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SUMMARY 

This quarterly technical report for the Nuclear Safety Program Division 
of Idaho Nuclear Corporation is the final report to be published on a quarter
year basis. Henceforth status technical reporting is to be conducted annually 
with publication on a calendar-year basis. 

This report contains': (a) a description of the RADHT radiation heat transfer 
subroutine for a BWR-FLECHT rod bundle, (b) a comparison of analytical 
techniques for determining the mass and energy in the liquid and vapor regions of 
a PWR containment following a loss-of-coolant accident, (c) studies of the effect 
of flow restrictions in a small rod bundle under emergency core coolant injection 
conditions, (d) results of studies of the release of noble gas fission products to 
the fuel-cladding gap of U02 fuel rods during· reactor operation, (e) results 
of studies of particulate-iodine sampler development and iodine behavior studies,. 
and (f) a summary of accomplishments in the SPERT Project Subassembly Test 
Program. 

In RADHT, a subroutine for analyzing radiation heat transfer in a BWR
FLECHT rod bundle, symmetry about one diagonal of the bundle is assumed 
and circumferential and axial temperature ·gradients .are neglected. Since the 
BWR-FLECHT temperature data are collected by a sampled-data-acquisition. 
process wherein no two rods in the bundle have the temperature measured 
at the same time, the temperature-time data for all rods must be converted 
to a common time base. The routine makes this conversion by linear inter
polation between successive temperature measurements on each rod. The 
sampled temperature data are received in the form of computer listings that 
give the measured temperature and the corresponding time of measurement. 
These sampled temperature data are converted to a common time base and 
rod temperatures are renumbered to correspond to the RADHT system, then 
the heat transfer calculations are performed and the output data are written. 

At any point in· time during a loss-of-coolant accident, the thermodynamic 
state of the liquid and vapor phases in the containment building is dependent 
on the assumptions made regarding the separation and distribution of mass and 
energy as fluid is released from the primary system. Two currently used 
methods were reviewed -- the pressure flash method and the temperature 
flash method. The pressure flash method assumes boiling until the vapor pres
sure of the coolant is equal to the total containment pressure and the temperature 
flash method assumes thermal equilibrium conditions exist in the steam-air 
mixture •. The temperature flash method, as used ·in the CONTEMPT computer 
program, is recommended for the following reasons: (a) The liquid released 
from the reactor vessel enters the containment building at a very high velocity· 
and tends to break into droplets and form a fine mist, as has been observed 
in the semiscale blowdown experiments. The mist tends to float in the contain
ment environment and has the opportunity to approach thermal equilibrium with 
the vapor region. (b) In the real physical situation, condensate would enter into 
the liquid region at a temperature between the temperatures predicted by the 
two methods. (c) The error associated with the use of the temperature flash 
method results in a slightly higher containment pressure than the actual pressure, 
whereas the pressure flash method would slightly underestimate the true con
tainment pressure. 
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A major concern in loss-of-coolant accident analysis is whether a reduction 
in the subchannelflow area will prevent the emergency core coolant from reaching 
upper core regions in quantities sufficient to prevent fuel heatup and melting. 
An experimental program was conducted insupportofthe PWR-FLECHT project 
to determine whether early PWR-FLECHT flow blockage tests gave valid results 
or whether a more nearly typical cladding ballooning geometry would produce 
different results. The flow regimes at and near the blocked region were inves
tigated. This program also investigated the significance of bypass flow in cooling 
effectiveness in the upper core regions. Nine 30-inch-long electrically heated 
rods in a three-by-three array enclosed in a transparent tube were employed. 
These ro~, which had a Nichrome heating element, were identical in construction 
to those used in the PWR-FLECHT project. 

The experimental results of this program led to the following conclusions. 
Severe blockage in small pin arrays does not have serious effect on the capability 
of emergency coolant to cool the rods under simulated postblowdown loss-of
coolant accident conditions. The geometry of the blocked region (plate versus 
sleeves) is not a significant factor in the cooling process. The cooling process 
appears to be characterized by a front consisting of many various-sized water 
droplets that move up the bundle at a velocity of about 5 in./sec. This front, 
which represents an effective heat removal process, is produced after about the 
first three inches of the heated section are immersed. Bypass flow has an effect 
on the cooling process. The dispersed water flow of the front apparently had a 
tendency to migrate outward to the cooler walls of the transparent tube, since 
elimination of bypass flow without subchannel blockage did result in an increase 
in the temperature rise above the bypass flow blockage. The pressure buildup in 
the region below the bundle was less than the equivalent head produced from 
cold flooding for all configurations except two. 

Noble gas fission products are important in reactor safety assessment 
because of their contribution to the internal pressure of fuel pins. High internal 
pressure causes cladding swelling and deformation during reactor operation, 
and can cause cladding ballooning in the event of a loss-of-coolant accident. 
The objective of the study presented in this report was to determine the effect 
of the thermal gradient in a fuel pin on the release of noble gases. The relation..: 
ship for the release fraction is derived directly from equations for gas diffusion 
in the fuel. The results of this study include, in addition to the more d~rect 
derivation of the release expression, aformalstatementof the postulates serving 
as the theoretical basis for the study and an evaluation of the activation energy, 
Q, for diffusion from existing in-pile release data. The equation obtained from 
one set of data for the relationship among temperature gradient at the surface 
(heat rating), surface temperature, and noble gas release fraction is used to 
predict a relationship between heat rating and the release fraction for noble 
gases. The surface temperature of the fuel was assumed to increase linearly 
with heat rating in these calculations. The results obtained are discussed in 
terms of previously existing models. 

The results obtained in predicting the fraction of noble gases released to 
the fuel-cladding gap are in excellent agreement with the relationships actually 
observed if consideration is given to the relationship between heat rating and 
surface temperature. -· 
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The sequential iodine sampler is one of the principal atmosphere sampling 
devices being developed for the LOFT-ECCS test. The purpose of the sampler 
is to measure the concentration of airborne fission products, other than noble 
gases, and to differentiate the fission products into noniodine particulate activity, 
elemental iodine, nonelemental inorganic iodine (HOI), and organic iodine 
fractions. 

Two materials were studied in the laboratory for retention of HOI for use 
in the sampler: copper zeolite in the sulfide form and a 10 wt% mixture of 
4-iodophenol dispersed on activated alumina. The retention efficiency of both 
materials for HOI was greater than ·95% and for m~thyl iodide less than 1%. 

Twenty-four particulate iodine samplers were installed in the CDE vessel 
for Tracer Run 10 to determine the airborne iodine concentration and to evaluate 
the sampler components. The distribution of the activity on the particulate 
filters indicated n6 significant iodine activity associated with particulates and. 
that the activity on the filters was due to plate-out of gas-phase elemental iodine. 

Gas bomb samples of the CDE vessel atmosphere were taken at various 
times during Tracer Run 10. No significant I-131 activity associated with any· 
volatile organic species other than methyl iodide was detected. 

Data were also obtained on the fundamental behavior of iodine species, in 
particular HOI. At 22°C and atmospheric pressure, the airborne half-time of the 
HOI in a glass test apparatus is extremely long (40 hours or greater) provided 
condensate remains in the vessel; however, when the condensate is removed from 
the vessel, the HOI begins to disappear from the atmosphere. Apparently the 
condensate pool is the source term for the airborne iodine species. 

The 5'pert IV reactor is being operated with the Capsule Driver Core(CDC) 
to obtain experimental data on the behavior of reactor fuels under transient 
power conditions. Data of\particular interest include failure modes and thresh
olds, conversion coefficients of nuclear-to-mechanical energy, transient pres
sures, and metal-water extents·, all as functions of transient energy deposition 
for a variety of fuel design parameters, burnup, and environmental conditions. 
Brief summaries of (a) measurements of the reaction of uo2 with water for 
transient energy deposition to 550 cal/g of uo2 and (b) the effects of axial length 
on the response of Zircaloy-clad, U02 fuel rods to power bursts are given in 
this report. 
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I. RAHDT, A ROUTINE FOR COMPUTING RADIATION 

HEAT TRANSFER IN THE BWR-FLECHT ROD BUNDLE 

D. R. Evans 

In the BWR-FLECHT project [l], rod temperatures are measured using 
thermocouples within the rods. The temperature data are subsequently treated 
by a data reduction computer code, DATARf2], to produce surface temperature 
and surface heat flux information. For spray cooling, the surface heat flux is 
composed of radiative and convective components. In order to develop a corre
lation for convective heat transfer. the radiative heat transfer component m'ust 
be separated from the convective heat transfer component. To serve this pur
pose, the routine RADHT was developed to calculate radiation heat transfer in 
the BWR-FLECHT bundle shown in Figure 1. 

BWR-FLECHT 

Nod 50 

Hot 
Corner 

BWR-FLECHT 

14--------0._2_85_i_n.---5.268 in.:------------~J 
INC-B-16089 

Fig. 1 DWH-l"LECHT rod bundle. 
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In RADHT, symmetry about one diagonal of the bundle is assumed and 
circumfer.ential and axial rod temperature gradients are neglected. Interchange 
of thermal radiation among surfaces is calculated by using the network method 
described by Sparrow and Cess [3]. The equations used in RADHT based on this 
method are developed in the following paragraphs. Necessary assumptions. are: 

(1) All surfaces are in thermal equilibrium during each time 
step 

(2) All surfaces are gray, diffuse, and opaque 

(3) All surfaces are irradiated uniformly and emit radiation 
uniformly 

(4) The medium between surfaces . does not absorb, scatter, 
or emit radiation. 

An energy balance over surface "n" in an enclosure of N radiating surfaces, 
as shown in Figure 2, results in the following equation: 

or 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

A B ,. .1\. H p . + A £ a T4 
n n n n n ·n n n 

B = H p + £ 0 T4 (1) n n n n n 

n 

INC-A -16090 

Fig. 2 Typical enclosure of radiating surfaces. 
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where 

Pn = -reflectivity of surface "n" 

en = emissivity of surface. "n" 

A 
2 

= area of surface "n" (ft ) n 

T = temperature of surface "n" (~) n 

( BID ) ~ = Stefan - Boltzmann Constant · 2 4 
hr-ft -~ 

and Hn is defined as the irradiation per unit area of surface "n". and the radio
sity Bn is defined as the total radiative flux leaving surface "n" .By energy 
balance, 

where 

= transmissivity of surface "n" 

rtn absorptivity of surface "n". 

By the assumption that the surfaces are opaque [Assumption (2)], 

Therefore, 

T = 0. 
n 

p = 1 - a • 
n n 

When surfaces are gray and in thermal equilibrium [Assumptions (1) and 
(2)], Kirkhoff's Law holds, and 

Therefore, 

and 

a = e: n n 

B = H (1 - E ) + E 
n n n n 

4 
a T • 

n 

By Assumptions (3) and (4), 

3 

B. F. 
~- ~n 

(2) 

(3) 



where F i is the fraction of the total radiation leaving surface "i" that strikes 
surface ,pn" (the "view factor" from surface "i" to surface "n" ). 'Dividing by 
A gives n 

N A. F. 
H ·~ B. l' ln = 

n l A 
n 

By Assumption (2) 

A F 
ni =A. F. n l ln 

Therefore, 

N 
H =EBi F n ni 

:i.=l 

Substituting Equation ·(4) into Equation (3) yields 

. N 
B = (1 - £ ) "'""" B. F . + t: n n ~ 1 n1 n 

' i=1 

4' 
o T 

n 

Dividing Equation (5) by (1 - € n) and transposing results in 

B N 

= ( 
E: Ja T4 n L B. F . n 

1 - 1 -E: l nl n 
i=1 

or 

( 1 1 
i~n 

F ) B ~ B F . = 
- E: nn n i n1 n 

.L-1 

The variables G.j and EST·. are defined as follows: 
1 1 . . ' 

where 

& ij = 0 when i fc 

= 1·wheni = 

( 
o.. ) G = · lJ F 

. . 1 - €:. ij lJ . J 

= (_l_ )· 0 T
4
. ESTi 1-t:. l 

1. l 

n 

(1 E: n 
E: n 

(4) 

(5) 

)a T4. (6) 
n 

(7) 

(8) 

Therefore, solving Equation (5) by .standard matrix techniques results in 

N 

B = "'""" GI . EST. n ~ n1 1 (9) 
i=1 

where Gini is an element of the a-1 
matrix. 
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Equation (9) is used to calculate radiosities for all surfaces in the enclosure. 
The radiant heat flux 

RHT = B - H n n n 
(10) 

is the net radiative flux at surface "n". Rearranging Equation (3) results in 

E: 0 T4 B 
H 

n. n + n = -n 1 - E: 1 - E: 

(11) 

n n 

Substituting Equation (11) into Equation (10) eliminates the unknown H such that, 
n 

RHT = B 
n n 

B 
n 

1 - £ 
n 

= -E:....:.:.n=-- ( oT 4 
1 - E: n 

n 

E: 0 'l' 
4 

+ __:.:n _ __:.:n_ 
1 - t:: 

n 

B ) 
n 

(12) 

Equation (12) is used to calculate RHT n' from which the radiation heat 
transfer coefficient, defined as 

where 

RHT 
HRAD = ~-~n~~ 

n T -TSAT 
n 

HRAD 
n 

- Radiation heat transfer coefficient for surface "n" 
( Btu ) 
hr-ft2 -°F 

TSAT - Saturation temperature of fluid in vessel ("R) 

is calculated. 

(9) 

The concept of a radiation heat transfer coefficient is artificial, but useful 
for this application. The output from the DAT AR code is in the form of a total 
surface heat transfer coefficient, which is defined as the total surface heat 
flux (including radiative and convective components) divided by the difference 
between the rod surface temperature and the saturation temperature. The portion 
of interest is the convective transfer coefficient. This heat transfer coefficient 
is determined by subtracting the radiation heat transfer coefficient calculated in 
RADHT from the total heat transfer coefficient calculated in DAT AR. 

Since RADHT is based on diagonal symmetry and represents the BWR
FLECHT 49-rod bundle with 28 rods, the routine uses symmetry to bring all 
temperature information into the lower diagonal of 28 rods (Figure 1) for each 
time step. If the rod temperature is given for both rods of a pair of symmetrically 
identical rods, the temperature in the lower diagonal is taken as the average of 
the two temperatures given. If a temperature is given for either rod of a pair 
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of symmetrically identical rods, the temperature in the lower diagonal is taken 
as the one given. If a temperature is given for neither of two symmetrically 
identical rods, the routine is stopped, and an error message is written; otherwise, 
an incorrect radiation heat transfer coefficient would be computed. 

If temperatures are given for all 28 rods in the lower diagonal and for the 
canister, the rod temperatures are renumbered to agree with the RADHT 
numbering system. 

Since the BWR-FLECHT temperatu.re data are collected by a sampled-data- . 
acquisition process wherein no two rods in the bundle have the temperature 
measured at the same time, the temperature-time data for all rods must be 
converted to a common time base. Thf=} routine makes this conversion by linear 
interpolation between successive temperature measurements on each rod. The 
sampled temperature data are received in the form of computer listings that 
give the measured temperatures and the corresponding time of measurement. 
These sampled temperature data are converted to a common time base and rod 
temperatures are renumbered to correspond to the RADHT system, then the 
h~at transfer calculations are performed and the output data are written. 
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II. COMPARISON OF ANALYTICAL TECHNIQUES USED TO DETERMINE. 

DISTRIBUTION OF MASS AND ENERGY IN THE LIQUID AND VAPOR 

REGIONS OF A PWR CONTAINMENT FOLLOWING A 

LOSS-OF -COOLANT A CCI DE NT 

D. C. Slaughterbeck 

As the primary coolant is released from the primary coolant system during 
a loss-of-coolant accident, the mass and energy are assumed distributed into 
vapor and liquid regions of the containment. The distribution depends on many 
parameters involved. in the breakup of the superheated liquid jetf4J. The. 
assumptions made regarding these distributions can influence the containment 
pressure-temperature history. Two currently used methods are described and 
compared in the following discussion. 

1. ANALYSIS 

The first method described is a thermal-equilibrium model sometimes re
ferred to as a temperature flash method. The temperature flash method is 
used in the CONTEMPT computer program. The second method described, 
the pressure flash method, is equivalent to boiling until the vapor pressure of 
the coolant is equal to the total containment pressure. As the blowdown progresses 
for either method, most computer programs assume incremental masses with 
associated energies from the primary coolant system being added to the contain
ment atmosphere, as shown in Figure 3. During a single time step; several 
separate energy transfer processes can occur in the vapor region that may 
represent heat absorption by the containment wall or arbitrary heat addition 
to the containment atmosphere due, for example, to hydrogen combustion. The 
thermodynamic states of the liquid and vapor regions are computed for the end 
of the time interval and used as the initial conditions for the su_bsequent time step. 

The following simplified example is given to clarify the physical interpreta
tion of the two theories that follow~ If a beaker of water is boiled in a contain
ment atmosphere of saturated air and steam, the water boils against the total 
pressure of the containment atmosphere. For the pressure flash method, the 
residual liquid (hotter than the air-steam mixture) is simply released to the floor. 
The temperature flash method differs in that the water in the beaker is dispersed 
and allowed to reach thermal equilibrium with the air-steam mixture. This 
dispersion andequilibrationrequires additional mass andenergyto be transferred 
from the hot liquid to the air-steam mixture. The mass and energy transfer raises 
the temperature and pressure of the vapor region. The remaining liquid drops 
that lose part of their mass and energy then reach the floor at a new vapor
region temperature. The new vapor-region temperature would be slightly higher 
than the original because the ·liquid drops have transferred part of their energy 
to the vapor region. 

1.1 Temperature Flash Method 

The incremental mass and associated energy from the primary coolant 
system are assumed to be uniformly and instantaneously mixed throughout the 
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Fig. 3 Containment terminology., 

Vapor. Region 

Containment Building 

Reactor Vessel 

Incremental Mass Exits 
from Reactor Vessel 
During Time Step 

Region 

I~C-A~I6091 

vapor·region. Although uniform mixing is physically impossible for an incremental 
mass during a given time step, the blowdown fluid enters the containment at 
very high velocities and tends to break up into small droplets. The dispersion 
allows intimate contact between the incremental rna::>::> and the containment 
atmosphere• This reasoning leads to. the fundamental assumption of the tem
perature flash method; namely, the· air-steam mixture is forced into thermal 
equilibrium with the incremental mass (water droplets) which it supports. This 
assumption implies that the incremental mass released during the time step 
has not only boiled but any residual' water from this increment has transferred 
energy to the vapor region so that thermal equilibrium is reached between the 
liquid droplets and the vapor region. 

At the end of a time increment, the vapor region is assumed saturated 
(provided sufficient water vapor is available) and the air, steam, and water 
droplets have the same temperature. Mass and energy balances are performed 
on the vapor region and a search technique is used in the steam tables to 
determine the thermodynamic state. From this search, the amount of liquid 
condensed is determined and the condensate, in equilibrium with the vapor reg!on, 
is added to the liquid region. 

During the decompression of the primary coolant system, the containment 
pressure and temperature rise; hence, the successive amounts of condensate that 
were in thermal equilibrium with the air-steam mixture when they were deter
mined must increase in temperature. The successive amounts of condensate mix 
together in the liquid region and the temperature of the mixed condensate is 
always less (during decompression) than the temperature of the vapor region. 
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Therefore, the air-steam mixture is in thermal equilibrium with the liquid con
densate of the current time step; and the temperature of the accumulated liquid 
from all previous time steps during decompression is lower. 

For the case in which a single time step is used to approximate a complete 
blowdown, the liquid condensate would be in the liquid region. In this case, the 
liquid region would be at the same temperature as the vapor region. More energy -
would be accumulated in the liquid region with a single step blowdown than with 
a time-dependent blowdown. Conversely, less energy is associated with the 
vapor region in the case of a step blowdown than with a time-dependent blow
down. Therefore if heat transfer to the containment walls is neglected, the 
calculated pressure for a time-dependent blowdown exceeds the pressure cal
culated for a step input of equal mass and energy. 

The following statements concern the thermodynamic states for the vapor 
and liquid regions after a temperature flash. First, for the vapor phase: 

(1) The air-steam mixture is saturated, and, therefore, the steam 
is in a condensing condition. 

For the liquid phase, the following statements apply: 

(2) The liquid condensate from a given time step has a temperature 
equal to that of the air-steam mixture. This temperature 
corresponds to the partial pressure of steam because the 
mixture is saturated. 

(3) The liquid condensate for a given time step is not at the boiling 
temperature because it must boil against the total pressure. 

(4) The accumulated liquid on the containment floor during blow
down will ~enerally have a lower temperature than the tem
perature of the liquid condensate for the most recent time step. 

1.2 Pressure Flash Method 

The alternate pressure flash method is similar to the temperature flash 
method, but differs in the final thermodynamic states of the vapor and liquid 
regions at the end of a time increment. The s arne processes apply but the liquid 
droplets (or condensate) at the end of a time step enter the liquid region at a 
higher temperature that corresponds to the total vapor-region pressure rather 
than the steam partial pressure. This condition is the same as simply boiling 
against the total containment pressure; hence, the name pressure flash. The 
following statements concerning the thermodynamic state correspond to the 
temperature flash statements previously given: 

(1) The air-steam mixture is saturated (but at a lower temperature 
than for the temperature flash method) and therefore the steam 
is in a condensing condition. 

(2) The liquid condensate from a given time step has a temperature 
corresponding to the total vapor-region pressure. (This 
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temperature is higher than the corresponding temperature for 
the temperature flash method.) 

(3) The liquid condensate that enters the liquid region during the 
time step is at the boiling temperature. 

(4) The accumulated liquid on the containment floor during blow
down will generally have a lower temperature than the tempera
ture of the liquid condensate of the most recent time step. 
However, the accumulated liquid on the containment floor will 
have a higher temperature than the corresponding temperature 
for a temperature flash method. 

2. SENSITIVITY 

The effect of the two methods on the maximum pressure in the containment 
of a large PWR was given in Amendment 4 of the Preliminary Safety Analysis 
Report for the Beaver Valley Power Station [5]. The peak pressure with a pressure 
flash method was 38.9 psi com2ared to a peak pressure of 40.5 psi for the tem
perature flash method. Voigt [6] states that a difference of approximately 0.1 
atmospheres (or 1.47 psi) will result, depending on: the method of flashing. 

3. RECOMMENDATION 

The temperature flash method as used in CONTEMPT is recommended for· 
the following reasons: 

(1) The llquid .released how the l't:lidul' vessel eutt:l'::? lht: ~,;:uu
tainment building at ·a very high velocity and tends to break 
into droplets and form a fine mist as has been observed in 
the semiscale blowdbwn experiments. The mist tends to float 
in tlie containment environment and has the opportunity to 
approach thermal equilibrium with the vapor region. 

(2) In the real physical situation, condensate would enter into 
the liquid region at a temperature between the temperatures 
predicted by the two methods. 

(3) The error associated with the use of the temperature flash 
method results in a slightly higher containment pressure than 
the actual pressure, whereas the pressure flash method would 
slightly underestimate the true containment pressure. 
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Ill. EXPERIMENTAL STUDIES OF THE EFFECT OF FLOW 

RESTRICTIONS IN A SMALL ROD BUNDLE UNDER EMERGENCY 

CORE COOLANT INJECTION CONDITIONS 

P. R. Davis 

During a major loss-of-coolant accident in a pressurized water reactor, 
cladding overheating in portions of the core is likely to occur and to result in 
the strength of the fuel cladding being reduced such that gross distortion follows. 
Since the distortion of the cladding is outward because the internal rod pressure 
exceeds the external pressure, it tends to block the subchannel flow area. Reduc
tion in subchannel flow area subsequently results in resistance to flow of the 
emergency core coolant that is employed to prevent further core overheating. 
A major concern, then, is whether the subchannel flow area reduction will 
prevent the emergency core coolant from reaching upper core regions in quanti
ties sufficient to prevent continuing heatup and fuel melting. 

One of the. objectives of the Pressurized Water Reactor - Full Length 
Emergency Core Heat Transfer (PWR-FLECHT) Tests Project is to investigate 
the effect of partial and total subchannel flow blockage on the capability of 
emergency core coolant to remove heat from those portions of the fuel above the 
blocked area [7]. Several experiments have been conducted and have rlernon
strated that no loss of emergency core coolant effectiveness results from large 
subchannel flow area reductions. In fact, under certain conditions, the effective
ness of the emergency coolant was shown to be enhanced in certain areas when 
flow blockage was introduced into the simulated fuel pin array [2]. The experi
mental program described herein was undertaken in support of the PWR-FLECHT 
project. The specific objectives were to: 

(1) Determine by more extensive investigations whether the early 
results of the PWR-FLECHT flow blockage tests are valirl 

(2) Determine whether a. more nearly typical cladding ballooning 
geometry than that used in the PWR-FLECHT tests would 
produce different test results 

(3) Obtain photographic information relating to the flow regimes 
occurring at and near a blocked region 

(4) Determine whether bypass flow (emergency coolant flow that 
is diverted around the blocked area) is a significant factor 
in cooling the upper core regions. 

The experimental equipment utilized in the program consisted of nine elec
trically heated rods assembled into a three-by-three array and enclosed in a 
transparent tube. The rods had a 30-inch heated length and consisted of a 
Nichrome heating element, boron nitride insulation, and stainless steel cladding. 
These heaters were identical in construction to those used in the PWR-FLECHT 
tests. 

Thirty-six tests were conducted over wide ranges of conditions. 
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1. APPARATUS AND PROCEDURE 

Figure 4 illustrates the basic components of the equipment used in the 
experiment. Demineralized emergency cooling water is pumped through a flow
meter into the test array of heated rods 
that are enclosed in a transparent tube. 
A sight glass is attached to the inlet 
plenum of the array and extends upward 
along the array as shown in the figure. 
The sight glass provides a means of 
calculating the pressure buildup in the 
plenum below the nine-pin array during 
emergency coolant injection. 

\ 

The six configurations tested during 
the program are shown in Figure 5. 

f>' 
Demineralized 

Sight Gl ass 

!'< 
Water 

Test-
Section 

-"- r-.. 

~ ~}::- ?.Y 
...e5..' Flowmeter 
Pump 

....... --~· ···--·~-·······--------~.,;:;'"c,:,·•·,:;;;'";.:.J" 

Fig. 4 Experimental equipment. 

The outside diameter of the rods and the rod spacing are identical to those 
currently employed in large pressurized water reactors. Configuration (a) 
illustrates the unblocked case. Configuration (b) shows the arrangement used 
to test t_he effect of no bypass flow at the midelevation of the test section. For 
this configuration a thin steel plate with a square portion removed from the 
center was placed around the array at the 14.5-inch elevation (indicated by the 
crosshatched area of Figure 5). Configuration (c) shows the array with sleeves 
attached to the rods to simulate cladding ballooning. Configuration (d) combines 
the arrangements of Configurations (b) and (c) such that flow through the array 
is partially blocked and· bypass flow is eliminated. Configuration (e) illustrates 
the array blockage tested with a thin steel plate at the 14.5-inch elevation, and 
Configuration (f) is the same arrangement with the plate extended out to the wall 
of the transparent tube to eliminate bypass flow around the biocked region. 

Figure 6 illustrates the sleeves used for Configurations (c) and (d) of 
Figure 5. These sleeves were patterned after actual ballooned areas which 
occurred on Zircaloy tubing tested under simulated reactor core heatup condi
tions [8]. Thirteen thermocouples were used to monitor the temperature of the 
heaters. Twelve of the thermocouples were mounted on the outside surface of 
the heaters, and one was attaehed to the in::;ide 8urface of the central heater. 
The locations of the thermocouples are indicated in Figure 7. The thermocouples 
are identified by denoting the rod first and the elevation second. For example, 
TC-5-20 is the thermocouple located 20 inches from the bottom of the heated 
length of Rod 5. The external and internal thermocouples at location 5-15 are 
designated TC-E5-15 and TC-15-15, respectively. All thermocouple readings 
were recorded on magnetic tape. In addition, TC-15-15 and TC-E5-15 were 
attached to a strip chart recorder and visually monitored during the tests. 

Flow was monitored for Tests 14 through 36 by a turbine flow meter and 
recorded through use of a strip chart recorder. The water level in the plenum 
below the test section was monitored by high-speed motion pictures taken through 
the sight glass. Pressure versus test time was then computed from the informa
tion obtained from tho motion pictures. 

To start a test, low powe·r was applied to the heaters to establish gradual 
heatup. TC-E5-15 was continuously monitored and used as the controlling 
temperature during the test sequence. When a temperature of about 1000°F 
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Fig. 5 Test configurations. 

INC·C-15864 

was reached at TC-E5-15, the power was increased to 1 kW/ft per heater 
(22.5 kW total) which corresponds to the initial decay-heat power level occurring 
at the time of reactor shutdown following a loss-of-coolant accident. Flooding 
was initiated by starting the pump when TC-E5-15 indicated a temperature of 
either 1600 or 1800°F; both temperatures were used for each configuration. 
The flooding rate was maintained constant throughout each test, and corresponded 
to a filling rate of 2 in./sec in the tube when the nine-pin bundle was unheated. 
Full power (1 kW/ft) was maintained until quenching (return to saturation 
temperature} was attained at TC-E5-15. In some cases, the. test continued until 
quenching occurred at the 25-inch elevation as determined by a visual indication 
of the termination of boiling at the heater surface. A typical temperature history 
is illustrated in Figure 8. 

Table I lists the test sequence with appropriate information identifying the 
features of each test. 
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TABLE I 

TEST SEQUENCE FOR FLOW RESTRICTION EXPERIMENTS 

Test[a] 
Initial Motion 

Configuration[b] Tem;eerature (OF) Pictures 

2 1600 X a 

3 1800 X a 

6 1600 X e 

7 1800 X e 

8 1600 e 

9 1800 e 

10 1600 c 

ll 1800 X c 

12 1600 X c 

13 1000 c 

14 1600 f 

15 1800 f 

16 1600 f 

17 i800 f 

18 1600 X f 

19 1800 X f 

23 1600 f 

24 1800 f 

25 1600 f 

26 . 1800 f 

27 1600 X b 

28 1800 X b 

29 1600 b. 

30 1800 b 

32 1600 d 

33 1800 x· d 

34 1600 d 

35 1800 X d 

Ia] Missing test numbers indicate aborted tests. 

[b] Configurations are .. identified in Figure 5. 
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2. TEST RESULTS 

Figure 9 shows the temperature-time relationships for Configurations (b), 
(d), and (f) (no bypass flow) at TC-5-25. Except for the changes in configuration, 
all test conditions are identical. Figure 10 shows the temperature behavior 
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immediately after flooding at the· TC-5-25 location for Configurations (a), 
(c), and (e) (bypass flow). Figure 11 illustrates the temperature profiles of 
the central heater (Rod 5) during Test 28 [Configuration (b), no bypass flow] 
for various times with respect to distance from the bottom of the rod. The 
turnaround time (the time at which the temperature rise ceases) occur::. at 
about one second intervals for each five inches of heated length. The quenching 
front, as indicated by Figure 11, moves five inches in 14 to 23 seconds, moving 
slower as it nears the top of the rod. Figure 12 is a photograph taken at the 
inota.nt that temperature turnnvP.r .was recorded at the TC-5-14 location in 
Test l9 [Configuration (f), no bypass flow]. Temperature turnover at TC-5-15 
has not occurred. 
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One technique for determining the effectiveness of emergency coolant for 
various configurations is to compare the temperature rise which occurs after 
initiation of flooding. Figures 13 through 16 illustrate the temperature rise as 
a function of rod elevation for the various configurations for 1600 and 1800°F 
temperatures at the initiation of flooding. At each location the temperature rise 
was the average that occurred for the tests conducted at a given set of conditions. 
For identical tests, a difference of as much as 20°F rise was noted. 

In general, the results indicate that blockage, whether bypass flow was 
allowed or not, did not significantly' change the thermal response of the bundle. 
In addition, different types of blockage (sleeves or plate) did not result in any 
marked difference in thermal response. However, the following trends were 
noted: 

(1) For the configurations in which bypass flow was allowed 
[Configurations (a), (c), and (e)] the blockage tended to cause 
a larger temperature rise as indicated in Figures 13 and 14. 
This rise. was more pronounced in the 1600°F tests (Figure 13), 
in which a difference of 45°F was recorded at the 20-inch 
elevation for Configurations (a) and (c). 

(2) For the configurations in which bypass flow was prevented 
[Configurations (b), (d), and (f)] the blocked arrays tended 
to produce smaller temperature rises. 

(3) For the configurations in which bypass flow was prevented, 
the higher (1800°F) initial temperature tests tended to produce 
smaller temperature rises. 
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Fig. 13 Turnaround temperature versus distance from bottom of rod for Configurations (a), (c), 
and (e) (bypass flqw) al ·1600°F. 
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Figure 17 illustrates the pressure buildup as computed from the movies 
obtained through the sight glass attached to . the -entrance of the bundle. The 
region of temperature turnaround is indicated. The boundaries of this region 
are defined by the shortest turnaround time (3.5 seconds. at the TC-5-5 location) 
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Fig. 17 Pressure buildup versus time. 
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and the longest turnaround time (6.5 seconds at the TC-5-25 location). All tests 
in which bypass flow was eliminated. and· which had 75% blockage [Configurations 
(d) and (f)J exhibited a pressure buildup generally similar to that of Test 33 
(dashed line of Figure 17). All other configurations demonstrated a pressure 
buildup similar to that of Test 3. The buildup in the cold system is also shown 
on Figure 17. This pressure buildup, which would occur if flooding occurred 
while the pins were unheated, corresponds to the. flooding rate of 2 in./ sec used 

. for all of the tests. 

3. CONCLUSIONS 

The experimental results lead to the following conclusions: 

(1) Severe blockage in small pin arrays does not have serious 
effect on the capauility of emergency coolant to cool the 
rods under simulated postblowdown loss-of-coolant accident 
conditions. 

(2) -The geometry of the blocked. region (plate versus sleeves) is 
not a significant factor in the cooling. process. 

(3) The cooling process appears to be characterized by a front 
consisting of many various -sized water droplets (Figure 12) 
which move up the bundle at a velocity of about 5 in./sec. 
This front is produced after· about' the first three inches of 
the heated section are ·immersed~. ·The front represents an 
effective heat Temoval process. · 

(4) Bypass .flow has ah ·effect·on the cooling process. The dispersed 
water flow of the front ·apparently had a tendency to migrate 
outward to· the cooler •Walls of the transparent. tube, since 
elim].nation of hypa.c;:;:;,' flow without Ruhr.hannel hlor.kae;e did 
result in an increase• in the temperature rise [Figure 5, 14, 
and 16, Configuration (b)] above the bypass flow blockage. 

(5) The pressure buildup in the region below the . bundle ·was 
less than the equivalent.head prod~ced from cold flooding 
for all configurations except Configurations (d) and (f). As 
blockage becomes more severe, greater pressure buildup 
can· be expected as indicated by the results of T.est 33 shown 
in Figure 17. 

. ~.· ,· 
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IV. RELEASE OF NOBLE GASES FROM OPERATING FUEL RODS 

W. A. Yuill, V. F. Baston, J. H. McFadden 

The amount of fission products released from the U02 fuel to the fuel
cladding gap is important because of the effect fission products have on the 
properties of the cladding and because the fission product inventory in the fuel
cladding gap is available for release in the event of a nuclear accident. The 
interaction of fission products with the fuel cladding will weaken the cladding and 
increase the probability of cladding rupture in the event of a nuclear accident. 
Once the cladding has ruptured; fission products in the fuel-cladding gap could 
escape into the reactor containment building and then would be available for 
leakage from the containment building to areas a.djacent to the reactor site. 

This section presents the results of a study of the release of noble gas 
fission products to the fuel-cladding gap of U02 fuel rods during reactor opera
tion. Noble gas fission products are importaqt because of their contribution 
to the internal pressure of fuel pins. High internal pressure causes cladding 
swelling and deformation during reactor operation, and could cause cladding 
ballooning in the event of a loss-of-coolant accident. A study of the noble gas 
behavior in a fuel pin is expected to provide a better understanding of the mass 
transport mechanisms in operating fuel pins. 

The objective of this study is to determinethe effect of the thermal gradient 
in a fuel pin on the release of noble gases. The results of a prior study [8 ,9] 
indicated a strong correlation between the temperature gradient at the surface 
of a fuel pin and the fraction of noble gas released from the fuel to the fuel
cladding gap. 

As part of the previous study, equations were derived to describe fission 
product concentration profiles in the fuel and from these equations a relationship 
between the fraction of fission product released to the fuel-cladding gap and the 
temperature gradient at the surface of the fuel was derived. In the present study, 
the relationship for the release fraction is derived more directly from equations 
for gas diffusion in the fuel. 

The results of this study include, in addition to the more direct derivation 
of the release expression, a formal statement of the postulates serving as the 
theoretical basis for the study and an evaluation of the activation energy, Q, 
for diffusion from existing in-pile release data. The equation obtained from one 
set of data· for the relationship among temperature gradient at the surface 
(heat rating), surface temperature, and noble gas release fraction is used to 
predict a relationship between heat rating and the release fraction for noble 
gases. The surface temperature of the fuel was assumed to increase linearly 
with heat rating in these calculations. The results obtained are discussed in 
terms of previously existing models. 
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1. POSTULATES CONCERNING THE BEHAVIOR OF FISSION 

PRODUCTS IN AN OPERATING FUEL PIN 

The first step in analyzing the behavior offission products within an operating 
fuel pin is to determine the factors affecting the transport of fission products 
within the fuel. An important characteristic of an operating fuel pin is the great 
variation in temperature that exists within the fuel and the resultant large thermal 
gradients. Fuel pins operating at high power may be molten in the center (tem
perature approaching 3000°K) and have a temperature of only 900°K at the outer 
edge of the fuel, which is perhaps one centimeter from the center of the fuel. 
The temperature gradient at the outside edge of the fuel, assuming a parabolic 
temperature profile, is between 4000 and 5000 Kelvin degrees per centimeter. 
A smaller pin with a high integral power rating would have a thermal gradient 
several times that large. 

The fuel pin may lJe vl::;ualized a.~ a container in whioh chemical reaotionR 
take place very rapidly in the center but much slower un the uutside. Fission 
products contained in the fuel must pass through the cooler outside region of the 
fuel to escape. lfth~presenceofthermalgradients has an effect on the muvemeut 
of fission products in the fuel, the release of fission products from the fuel 
pin will also be affected because release involves movement of the fission 
products parallel to the thermal gradients. The purpose of this study was to 
determine whether forces which are dependent on the thermal gradient do affect 
the release of fission products. · 

Two postulates were made regarding the release mechanism for fission 
products in fuel pins: 

(1) The driving force for the movement and release of fission 
products during reactor operation is a Gibbs-free-energy 
gradient that is dependent on temperature and pressure 
(concentration) gradients 

(2) The release of fission products from an operating fuel rod is 
the result of a steady state equilibrium that is controlled by 
the Gibbs-free-energy gradient for the escaping species. 

The first postulate states that Gibbs-free-energy gradient, which is the 
driving force for diffusion, is dependent upon a number of forces of magnitudes 
proportional to the thermal gradient present in the fuel. 

Examples of forces contributing to the Gibbs-free-energy gradient and 
proportional to the thermal gradient are entropy effects, the thermoelectric 
(Seebeck) effect, and thermal stresses that are caused by the temperature 
gradients in the fuel. A detailed discussion of the concept of entropy is beyond 
the scope of this section. A detailed treatment of the subject may be found in 
texts such as Fast [-10], or a more general discussion may be found in any of 
a number of texts on thermodynamics. The importance of entropy in describing· 
the movement of chemical species in a thermal gradient is that chemical 
species produced as the result of an endothermic reaction in the lattice will 
concentrate in the high temperature region of a thermal gradient, and species 
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formed by an exothermic reaction will concentrate in the low temperature region 
of a thermal gradient. Similarly charged particles will tend to concentrate in 
hot or cold zones of a thermal gradient depending on the sigr. of the charge on 
the particle and .the sign of the Seebeck coefficient. Bates [!1} has reported a 
significant Seebeck coefficient for uranium dioxide. 

The importance of the thermal gradient can be illustrated by considering 
a species having a partial molar entropy of 10 entropy units at 1000~ in a 
temperature gradient of 4000~ per centimeter, conditions similar to those found 
in an operating fuel pin. The Gibbs-free-energy gradient due to the thermal 
gradient is roughly equivalent to the Gibbs-free-energy gradient that would result' 
from having a concentration change of a factor of 107 or 108 per centimeter 
in the same region. Calculations regarding the behavior of fission products 
in a system having the large thermal gradients observed in operating fuel pins 
should include the effects of both the temperature and the concentration gradients. 
Beisswenger [ 12} and Wirtz [ 13} have demonstrated the importance of including 
the effect of the thermal gradient in describing the fission product concentration 
profiles observed in operating reactor pins. 

The second postulate states that during release, fission products are 
subjected to the forces that affect the concentration gradients observed in 
irradiated fuel pins. If the forces that exist in the fuel are to affect release, 
the fission products must interact with the fuel lattice many times during the 
release process. This interaction implies that even though fission products, 
such as noble gases, may escape along cracks in the fuel, the fission products 
interact with the side wall of the crack so often that their movement is controlled 
by f<:>rces that exist within the fuel. Equations are derived in the following sections 
on the basis of the two postulates stated, which describe fission product release 
from the fuel. 

2. DERIVATION OF EXPRESSION FOR FISSION PRODUCT RELEASE 

The two postulates for this study are summarized by Equations (1) through 
(4). Equation (1) 

where 

Gi = 

r = 

c. = 
1 

T = 

dG. 
l --= 

dr (
aGi\dT + 
aT/ dr 

Gibbs-free-energy of species i 

radius of fuel pin 

concent.rat.inn of speoieo i 

temperature in degrees Kelvin at r 
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aGi) 
a c. 
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dC. 
l 
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states the Gibbs-free-energy gradient in a fuel pin is dependent on the tempera-
((}. 

ture and concentration gradients. The term ( oT1
) is a summation of all the terms 

(thermoelectric, entropy, and thermal) that affect the free energy and are 
dependent upon the temperature gradient. The Gibbs-free-energy gradient is 
written in terms of the temperature gradient as follows: 

dG. 
where the term ( dT

1
) is defined by: 

= (aGi) 
a c. 

]. 

dG. 

dC. 
__ J. + 
dT 

(2) 

(3) 

The relationship between _ dT1 
, introduced in Equations (2) and (3), and 

the temperature gradient, ddT , is discussed in the remainder of this section. 
dG. r · 

The term dT1 includes concentration and temperature gradients. The concentra-

tion gradient in Equation (3) is written in terms of temperature rather than radius. 
Equation (1) can be obtained from Equation (3) simply by multiplying Equation (3) 

dT by the temperature gradient, dr , so as to change from temperature, T, to 
distance, r. 

The rate of change of the concentration of species i with time is expressed 
in terms of the Gibbs-tree-enef'gy for specie::; i, U1e production rate for species 
i, and the decay constant for species i by the following expression: 

dC. . [ D. C. ( r, t) l (4) dt
1

;:: Pi (r,t)- .A. 1 C1 (r,t) + 'i/ • · 
1 n~ ('i/ Gi (r,t)j 

where 

P . ... production rata of i 
1 

A.. = decay constant of i 
] 

D. = diffusivity of i 
1 

R = ideal gas constant. 

The assumption is made that the fuel rod has been operating at constant · 
power for a time that is long compared to the half-life of the isotope being 
studied so that steady state equilibrium has been established within the fuel. 
Equation (4) can be arranged to give for a cylindrical geometry: 

rC. =.h. j P. r + f- ·[rDi ci (dGi)] 
J. 1 l 1 or RT dr (5) 
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Integrating Equation (5) with. respect to the radius r produces 

I 

nb
2 c. 

lO 

2 P. nb 
l =---A. 

l 
(

dGi )· 
dr b 

(6) 

for a fuel rod of radius b if the rate of production, P., is assumed to be inde
pendent of r. If the fuel rod has attained an equilibrium boncentration of isotope; 
i, then the relationship between P. and the inventory of i, I., is given by 

. 1 1 

2 
I 

P.nb 
. l 

·l = -~-
A. 

l 

(7) 

The definition of two terms must be emphasized. Cio is the average con
centration of i in the fuel and li is the total inventory of i in the fuel rod. Ii, 
therefore, is the amount of i in the fuel plus the amount in the fuel-cladding 
gap. The amount of i released to the gap, R , is then the total amount in the 

gi 
fuel pin, I., minus the amount in the fuel, C. m2

, as expressed by 
1 w 

Rg. = I. - C. nb 2 (8) 
l l l.O 

Substituting Ii from Equation (7) and Ci0 rl.J2 from Equation (6) into Equation (8) 
produces 

R = - l l __ l 2D.b C.b nb (dG.) 

gi R;>, i Tb · dr ·. b 

Substituting the identity in Equation (3) into Equation (9) produces 

R . = 
gl 

-2nb Dib cib 

RTb Ai (
dGi) (dT) 
dT b dr b 

(9) 

(10) 

Equation (10) includes the total differential of Gibbs-free-energy with 
respect to temperature discussed in connection with Equation (3). The expression 
for a. must include the relationship between the temperature, T, and the con
centration, Ci, if Equation (10) is to be solved. By dividing both sides of Equation 
(10) by the total inventory, 11, Equation (10) may be written in terms of the 
fraction of the fission product in the gap, Fi: 

2_:rrb Dib Cib ( dGi) (dT) 
Fi =- RTbAiii dT b dr b . ::r (11) 

Equation (11) may be differentiated with respect to the heat rating JT °KdT 
~ b 

by using the symbolism~~ °KdT = K(T
0

, Tb)' where Tb is the surface tempera
b 

and T is the center-line temperature. The resulting equation is: 
0 

dF 
i 
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One following term 

c. 7Tb
2 

( 1-F .. ) . = _::;..10;;...._-
1 I. 

1 

is introduced into Equation (12) to give 

I. 
1 

b
2

C. 
10 

Integration of Equation (14) produces 

1n ( 1-F. ) = _2- f _.r i_ --~a---.-
1 RA..b2 Cia aK(T0 ,Tb) 

1 

(-~~ ) ·1 dK ( '11 
, T ) U.r b o b 

(13) 

(15) 

The advantage of using the function ln(1 - F i) in the ~olution rather tM.h 
simply Fi is that ln(1 - Fi) is physically a better behaved function than Fi. 
The form of the expression in Equation (11) does not mathematically confine Fi 
to a value less than one, an obvious physical constraint. The rnathematical form 
in Equation (15) does. iimit Fi to a value less than one and is a form equivalent 
to the C/C0 form common in the classical solutions for diffusion equations 
discussed in texts, such as Crank [ 14], (C is the concentration at time t and C 
is the concentration at time zero). 0 

An exact solution of Equation (15) has not been obtained. A solution of 
the type 

(
dT ) = 2 F~ K U.T 

dr. ·b b ~ 
(16) 

where Kh = conductivity at fuel surface, is expected to be accurate for comparing 
results for small ranges of surface temperature (within perhaps a range of 
200 to 300°C}. 

The following equation is obtained by using the relationship between the 
thermal gradient at the surface and the heat rating, Equation (16}, and integrating 
Equation (15} by parts: 

T 

4 cib Dib (~g )b 

fTo K dT 
1n (1-F.) = . b 

1 RA..b2 c. Tb ~ 10 
1 

-J cib Dib ( foKdT) eG) a [c:~J · dK(T ,T ) 
I. Tb Kb T dT aK(T

0
, Tb) 0 b 

1 b b (17} 
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An approximate solution for Equation (17) would be expected to have the form 

ln (1-F.) = 
~ 

1 
8 ib nib 

C. Tb 
~0 

(18) 

where f1<.JKdT) may include several terms resulting from repeated integration 

by parts. The terms (:~i) and ( ~~b )may also be functions ofJKdT and, there-
b 10 .l 

fore, are included as part of the more general function f2!JKdT). Equation (17) 
can now be written in the form 

2 
Aib Tb 

ln ( 1-F.;) = r
2 

(!KdT) 
Dib _._ 

(19) 

where 

r 2 (!KdT) = ~~b R (~;) r
1 

(/KdT) 
. ~0 b 

The expression in Equation (19) is essentially the same as the expression for 
the release fraction derived previously [9]. The previous derivation resulted 
from ~ study of concentration profiles in the fuel and, therefore, discusses in 

detail the relationships between heat rating and the two terms( ~~b) and ( :~i). 
10 

3. METHOD OF TREATING EXISTING DATA 

In the sections to follow, published results of in-pile release studies from 
Atomic Energy of Canada, Limited [15,16] anq the General Electric Company [17] · 
are used to test the validity of Equation (19). Each of these sets of data is treated 
separately in an attempt to determine whether certain correlations predicted 
f_rom the use of Equation (19) actually exist within each of these data sets. The 
correlations are not studied for all three sets of data together because certain 
variables that may affect gas release vary among the sets of data. 

Density, · stoichiometry, . and grain size vary for the U02 from one batch 
of pellets to another, even for the same experimenter. The accuracy and precision 
of the methods of determining variables, such as fuel surface temperature, 
heat rating, and release fractions, also vary between the two experimenters. 

In order to simplify the calculations performed, the decay constant, Ai• and 
the diffusion constant, D0 , are not included in the calculations represented in 
the graphs and tables. The diffusion constant, D0 , is defined by the expression 
D = D0 exp (-Q/RT) and is expected to be a constant for each set of data, 
assuming the chemical and physical properties are the same for all the pellets 
in the data set. The term studied in the following section is given on the left 
in the following equation: 
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ln (1-F.) b2T e Q/RTb 
~ b 

l) 

= ...:..£ f 
A.. 2 
~ 

(!KdT) (20) 

· All variables that are dependent on either the surface temperature or the 
temperature gradient are included in the left-hand term' which is referred to 
as the release function in the following sections. 

4. EVALUATING THE ACTIVATION ENERGY FOR DIFFUSION, Q 

The most rapidly varying term in the expression for noble gas release in 
Equation (20) is the mobility or diffusivity of the noble gas at the surface of the 
fuel rod. The relationship between the activation energy, Q, and the release 
fraction, Fi, [as given by Equation (20)] indicates that the value of Q must be 
known accurately if the effect of the Ulel'Iual gradient is to be studied. Therefore, 
the first step in this study is to determine a value for Q. 

The value used previously [9] fo~ the activation energy fo1· lliff4~ion, Q, 
was 72 kilocalories. This value was obtained from the results of an isothermal 
release study performed by G. W. Parker of ORNL. Results of in-pile experi
ments by Soulhier [18] and Carroll (19] indicate that the activation energy for 
the diffusion of noble gases during irradiation is lower than 72 kilocalories. 

An attempt was made to determine a value of Q from some of the data 
available from AECL [15,16] and GE [17]. The assumption was made that when 
the data were treated, using Equation (20), the value of Q that produced the 
smallest total least-squares deviation for the data set would correspond approxi
mately to the correct value of Q for the process of diffusion. 

A least-squares fit for a set of data was calculated by using a value for 
Q. The value of Q was then changed and another least-squares fit for Equation 
(20) was made by using the new value of Q. This step was rep~ated so as to 
include values of Q from 0 to 150 kilocalories in steps of 2 or 3 kilocalories. 

The value of Q correspotiding to the minimum deviation, El f2 ·1KdT) - f2 
<JKdT)I, was assumed to be the correct value of heat of activation for diffusio~. 
f2 <J KdT) is the value of the function calculated from the observed data and f2 
1.KdT) is the value of the function calculated from the least-:squares,equation and 

:r . f 0 the measured heat rating T KdT. 
b 

The data sets used to calculate Q and the value of Q found for each set 
of data are given in Table II. On the basis of the results in Table II, 40 kilo
calories was chosen as the most satisfactory value for Q. The points which 
were omitted, as indicated in Table II, were the points with the largest deviation 
from the least-squares curve. 

The data used for each of the calculations listed in Table II and the results 
of calculations using an activation energy of 40 kilocalories are presented in 
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TABLE II 

DATA SETS USED IN CALCULATING VALUE OF THE ACTIVATION 
ENERGY FOR DIFFUSION Q, AND THE VALUE OF Q _FOR EACH SET 

GEAP-4314 data with burnup of 121 MWd/T 

AECL..:l895[a) 
· [a b) 

AECL-1895 ' minus points Pl, P2, P3 

Q (kilocalories) 

38 

38 

4o 

AECL-1895 and -1676 data between 0 and 600 MWd/T 
minus DFA point from AECL-1676 46 

48 GEAP-4314 data minus 1890 MWd/T data[b] 

T T 
[a] Calculations based on heat rating of f gKdT rather than f °KdT. 

- Tb. Tb 

[b) Functio~ used to minimize was~lf = f I rather than ~If -f. I 
f . 

a table along with the release fractions calculated from the equation for the least

squares fit of ·release fraction, Do /'A f
2

<JKdT) versus heat rating. Two figures 
i . 

are given for each set of data~ The first figure is a plot of the release function, 

D · JT . 
. 

0 
/'Ai f2 (JKdT) versus heat rating, . T~KdT, and the secondfigure is a plot of 

the release fraction, F calc• calculated from the equation for the least-squares 
fit of the data in a heat rating-release function plot versus the experimentally 
observed fraction, F. 1 . _ , 

uu~ 

The data and results of calculations for GEAP-4314 are given in Table 
III and Figures 18 and 19; the data and results for AECL-1676 in Table IV 
and Figures 20 and 21; and the data and results for AECL-1895 in Table 
V and Figures 22 and 23. Table VI and Figures 24 and 25 ::~.re the data and 

· result~, respectively, for calculations for AECL-1895 data in which the release 
D 

function, 
0 I\ f2~dT), is studied as a function of the heat rating from the 

grain growth region to the surface of the fuel pin, h:KdT. The grain growth 

region is defined as the region in the fuel pin in which significant grain growth 
has taken place. Grain growth is usually assumed to begin at a temperature 
of about 1600°C during irradiation. 

The data and, results for calculations using the combined data :ffor AECL-
1676 and -1895 are given in Table VII and Figures 26 and 27. '11he release 

D . 
function, 

0 I\ f2 cJKdT), was studied as a function .of heat rating,}; :KdT, 

for the oombincd data sets. 
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TABLE III 

GEAP-4314·-- NOBLE GAS RELEASE DATA 

T 
f °KdT[a] 

Burnup[a] 
T [b J Tb b 

Fcalc[c] Fuel Element Pin (W/cm) (MWd/T) (OK) F obs 

SII-3.GP A 46.9 121 929 0.145 0.138 

B 31.0 121 809 0.111 0.202 

c 33.0 121 776 0.040 . 0.048. 

D 37.5 121 827 0.087. 0.074 

G 38.7 121 842 0.117 0.085 

H 35.0 121 797 0.063 0 .056· 

PWL-6 B 31.4 600 803 0.171 0.236 

c 15.0 600 644 0.118 0.091 

D 14.9 600 650 0.040 0.122 

E 14.9 6oo 647 0.135 0.10'7 

DP-1 B :24.0 3580 .722 0.154 0.085 

c 26.6 3580 749 0.203 0.104 

E ~7-7 . 3580 767 0.143 0.138 

G 26.5 3580 752 0.114 0.118 

DP-5' A 31.8 5000 812 0.092 0.183 

DP-14 I 18.6 5250 671 0.102 0.061 

Sl-1, BP 7 13.4 1980 698 0.0031 [d) 

14 15.1 1980 707 0.0067 [d) 

SII-2. GP c 37.4 1890 824 0.414 [d) 

G 30.8 1890. 752 0.432 [d) 

H 29.4 1890 743 0.240 [d) 

I a] Based on 182 MeV/flssio11. 

IoJ Tb calculation discussed in IN~l346[9J. 

[c) Calculated from least-squares fit of ln [f2(!KdT)] = A + B (~::KdT) 
+ C (::KdT) 2. 

[d] Values not used in least-squares fit. 
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Fig. 18 Release function, 0 /t.. f2cj'KdT), versus heat rating for GEAP-4314 data. 
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Fig. 
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Observed Fractio"n Released 

19 Calculated fraction released versus observed fraction 

TABLE IV 

AECL-l67G NOBLE GAS RELEASE 

T 
°KdT[a] 

!T Buruup[a] Tb b 
(W/cm) (MWd/T) (OK) 

40.3 386 708 

54.7 528 758 

68.2 658 803 

82.0 794 850 

67.8 648 783. 

54.0 531 733 

' Based on 182 MeV/fission. 
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relcll!3ed for GEAP-4314 data. 

DA'l'A 

F obs F calc 

0.0495 0.042 

0.179 0.237 

0.330 0.429 

0.401 0.389 

0.326 0.268 

0.161 0.109 
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Fig. 20 Helease function, 0 /'J... r2!{KctT), versus heat rating for AECL-1676 data. 
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Fig. 21 Calculated fraction released versus observed fraction released for AECL-1676 data,· 
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TABLE V 

AECL-1895 -- NOBLE GAS RELEASE DATA 

T 
f °KdT[a) 

[a] Tb Tb Burn up 
F F Pin (W/cm) (MWdLT) (OK) obs calc 

E-15 46.8 258 663 0.012 0.018 

E-25 46.8 258 663 0.026 0.018 

G-1 29;4 476 633 0.098 .0.097 

G-3 29.4 489 633 0.198 0.098 

H-1 36-.l 514 653 0.126 0.102 

H-2 36.1 506 653 0.134 0.102 

H-3 36.1 506 653 0.117 0.102 

K-1 32.4 2222 633 0.040 0.069 

K-2 32.4 2222 633 0.042 0.069 

J-1 29. )+ 2305 633 0.090 0.097 

P-1 35.2 8377 633 0.201. [b) 

P-2 35.2 8322 633 0.268 [b) 

P-:'3 35.2 8313 633 0.253 [b) 

TT-l 30.0 4532 - 633 0.069 0.083 

TT-3 30.0 4532 633 0.080 0.083 

[a] Based on 182 MeV/fisl:lion. 

[b] Values not used in least-squares fit. 
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Fig. 22 Release function, 0 /"A f2 ifKctT), versus heat rating for AECL-1895 data. 
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Fig. 23 Calculated fraction released versus observed fraction released for AECL-1895 data. 

39 



TABLE VI 

AECL-1895 -- NOBLE GAS RELEASE DATA AND HEAT RATING 
FOR REGION FROM SURFACE TO GRAIN GROWTH 

T 
- gKdT[a] 
IT 

b F Rod (W/cm) obs 

E-15 41.0 0.012 

E-25 41.0 0.026 

G-1 25.5 0.098 

G-3 25.5 0.198 

H-1 2'7.8 0.121-i 

H-2 27.8 0.134 

H-3 27.8 0.117 

K-1 29.6 0.040 

K-2 29.6 0.042 

J-1 25.2 0.090 

P-1 23.0 0.201 

P-2 23.0 0.268. 

P-3 23.0 0.253 

TT-l 25.7 0.069 

T'l'-3 25.7 0 .080 

[a] Based on l82'MeV/fission. 

[b] Calculated from least-squares fit of ln 

+ c( fTgKdT ) 2 . 

Tb 

40 

Fcalc[b] 

0.0180 

0.0180 

0.115 

0.116 

(). 1 29 

0.129 

0.129 

0.034 

0.034 

0.125 

0.221 

0.221 

0.221 

0.097 

0. 097 
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Fig. 24 Release function, 0 I A. f21jKctT), versus heat rating for region from grain growth to fuel 
surface for AECL-1895 data. 
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TABLE VII 

AECL-1676 AND AECL-1895 -- NOBLE GAS RELEASE DATA 
WITH LEAST SQUARES ANALYSIS FOR COMBINED SETS 

Set Pin Fobs· F 1 [a] ca c 

DFA 0.0495 0.489 
'· 

DFB 0.179 0.332 

AECL-1676 DFD 0.330 0.311 

DFE 0.401 0.441 

DFH 0.326 0.188 

DFJ 0.161 0.169 

E-15 0.012 0.021 

E-25 0.026 0.021 

AECL-1895 G-1 0.098 0.157 

G-3 0.198 0.158 

H-1 0.126 0.089 

H-2 0.134 0.089 

H-3 0.117 0.089 

K-1 0.040 0'.079 

K-2 0,042 0.079 

J-1 0.090 0.157 

P-1 0.201 0.043 

P-2 0.268 0.043 

P-3 0.253· 0.043 

TT-l 0.069 0.124 

TT-3 0.080 0.124 

[a] Calculated from least-squares fit of ln [r2(!KdT)] =A+ B (r::KdT) 

+ cV ::KdT) 
2

. 
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The results plotted in Figures 18 through 27 indicate that the correlations 
predicted in Equation (20) do exist. The five pins corresponding to the two 
data points with a burnup of 1890 MWd/T [20] and the three data points with a 
burnup of 1980 MWd/T [21] experienced an increase in power level just before 
being removed from the reactor. All other data from the General Electric 
Company are correlated very well by Equation (20). The data from AECL-1676 
and -1895 are also correlated well by Equation (20). 

The reason a heat rating based on the region between the grain growth and 
the fuel surface (Figure 24) provides a better correlation of the data from AECL-
1895 than a heat rating based on the center-line temperature is not completely 
understood. A heat rating based on the grain growth region may be a more 
accurate indicator of the processes occurring in the outer edges of the fuel. 

If the correlations obtained are correct, the data reveal the following 
information concerning noble gas release: (a) the release of noble gases from 
operating fuel pins iS controlled by a process at the outer edge of the fuel having 
an activation energy of 40 kilocalories and (b) if the surface tempsrature of the 
fuel is held constant while the heat rating is increased, the fraction of noble 
ga.s released will decrease. In the derivation of Equation (20), the assumption 
was made that the process controlling release at the surface of the fuel is a 
diffusion mechanism. The mechanism would appear to be surface diffusion because 
of the low activation energy. The ob::>ervation that fractional release decreases 

with increasing thermal gradient or heat rating indicates that the term ~~ 
discussed in connection with Equations (2) and (3) is negative in sign and, 
therefore, noble gases are transported in the fuel in a state that is more stable 
at high temperatures than at low temperatures. The noble gas would probably 
he transported by means of some type of lattice defects. The defects could be 
bubbles, ion vacancies, or noble gas atoms trapped in the lattice. All of these 
defects would be expected to form an endothermic reaction that would be stabi
lized by high temperatures. 

5. RELATIONSHIP BETWEEN RELEASE FRACTION, F., AND 
;r 

HEAT RATING, s;°KdT, FOR FUEL PINS 
b 

DURING NORMAL REACTOR OPERATION 

The observation has been made that the proposed release model predicts 
that if the surface temperature of the fuel is held constant and the power level 
increased, the 1·elease fraction for noble gases decreases. At first, this observa
tion seems contrary to experimental observations that show a general trend of 
an inc:reasing fractional release with increasing heat rating [21 ,23 ,24]. The 
apparent anomaly is explained by recognizing that, in general, the surface 
temperature also increases as the power level increases. Figure 28 is a series 
of plots of release fraction versus heat rating based on the assumption that the 
surface temperature is given by 

(21) 
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The three curves in Figure 28 were calculated by using the constants 
determined for the least-squares function for the GEAP-4314 data assuming Q 
equal to 40 kilocalories. The values assumed for a. and \3, respectively, are: 
Curve 1-480 and 8; Curve 2-525 and 8; and Curve 3-525 and 7.5. 

The surface temperature-heat rating relationship in Curve 2 follows, 
approximately, the temperature-heat rating relationship observed in GEAP-
4314. The results in Figure 28, therefore, showthat the release fraction for noble 
gases is predicted to increase with increasing power level, as observed experi
mentally. Further examination of Figure 28 reveals that Curve 1 has a shape 
similar to that of the curve predicted from the volumetric-average-temperature 
release model developed by General Electric Company [22]. Curves 2 and 3 show 
the plateau at low power rating that has been observed in in-pile release 
studies [23,24]. The plateau observed is due to the balance between thermal 
gradient or driving force and diffusivity or mobility. This plateau may be 
related to the thermally generated defects discqssed by Carroll r24]. 

ln summary; the results of w:;iug Equation (20) to predict the fraction of 
noble gas released to the fuel-cladding gap are in excellent agreement with the 
relationships actually observed if consideration is given to the relationship 
between heat rating and surface temperature. 

6. DISCUSSION OF RESULTS 

The overall conclusion reached in this study is that Equation (20) properly 
describes many of the phenomena observed in various studies of noble gas 
release, thus implying that assumptions and postulates used in deriving Equation 
(20) are correct. The postulates used in deriving Equation (20) state, in summary, 
that the release of noble gases is the result of steady state equilibrium within 
the fuel, and that this steady state eCJl.liUhrinm may be described in term~ o£ 
the Gibbs-free-energy gradient. T.h,e postulatfl:-~ state that the Gibbs free
energy gradient is established as a result. of h.nth thermal and prosoUI'C (con
centration) gradients in the fuel. An assumption made in deriving Equation (20) 
is that the release of fission products from the fuel would be controlled by its 
diffusivity or mobility at the outer edge of the fuel. The assumptions used to 
start this study are very similar to the conclusions Carroll [ 19] reached after 
an in-pile study with small U02 pellets. Carroll stated, "The inte1'p1·eiatlon 
of the experimental observations are complicated because the fission gas must 
pass through the surface of the uo2 specimen. Thus, surface conditions as well 
as migration within the specimen body will affect the fission gas release. The 
model does suggest that only a thin surface region will be involved in the fission 
gas release process at temperatures below 1500°C:, l-Iowever, the depth o£ the 
surface layer is yet to be determined, and, indeed, this depth may vary with 
temperature." 

Carroll reached this conclusion after observing the release rate of krypton-
88 from small uo2 crystals during irradiation in an oscillating neutron beam. 
The maximum intensity of the fission gas release lagged the beam intensity but 
preceded the maximum temperature when the neutron flux was cycled over a 
three-hour period. Such a lag could be explained by a changing thermal gradient. 
The effect of the thermal gradient on noble gas release could also explain burst 
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release from samples in which cracking was thought to be absent [25 •261. A 
reduction or an increa·se of thermal gradients within the fuel could lead to fission 
gas redistribution that results in a burst release of fission gas from near the fuel 
surface. 

The approach used in deriving Equatiqn (20) appears to offer advantages 
over models based simply on the interior fuel temperature. Such models [ 2 7 .28 ;2 9J 
predict that at equilibrium the release fraction. F. should be inversely pro
portional to the square root of the decay constant. A.. whereas Equation (20) 
predicts that the relationship should be invers'ely proportional to A. Experi-
mental results [30} ~how a t,-1 dependence. · · 

Some· argument could possibly be advanced that Equation (20) is merely an 
indirect route· to calculating the internal temperature of the fuel because a 
function containing the surface temperature. when multiplied by the heat rating. 
could produce a function of the internal temperature. The correlation between 
surface temperature. heat rating. and release fraction. therefore. should occur 
as in other models [27.28.291. Such an argument can be refuted simply by consid
ering the correlation obtained using Equation (20) that indicates that if the surface· 
temperature is held constant and the heat rating increased. the fraction of noble 
gas released decreased, Models that assume that the internal temperature 
alone controls gas release would predict exactlytheopposite relationship between 
heat rating. and gas release when the surface temperature is held constant. 

Further effort will be expended in attempting to obtain better correlation 
between the General Electric Company data and the Atomic Energy of Canada. 
Limited data. Efforts will also be made to correlate release fractions directly 
to temperature gradients and to calculate surface temperatures on a comparable 
basis for the sets of data from the different sources. An examination of release 
data for fission products other than noble gases is also in progress. If the 
steady state release can be described adequately by equations derived in this 
study. a logical extension would be to examine release during thermal transients. 
Such a study would be of great value in estimating the time scale and magnitude 
of fission product release associated with a loss-of-coolant accident and sub
sequent cooling when safety systems are applied. 
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V. PARTICULATE-IODINE SAMPLER DEVELOPMENT 

AND STUDIES OF FUNDAMENTAL IODINE BEHAVIOR 

W. J. Maeck and J. H. Keller 

The sequential particulate-iodine sampler is one of the principal atmo
sphere sampling devices being developed for the LOFT-ECCS tests. The 
purpose of this sampler is to measure the concentration of airborne fission 
products, other than nobles gases, and to differentiate the fisSion products 
into the following fractions:. (a) noniodine particulate activity, (b) elemental 
iodine, (c) nonelemental inorganic iodine (HOI), and (d) organic iodine. · 

1. LABORATORY DEVELOPMENT STUDIES 

Emphuoio in laboratory studies on the development of sp~cif1c M1~(11"1)P.nt~ 
for differentiation of the various volatile iodine species (I~, HOI, and organic 
iodide) has been on the developme;J.t of specific selective adsorbents for ele
mental iodine and for HOI. One of the necessary characteristics that selective 
adsorbents must -exhibit is the capability to absorb efficiently only the gas of 
interest and to pass other gases. The elemental iodine adsorbent should exhibit 
low or zero retention efficiency for HOI and CH3I and the HOI adsorbent should 
exhibit low CH3I efficiency. 

Previous studies evidenced several materials that exhibited high elemental 
iodine retention. Of these, cadmium iodide dispersed on an inert support of 
Chromosorb-P most closely met the requirements for an elemental iodine 
adsorbent. This material is prepared by dissolving cadmium metal in a media 
containing an excess of HI to give a solution 0.1 M in cadmium. The solution 
is then poured onto the Chromosorb-P support until it is wetted with the 
solution. The mixture is stirred and air dried, after which it is placed in a 
tube furnace and purged with dry ai.r at 200°C. The purge is continued until 
no further iodine evolves. After purging, the material is equilibrated with 
moisture from the laboratory air for 48 hours. 

Analysis of two different batches of this material gave an iodine-to
cadmium weight ratio of 2. 7, which is higher than the theoretical ratio of 
2.26 for pure Cdl2. The excess iodine is believed to be present as iodide, 
but tightly bound such that it is not purged from the support at temperatures 
below 200°C. Only by air purging at temperatures greater than 200°C can the 
excess iodide be removed. 

The elemental iodine retention efficiency of this material has been estab
lished for a variety of conditions ranging from ambient to 95°C and from 0.4 
x 10-3 1-Jg to 8000 ~ of iodine on a bed 0.5 inch in diameter by 1.0 inch in 
length (1.3-gram bed). In all cases, the atmosphere was water-saturated air 
at the test temperature and the face velocity of the sample stream onto the 
bed was 50 ft/min. The elemental iodine was prepared by oxidation of iodide 
to iodine with iodate in an acid solution. The concentration of iodine in the 
test atmospheres was controlled by the amount of inactive iodide added to the 
high specific activity I-131 solution. Greater than 99% retention efficiency 
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of elemental iodine by Cdl2 was measured up to a mass loading on the bed of 
1000 ~· At 2000 ~ the efficiency was 90%. 

The methyl iodide retention efficiency for cadmium iodide dispersed on 
Chromo sorb-P was also measured over a wide rate of methyl iodide concentra
tions at temperatures from ambient to 90°C. In all cases, the methyl iodide 
retention was less than 0.1 % . 

. The amount of HOI that will be retained by an elemental iodine adsorbent 
is more difficult to determine because of the difficulties in producing a pure 
HOI atmosphere. Atmospheres which contain predominately HOI are best 
p'repared in the. laboratory by sparging the HOI from a dilute alkaline iodine 
solution. In tests with atmospheres of low total iodine concentration (20 ~/m3) 
prepared in the preceding manner, retention of what appears to be HOI by cad
mium iodide is 3 to 4%. The methyl iodide c.:oncentrations of these streams were 
found to be less than 1%. Whether the 3 to 4% retained by the cadmium iodide 
beds is elemental iodine or partial HOI retention has not been resolved; however, 
if the 3 to 4% retained is due to partial HOI retention, cadmium iodide would 
not necessarily be eliminated as a useful material for the particulate-iodine 
sampler. 

Two materials have been studied for the retention of HOI for use in the 
particulate-iodine sampler. The first was copper zeolite in the sulfide form. 
This material is Linde Molecular Sieve Type 13X in the copper form (originally 
prepared by- the Linde Division of Union Carbide) that was converted to the 
sulfide form by passing hydrogen sulfide through a bed of the mate:i'ial at 150°C . 

. This material was then purged with air at 200°C to remove unreacted H2S and 
then equilibrated with moisture from the laboratory air for 48 hours prior to use. 

The second material was a 10-wt% mixture of 4-iodophenol dispersed on 
activated alumina. A 100-gram batch of this material was prepared by dissolving 
10 grams of 4-iodophenol in 100 cm3 of diethyl ether, adding this solution to 
90 grams of dry alumina, and stirring until the ether had evaporated and the 
mixture wa:s tlry. H01 is reporteg/ to be the sole species responsible for the 
iodination of phenols [31]; hence, this material is expected to be an excellent 
HOI adsorbent if the rate of iodination is fast compared to the residence time 
of the HOI in the bed. ' 

Both copper zeolite in the sulfide .form and 4-iodophenol were tested in the 
laboratory to determine their retention efficiencies for HOI. In all cases, the 
bed of test material was preceded by a bed of cadmium iodide on Chromosorb
P to remove elemental iodine. The retention efficiency of both materials for 
HOI was greater than 95% and for methyl· iodide, less than 1%. A summary 
of the retention efficiencies for various iodine species for the most promising 
adsorbent is given in Table VIII. 

As discussed in the following section, the data from the particulate-iodine 
samplers in CDE Tracer Run 10 evidenced incomplete retention of HOI on the 
copper zeolite (sulfide form) bed. Such incomplete retention has not been observed 
in laboratory studies; however, the test systems are considerably different 
with respect to vessel atmosphere pressure and sampler size. In the CDE, 
the pressure of the vessel atmosphere varied from 22 to 4 psig, whereas labor
atory tests were conducted at pressures slightly less than atmospheric. Also, 

51 



Species 

I2 
HOI 

CH
3
I 

TABLE VIII 

RETENTION EFFICIENCY FOR VARIOUS IODINE SPECIES ADSORBENTS 

Retention (%) 

Cdi on 4-Iodophenol Cu-Zeolite 
Chromosorb-P on Alumina Sulfide Form 

99+ 99+ 99+ 

3-4 96 95 
<0.1 <1 <1 

the sampler length-to-diameter ratio is more favorable in the laboratory 
studies. Both of these effeets are being evaluated. 

2. TESTING OF THE PARTICULATE-IODINE SAMPLER 

IN CDE TRACER RUN 10 

Twenty-four particulate-iodine samplers were installed in the CDE vessel 
for Tracer Run 10 to determine the total airborne iodine concentration and to 
evaluate the sampler components. The particulate-iodine sampler component 
arrangement and the specific iodine species adsorption to be accomplished 
by each component is shown in Figure 29. 

Inlet 
Check Volve 

Sample fi 
-Fl-ow _ _.~ 

Particulate 
Filters 

Cadmium Iodide 
on 

Chromosorb-P Copper 
Zeolite 

in 
Sulfide 

Form 

INC-A-16120 

Fig. 29 Particulate-iodine sampler component arrangement -- CDE Tracer Run 10. 
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The 24 particulate-iodine samplers used in this run were mounted 12 each 
on two separate racks. The arrangement on each rack was identical, with four 
samplers located at the top, four at the middle, and four at the bottom of the 
CDE vessel. To isolate the sampler components from the CDE atmosphere 
during the test, a glass check valve was installed ahead of the sampler com
ponents .and the sampler unit was pressurized with argon. Prior to the run, 
12 of the samplers were accidently flooded with steam. These samplers pro
vided total iodine concentration data but did not give reliable species differen
tiation. 

Following the run, the particulate-iodine samplers were removed from the 
vessel and disassembled. The interior of· the glass check valves for each of 
the samples was leached to obtain the I-131 activity adsorbed on the check 
valve during sampling; the adsorbenttrainfrom each sampler was gamma scanned 
to obtain a qualitative distribution of I-131 activity on each bed; and then each 
individual bed was gamma counted to give quantitative data for total iodine and 
species differentiation. The concentration of total I-131 in llCi/1 of dry air de
termined by the particulate-iodine samplers is given in Table IX. 

The iodine species differentiation data for the samplers during Tracer 
Run 10 are shown in Figure 30. The total iodine values are based on the sum 
of all iodine on sampler components and in the inlet leach. The elemental 
iodine values are based on the sum of the activities in the inlet leach, the 
particulate filters, and the cadmium i0dine bed. The distribution of th.e acti
vity on the two particulate filters of each sampler indicated no significant 
iodine activity associated with particulates and that the activity on the filters 
was due to plateout of gas phase elemental iodine. The hypoiodous acid and 
methyl iodide plots shown are for the particulate-iodine samplers that were 
not exposed to steam prior to the run, and of these, only data from those 
samplers which showed good I-131 retention profiles (that is, those having 
gamma scans that more nearly reached background activity at the back end 
of the beds) are included. 

As stated, each of the samplers was gamma scanned to give a qualitative 
distribution of the activity adsorbed on each bed of the sampler. Two scans, 
one representative of an early sample in the run and one of a later sample, 
are shown in Figure 31. 

Scan A, the three-minute sample, shows activity on the particulate filters, 
a sharp band at the front edge of the cadmium-iodide bed, a broadband on the 
copper-zeolite bed, and a sharp band on the silver-zeolite bed. Scan B, the 
60-minute sample, after the iodine washout, evidenced minor activity on the filters 
and the cadmium-iodide bed, a very broadband on the copper-zeolite bed, and 
a sharp band on the silver-zeolite bed. All of the particulate-iodine samplers 
that had been saturated with steam prior to the run showed very poor retention 
profiles on the copper-zeolite bed as evidenced by failure of the activity to come 
to background before the end of the bed (dashed curve, Scan B). The copper-
· zeolite beds from samplers on the dry rack showed better retention profiles; 
however, nearly all showed some activity breakthrough onto the silver-zeolite 
bed. No apparent correlation exists between breakthrough and flow rate or any 
other variable. The incomplete retention of HOI by the copper zeolite gives a 
high value for the concentration of methyl todide. Laboratory studies to estab
lish the best means of eliminating the HOI breakthrough are in progress. Three 
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.TABLE IX 
'• 

ADSORBER PACK DATA FOR CDE TRACER RUN 10 

Time of Face Velocity 
Sampling Sampling Total Flow Actual Flow . At Pack Containment Sampler 
Duration After In- bf·Dry Air Rate Ent:rance Concentration Position 

SamEle (min) .jection. (min) (scf) (acfm) (ft/min) (].JCi/1) In Vessel 

1 4 180 0.745 0.207 49.7 2.36 middle 

2 4 185 0.714 0.202 48.6 2.46 middle 

3 4 15 0.960 0.216 51.7 2.61 middle 

4 2 10 0.565 0.253 60.5 2. 73 middle 

5 4 30 J.925 0.204 49.0 2.61 bottom 
• C]1 

6 4 240 ).736 ,p.. 0.221 53.2 2.22 bottom 

7 0.5 3 ).185 0.338 31.5 4.07 bottom 

8 4 355 }.670 0.218 52.3 2.10 bottom 

9 4 150 ·). 735 0.195 ~6.8 ·2.40 top 

10 4 60 •).880 0.214 51.2 2.63 top. 

11 0.5 1 •).186 0.332 7s;.6 2.42 top 

12 4 90 0.815 0.210 5C.4 2.55 top 

13 4 180 0.718 0.200 47.9 2.47 middle 

14 4 185 . o. 785 0.221 53.2 2.41 middle 

15 0.5 . 5 0.175 0.332 "'9.6 2.69 middle 

16 4 23 =....ooo 0.225 54.0 2.74 middle 

17 0.05 '1 0.152 ·o.284 68.4 57.00 bottom 



TABLE IX (contd.) 

ADSORBER PACK DATA FOR CDE TRACE3 RUN io 

· ·sample 

18 
l9Ia] 

20 

21 

g: 22 

23 
24[1>] 

Sampling 
Duration 
(Iii~) . 

4 

4 

0.5 

'4 

.4 

Time of 
Sampling 
After In-
jection (:min) 

240 

355 

3 

60 

150 

~a] Sampler did not. operate 

Tot3.l Flow 
::of Jry Air 

(scf) 

•). 769 

. I). 662 

0.25 

0.903 

0~ 731 

. [o] Posttest sampler -- data not applica.b:::..e 

Face Velocity 
Actual Flow- At Pack 

Rate Entrance 
(acfm) (ft/min) 

0.230 55.3 

0.215 51.6 

0.454 108'.4 

0.219 52.6 

0.194 46.6 

Containment Sampler 
Concentration Position 

(~Ci/1) In Vessel 

2.33 bottom 

2.21 bottom 

1.73 top 

2.39 tqp 

2.35 top 
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Fig. 30 Particulate-iodine sampler species differentiation in CDE Tracer Run 10. 

approaches are being pursued: (a) decreased particulate size of the copper 
zeolite, (b) increased bed length, and (c) change of the basic zeolite structure. 
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Fig. 31 Gamma scans of particulate-iO<:\ine sampler components -- CDE Trace;r Run 10. 

3. COMPARISON OF PARTICULATE IODINE AND RAW GAS 

METHYL IODIDE CONCENTRATIONS 

Gas bomb samples of the CDE vessel atmosphere were taken at various 
times during Tracer Run 10. The organic iodide content of the gas samples 
was determined by gas chromatrography and gamma counting. No significant 
I-131 activity associated with any volatile organic species other than methyl 
iodide was detected. A comparison of the methyl iodide concentration obtained 

. from the raw gas samples and from the particulate-iodine sampler is shown 
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in Figure 32. The initial level and essentially constant methyl iodide concen
tration measured by the raw gas samples indicates that methyl iodide was 
present in the injected iodine source. The low methyl iodide values of the first 
samples from the particulate-iodine samplers indicate inhomogeneity of the 
vessel atmosphere early in the run. As discussed previously, the particulate
iodine sampler values for methyl iodide were high because of breakthrough 
of the HOI onto the silver-zeolite bed. Tracer Run 10 was the first large 
scale test of the copper- zeolite and cadmium-iodide adsorbers in the particulate
iodine samplers. The overall agreement between the two sampling systems, 
particulate-iodine and the raw gas, for methyliodide is the best obtained to date. 
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Fig. 32 Comparison of particulate-iodine sampler and raw gas methyl iodide concentrations. 

4. FUNDAMENTAL IODINE BEHAVIOR STUDIES 

In the program for development of adsorbent materials for the particulate
iodine sampler, data are produced that are applicable to the fundamental 
behavior of iodine species, in particular HOI. The recent development of a 
sampler that is capable of differentiating the airborne species in the laboratory 
now provides the means for the measurement of the airborne half-times and 
the partition coefficients. 

Data for the partition coefficient of HOI at 22°C in the laboratory glass 
system give values as low as 300 where the partition coefficient is defined 
as the ratio of the mass of iodine per cm3 in the liquid divided by the mass 
per cm3 of the iodine that is airborne [32]. 
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At 22°C and atmospheric pressure, the airborne half-time of the HOI 
in the glass test apparatus is extremely long (40 hours or greater) provided 
condensate remains in the vessel; however, when the condensate is removed 
from the ve·ssel the HOI begins to disappear from the atmosphere. The con
densate pool apparently is. the source term for the airborne iodine species. 
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VI. SPERT PROJECT-- SUBASSEMBLY TEST PROGRAM 

T. G. Taxelius 

The Spert IV reactor is being operated with the Capsule Driver Core 
(CDC) to obtain experimental data on the behavior of reactor fuels under 
transient overpower conditions. The test fuel rods are positioned in the central 
flux trap in the CDC in an environment of coolant, hardware, fuel rod grouping, 
flow constraints, pressure, temperature, and other environmental parameters 
which might exist in a power reactor at the onset of a reactivity accident. 
Data of particular ·interest include failure modes and thresholds, conversion 
efficiencies of nuclear-to-mechanical energy, transient pressures, and metal
water extents, all as functions of transient energy deposition for a variety of 
fuel design parameters, burnup, and environmental conditions. The program is 
described in detail in Reference 33. 

The preliminary results of finite phases of the test program are published 
in interim techmcal reports issued at the earlle~::~l pu~::~~::~llJle uale fullo wing 
completion of the reported tests. Final results are published subsequently in 
regular professional journals or topical reports. A summary of the two in
terim technical reports published during the period October-December 1969 
follows: 

(1) C. S. Olsen, Measurements of the Reaction of U02 with Water 
for Transient Energy Depositions to 550 cal/g of U02, IN
ITR-108 (November 1969). 

This report presents the results of a series of destructive transient 
tests conducted on glass-clad U02 fuel rods. The test::; were performed in 
the Capsule Driver Core (CDC) primarily to determine the total hydr·ogen 
release from the urania-water reaction as a function of nuclear energy de
position. These data are used in the Subassembly Test Program to determine 
more accurately the metal-water reaction extent associated with lr·au::;leul 
tests on Zircaloy-2-clad fuel rods. 

The glass-clad fuel rods were placed in a capsule containing water at 
ambient temperature. Glass cladding was used to encapsulate the fuel to prevent 
inadvertent waterlogging and to allow the fuel to reach high temperatures 
before dispersion into the water. The capsule wa::; inserted into the CDC test 
space where it was subjected to nuclear energy depositions ranging from 330 to 
550 cal/ g of uo2. 

The hydrogen release varied from 5.32 cc of hydrogen per gram of uo2 
at 330 cal/g of uo2 to 14.32 cc per gram of uo2 at 550 cal/g of uo2. The 
maximum hydrogen release corresponds to an oxidation product with an oxygen
uranium ratio of 2.161. 
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(2) L. J. Siefken, The Effects of Axial Length on the Response 
of Zircaloy Clad, U02 Fuel Rods to Power Bursts, IN-ITR-
109 (December 1969). 

This report presents the results of a group of tests performed in the 
Capsule Driver Core to determine the influence of fuel rod length on the transient 
response of fuel rods commercially fabricated by the General Electric Company. 

Four 25-inch active length, Zircaloy-clad fuel rods, with a maximum
to-minimum axial fission density ratio of 2.0, were tested in the CDC test 
space. The energy deposition in the rods at their axial flux peak ranged from 
245 to 460 cal/ g of uo2. 

The threshold ·and consequences of failure were basically similar to those 
of shorter (5.2-inch active length) rods with similar design characteristics. 
Thus, the conclusion was reached that an axial fuel length of five inches is 
sufficient to provide representative fuel performance information in the CDC. 
Short rods are preferred from the standpoint of cost and because axial flux 
variations are minimized,· thus allowing experimental results to be easily 
related to the specific energy deposition. 
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