from the safety analysis documents

applicable to these reactors.

Design Basis Accident

Compilation of data for the Design Basis Accident (DBA) category

traces analytically the consequences of rupture of the primary reactor

coolant system under various presumed conditions to arrive at predictions

of population exposure dosages. Factors taken into account include reac-

tor operating characteristics, transport of various fission products, en-

gineered safety features, meteorological conditions, and population den-

sities. Data for discrete combinations of conditions are labelled with
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individual "set numbers" so that the computer can search the file of in-

formation that is entered for selected reactors to make comparisons of

contrasting or comparable circumstances.

The listing of characteristics for DBA, as originally prepared, was

found to have an appropriate level of detail for the CHORD-S data bank,

but it was possible to incorporate revisions aimed toward consolidation.

Revisions of the characteristics were accomplished to utilize more effi-

cient arrangements of format structure that retain essential data on rele-

vant site environmental conditions, various accident assumptions, and

consequences of the presumed accidents. The major portion of such infor-

mation was available in the safety analysis documents. Specific data

applicable to the restructured DBA characteristics were assembled for

five of the seven reactors and are being processed for computer input.

Safety Control System

The safety control system category encompasses instruments, actua-

tors, control rod drives, etc. that function to protect reactor power

plants from abnormal operating conditions. Information on this subject

was structured to include the following topics:

1. summary of reactor parameters that relate to abnormal operation,

2. summary of the characteristics of control and safety systems designed

to respond to accidents,

3. accident analysis evaluation to define inherent reactor characteris-

tics under accident conditions and the consequent reactions of the

safety control system,

4. evaluation of the adequacy of the safety control system to perform

actions required to meet emergencies,

5. evaluation of the reliability of the components as specified in the

design of the safety control system.

An outline of characteristics was prepared that covers these topics.

Following review of that material, it was decided to minimize detail by

giving first priority to the development of data most pertinent to acci-

dent analysis and second priority to reactor operating parameters and

system summary. For the time being, evaluations of reliability of
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components were eliminated because very little information on that topic

was found in the safety analysis documents.

The accident analysis section of the safety control system category

was prepared with a minimum of detail. For that listing of characteris-

tics, specific data were assembled in computer input format for the Oconee

and Browns Ferry Reactors. Revisions are currently being made in the

original characteristics listings that described (1) reactor operating

parameters and (2) systems summary sections of the safety control system.

Reactor data are being assembled for these listings as they become per-

fected.

Emergency Core Cooling System

Preparation of a characteristics listing for emergency core cooling

systems was started. Emphasis is being given to a coverage of topics

specifically pertinent to the overall assurance of adequacy of such a

system to perform its intended safety functions under the conditions of

the loss-of-primary-coolant accident.

Emergency core cooling and the closely related subject of loss-of-

coolant accident were selected as new categories on which to apply tech-

niques of information organization developed during earlier work on other

categories. One of the ORNL staff members engaged in this activity is

utilizing his specialized experience gained in preparing a discussion

paper on those topics. That experience is applicable to arriving at se-

lective priorities for structuring characteristics with respect to their

relative importance to reactor safety assessment, particularly for those

where meaningful reactor data are readily obtainable from the safety

analysis reports or their amendments.

Computer Output of Reactor Safety Data to Users
of Information System

The following guidelines were observed in order to make certain that

CHORD-S is truly a user-oriented information system:

1. The degree of utility to users is dependent on the clarity of

output from the computer.
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2. The selectivity of modern computers makes it possible to satisfy

the needs of an individual user without overwhelming him with details

stored for other users.

3. Programming links users with the computer system in a two-way

dialogue. The query informs the machine of the needs of the user and

the programming imposes minimal demands on him with respect to familiarity

with special languages or with the organization of the information file,

and the response provides the user with data in a convenient form that

fulfills his unique needs.

Two parallel computer programs are being developed to advance simul-

taneously two types of sophistication. One is the batch process, which

emphasizes development of selectivity by the computer and convenient ar-

rangement of output; and the other is the remote console operation, which

emphasizes application of sophisticated remote hardware to provide inter-

active dialogue between man and machine. Operation of these two programs

is described below. Initial experience with them is providing feedback

to guide evolutionary improvement of each. They will ultimately be merged

into a single dialogue system, also described below.

Computer System Functions

Preliminary consideration was given to the nature of the computer

hardware that will be required to implement the CHORD-S system. Funda-

mental decisions toward long-range objectives in this area will depend

on questions such as the ultimate volume of data to be stored, the types

of retrieval that prove to be most useful, the frequency and speed of ac-

cess, the number and location of users, etc.

Initially, CHORD-S data are stored at the CTC computer on modern

high-volume devices such as disks and data cells. A programming special-

ist of CTC assigned to CHORD-S may be seen in Fig. 8.5 monitoring a batch

processing run of CHORD-S data at the IBM 360/50 console. Input of tech-

nical data compiled by ORNL reactor safety specialists is first recorded

on magnetic tape and then transferred to a high-density storage device

(disk pack or data cell). Readout can be made locally or to a telecom-

munications terminal on an IBM 2740 typewriter-printer located at NSIC.
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Photo 90804

Fig. 8.5. CTC IBM 360 Console.

An IBM 360/65 machine is being coupled to the IBM 360/50 to enable the

computing center to serve a large number of time-sharing remote terminals.

First direct access to the CHORD-S data bank by AEC headquarters will be

through such terminals.

Batch Processing of Data

Storage and retrieval of CHORD-S information was first successfully

accomplished as a batch operation at CTC, with magnetic tape storage being

used for CDB data on the seven reactors. Local output of data obtained

as a batch-processing operation is illustrated in Fig. 8.6. In this ex-

ample, the computer was asked to select accident analysis results that

differed significantly between the Browns Ferry Reactor on the one hand

and the Dresden 3 or Oyster Creek Reactors on the other. The omissions

in the code series (e.g., between CKCAA3 and CKCAA9) represent results that

were not significantly different between reactors. This illustrated the

effectiveness of selectivity in reducing the volume of output required

to satisfy the user's needs.

Remote Console Dialogues

Initial remote-console access to the CHORD-S data file was success-

fully achieved with telecommunication equipment (IBM 2740 typewriter-

printer) installed at NSIC. Initial trials retrieved CDB characteristics
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Fig. 8.6. Batch Computer Output of CHORD-S Information.
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and various specified sets of data for eight reactors. An example of

dialogue between the telecommunications terminal and the CHORD-S data

bank at CTC, which represents an early trial of the system, is shown in

Fig. 8.7. Here the user's query (lower case) requested complete readout

of data from a segment of the file on the Dresden 2 Nuclear Power Plant.

0?

(V. ~

q, q,
~Y C~

~, '~
~ ~3Z~ ~

display y char data source specsor . 'kabalaa ckabalae OOd101
appl ic04

CHORDS PROGRAM NOW IN CONTROL.

DISPLAY CHAR DATA SOURCE SPECSOR . CKABA1AA . CKABA1AE OD101
CHAR FREE VOL @CUFT

DATA 8.E+04
SRCF DR(L) DRESDEN UNIT 2 PLANT DESIGN AND ANALYSIS REPORT, AEC
SPEC PV-3-1

CKABA1AB
CHAR RATIO DYWL FREE VOL TO PRIM SYS VOL @CUFT/CUFT
DATA @NS
SRCE DR(L) DRESDEN UNIT 2 PLANT DESIGN AND ANALYSIS REPORT, AEC
SPEC PXI-6-1

DOCKET 50

DOCKET 50

CKABA1AC
CHAR RATIO DYWL FREE VOL TO SUPPRN CHBR FREE VOL @CUFT/CUFT
DATA @RD
SRCE DR(L) DRESDEN UNIT 2 PLANT DESIGN AND ANALYSIS REPORT, AEC DOCKET 50
SPEC PXI-6-1

CKABA1AD
CHAR RATIO DYWL FREE VOL TO SUPPRN CHBR POOL VOL @CUFT/CUFT
DATA 1.5
SRCE DR(L) DRESDEN UNIT 2 PLANT DESIGN AND ANALYSIS REPORT, AEC DOCKET 50
SPEC PV-3-1

CKABA1AE
CHAR ATM INERTED @(YES:NO)

DATA YES
SRCE DB(L) AMENDMENT 2 TO DRESDEN 2 PDAR AEC DOCKET 50-237, 170865
SPEC PII-4-1

THANK YOU. CHORDS PROGRAM NOW SIGNING OFF.

Fig. 8.7. Dialogue Transmittal.
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After programming difficulties associated with disk storage were

overcome, it was possible to obtain readouts of similar data applicable

to other reactors. This first live access by remote terminal to the

CHORD-S data bank, although very limited in scope and flexibility, demon-

strated achievement of the basic objective of establishing interactive

exchange of information between user and computer. At the present time,

console operation is not capable of comparative selection of data for

output but has the advantage of responding immediately to queries and

thus permitting the user to place subsequent queries based on the earlier

responses.

Programming for Improved Man-Machine Conversations

It will be important to continually improve the data-retrieval pro-

grans, and such advances will be made at a pace determined by the amount

of effort required to solve problems of varying degrees of complexity.

The development of programming for the man-machine interface that ulti-

mately should allow members of the Regulatory Staff to have rapid, effi-

cient intercourse with the computer in near-to-natural language will pro-

ceed along several lines of approach. Initially, emphasis is being given

to the development of elementary lead-in techniques that show promise of

early feedback for users. Longer range efforts will investigate the use

of "keywords" and, possibly, the adaptation of some types of language-

conversion programs.

The experimental trials described above of data retrieval from the

CHORD-S information store by means of NSIC remote-console equipment will

be followed by preliminary operation and further system development by

means of a remote terminal to be located at ORNL CHORD-S. User reaction

during the early stages of operation will provide important guidance in

planning later stages of the project. These activities will lead to rec-

ommendations relating to equipment needs for the ultimate information

network to be developed for utilizing this information store. The recom-

mendations will include such considerations as optimum format for data

input into the computer, output requirements of potential users, need for

scanning capability, maintenance of the computer files, equipment lease



419

versus purchase analyses, procurement lead times, and compatibility with

the Management Information System (MIS).

Innovative applications of computer input-output equipment and asso-

ciated programming will be made to take advantage of new developments

characteristic of the growing computer technology; such applications will

mainly be directed toward providing greater versatility for a variety of

users of the system and reducing the amount of effort needed in present-

ing queries for various kinds of data-retrieval operations. Assistance

will be given to AEC in developing additional network remote stations

linked by the nuclear safety data store, including a close tie to NSIC.

8.3 NUCLEAR SAFETY - A TECHNICAL PROGRESS REVIEW

J. P. Blakely Wm. B. Cottrell

Nuclear Safety is prepared and edited at ORNL under contract with

the AEC Division of Technical Information. Articles are obtained from

authors outside the Laboratory, as well as from authors within the Labo-

ratory. Primary emphasis in the Journal is on safety in reactor design,

construction, and operation; however, safety considerations in reactor

fuel fabrication, spent-fuel processing, nuclear waste disposal, handling

of radioisotopes, and related operations are also treated. Five issues

of Nuclear Safety were distributed during calendar year 1967; the contents

pages are reproduced at the end of this section.

Nuclear Safety was proud to have three of its authors receive special

national recognition for work they had published in the Journal in 1967.

S. R. Vandenberg, T. R. Wilson, and D. G. Jacobs were nominated by the

National Safety Council for the Metropolitan Life Awards in accident pre-

vention. Mr. Vandenberg (General Electric Company at San Jose) wrote on

the status of the pipe-rupture study at General Electric, Mr. Wilson

(Phillips Petroleum Company at Idaho Falls) wrote a status report on LOFT,

and Mr. Jacobs (ORNL) wrote on the behavior of radioactive gases dis-

charged into the ground. Nuclear Safety was also informed late in the

year that it is being added to those journals indexed in Current Contents,
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the weekly awareness service that is prepared and distributed by the In-

stitute for Scientific Information.

Publication Schedule

Approval was obtained during the past year to increase the publish-

ing schedule for Nuclear Safety from quarterly to bimonthly. This re-

sulted in five issues being printed during 1967, with a sixth completely

prepared and in the hands of the printer. Volume year and calendar year

will henceforth coincide.

Publication plans were hardened during 1967 in anticipation of a

bimonthly schedule, and the first issue of the year, Winter 1966-1967

(Vol. 8, No. 2), was distributed on February 16, three months ahead of

the comparable 7(2) date. The Spring 1967 issue (Vol. 8, No. 3) was dis-

tributed on April 26, almost four months ahead of the 7(3) date. This

was the fourth issue published in FY 66, and therefore the last one per-

mitted under the then-current regulation. The Summer 1967 issue (Vol. 8,

No. 4), although fully prepared, could not be released to the printer be-

fore the start of FY 67 unless bimonthly publication was approved. Ap-

proval was received on June 23, copy was sent to the printer, and the

issue was distributed on August 7; this was the final issue of FY 66, and

brought to 584 the total pages used of the 600-page allowance. The next

issue, Vol. 8, No. 5, was the first issue to carry the bimonthly label,

and was designated September-October 1967. It was distributed on Octo-

ber 12, and carried an announcement both on the cover and on the contents

page that the Journal was now on a bimonthly schedule (see p. 427). The

final issue of the year, November-December 1967, Vol. 8, No. 6, was dis-

tributed on December 1. Copy for Vol. 9, No. 1, January-February 1968,

was sent to the printer on December 13 and distribution was expected in

early January.

Feature Articles

Feature Articles were carried in two issues of Nuclear Safety during

1967, and drafts were obtained from two men of international reputation



421

for Feature Articles to be carried in 1968. The Summer 1967 issue con-

tained a Feature Article by J. A. Cox, Director of ORNL's Operations

Division, on Operating Experience Feedback to Designers and to Other

Operating Agencies. This article served to introduce the new section on

Operating Experiences that opened in the November-December issue of

Nuclear Safety. The September-October issue contained a Feature Article

by G. D. Whitman, ORNL coordinator for development work in steel and con-

crete pressure vessels, on Technology of Steel Pressure Vessels for Water-

Cooled Nuclear Reactors. Draft material for future Feature Articles has

been received from William Mitchell (Chairman of the AEC "Mitchell"

Panels) on Hearings on Changes in AEC Regulatory Procedures and Milton Shaw

(Director of AEC's Division of Reactor Development and Technology) on

Nuclear Standards and the AEC.

Regular Coverage

Regular coverage in Nuclear Safety was highlighted in 1967 by the

opening of the new Operating Experiences Section under E. N. Cramer.

Planning for this section was initiated in 1966, but it did not first

appear until the November-December 1967 issue. The section is designed

to emphasize the growing importance of communication between operators

of the rapidly proliferating number of nuclear facilities regarding prob-

lems encountered, solutions developed, and such concomitant problems as

training, standards, licensing requirements and changes, etc.

Coverage of safety-related activities outside the United States was

afforded by regular articles prepared by Pamela Bryant, F. R. Farmer, and

J. R. Beattie, of the UKAEA; P. J. Parsons, IAEA; Jean-Paul Millot,

Cadarache; and L. H. Baetsle, Mol. Other articles were prepared by 35

ORNL authors and 20 authors representing other national laboratories

(ANL and LASL), institutes of higher learning (Rutgers, Johns Hopkins,

VMI, and UT), industrial/nuclear organizations (Holmes and Narver, Phillips

Petroleum, GE-APED, ORGDP), and U.S. Government facilities (Naval Research

Laboratory, U.S. Coast Guard, AEC, Environmental Science Services Adminis-

tration).
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In addition to the above, Nuclear Safety continued the practice of

carrying regular summaries of current AEC-sponsored research and develop-

ment activities of some 75 contractors. Reports were requested for all

subject projects for each issue until the Journal changed to bimonthly

publication. At that time approximately half the projects (those dealing

with water-reactor safety) were asked to report only for odd-numbered is-

sues, and the other half were asked to report for even-numbered issues.

Changes in Organization

Although the Operating Experiences section of Nuclear Safety (Section

VI) did not appear in the Journal until late 1967, the section was orga-

nized and E. N. Cramer, Operations Division, was appointed as Section

Editor in 1966, as indicated above. In mid-1967, C. E. Guthrie resigned

from both ORNL and the Nuclear Safety editorial staff. He has not yet

been replaced. Also in October, H. C. McCurdy, Reactor Division, resigned

as Editor for General Safety Criteria (Section I). J. R. Buchanan, Assis-

tant Director of NSIC, was reassigned from editorial responsibility for

Current Events (Section VII) to fill the Section I vacancy. Section VII

no longer contains invited articles and so will continue without a spe-

cifically assigned editor. The remainder of the staff is unchanged, and

consists of W. B. Cottrell, Reactor Division, Senior Editor; W. H. Jordan,

Director's Division, Advisory Editor; J. P. Blakely, Reactor Division, Man-

aging Editor; Zela Trotter, Reactor Division, Secretary; A. W. Savolainen,

Reactor Division, Editorial Reviewer; T. D. Anderson, Reactor Division,

Editor for Accident Analysis (Section II); C. S. Walker, Instrumentation

and Controls Division, Editor for Control and Instrumentation (Section

III); and K. E. Cowser, Health Physics Division, Editor for Consequences

of Activity Release (Section V).

Other Activities

KWIC Index

The first KWIC index to Nuclear Safety to be made available to the

general reader was produced as ORNL-NSIC-31 in January 1967. The index
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was cumulative over the entire life of the Journal from Vol. 1, No. 1

through Vol. 7, No. 4. It included a chronological index listing titles

and authors, a permuted title index with Key Words In Context (KWIC),

and an author index. The availability of this index was called out in

each issue of Nuclear Safety starting with Vol. 8, No. 2, and well over

100 copies of the index were requested. The index will be reissued at

the close of each volume year; subsequent issues will continue to be cu-

mulative over the life of the Journal and will henceforth include article

abstracts in the chronological index starting with Vol. 7, No. 1, the

first issue in which they appeared.

Reprints

Reprints of Nuclear Safety articles have always been made available

to authors upon request. Starting with Vol. 8, No. 3, five reprints of

each article were automatically prepared and sent to the author as a mat-

ter of course; additional reprints are still provided as requested. Since

reprints are distributed to other workers in the field, a reprint cover

was designed to serve as a self-advertising medium.

NSIC Promotion

The program of promoting NSIC by utilizing display space on the in-

side front cover of Nuclear Safety was continued during 1967, and photo-

graphs of NSIC reports, a visitor using NSIC files, the computer center,

and SDI cards were printed.

Announcements

Each issue of the Journal includes a list of all available NSIC re-

ports by title, author, and report number; announcements of upcoming meet-

ings, conferences, and symposia as space allows; and other pertinent mis-

cellaneous information for which there is available space. All these

items of miscellany are called out in the Table of Contents.
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