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1.0 INTRODUCTION AND SUMMARY

1.1 Introduction
This is the ninth of a series of quarterly reports which will cover the
progress and results from the conceptual design, economic evaluations and
research and development work performed by the General Electric Company
as part of the Nuclear Superheat Project under Contract AT(04-3)-189,
Project Agreement No. 13. The followirg list of progress reports and
topical reports have been published as a result of this work.

GEAP-3290, First Quarterly Progress Report, July -
September, 1959

GEAP-3319, Superheat Process Tube Heat Transfer Tests

GEAP-3371, Second Quarterly Progress Report, October -
December, 1959

GEAP-3387, Fabrication, Irradiation and Evaluation of
Superheat Fuel Elements

GEAP-3468, Third Quarterly Progress Report, January -
March, 1960

GEAP-3538, Fourth Quarterly Progress Report, April - June, 1960
GEAP-3563, Interim Report on Steam Dryer Development

GEAP-3564, Results of Air-Water Steam-Water Tests on
Primary Steam Separators - October, 1960

GEAP-3581, Fifth Quarterly Progress Report, July -
September, 1960

GEAP-3589, Economic Study for 300 MW(e)
Separate Superheat Reactor

GEAP-3590, Economic Study of the Mixed Spectrum Superheater

GEAP-3591, Manufacture of the Adhesive Bonded
AEC Superheat Critical Fuel

GEAP-3633, Economic Study for 300 MW(e)
Once-Thru Superheat Reactor

GEAP-3686, Sixth Quarterly Progress Report,
October - December, 1960
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GEAP-3698, Erosion Experiments of Powder Compacted
Uranium Dioxide Under Dynamic Steam Flow

GEAP-3703, Heat Transfer Coefficients with Annular Flow
During "Once-Through" Boiling of Water to
100 Per Cent Quality at 800, 1100, and 1400 psi

GEAP-372k, Seventh Quarterly Progress Report,
January - March, 1961

GEAP-3737, Flood Safety of The Mixed Spectrum Superheater

GEAP-3739, Plastic Strain in Thin Fuel Element Cladding
Due to U0, Thermal Expansion

GEAP-3778, A Simulated Superheat Reactor Corrosion Facility

GEAP-3785, Eigﬁth Quarterly Progress Report
June - August, 1961

GEAP-3787, Results of Air-Water and Steam-Water Tests on
Radial Vane Steam Separator Models

GEAP-3796, Design, Fabrication and Irradiation of
Superheat Fuel Element SH-4B in VBWR

Section I of the First Quarterly Report (GEAP-3290) presented a description
of the Nuclear Superheat Project including objectives, approach to the
problem and expected results by individual task. The following tabulation
of task titles is listed for easy reference.

TASK A - Conceputal Design and Program Evaluation

TASK B

Fuel Technology

TASK C

Materials Development
TASK D - Experimental Physics
TASK E - Coolant Chemistry
TASK F - Heat Transfer

TASK G - Mechanical Development

TASK H - SADE & E-SADE

TASK J

Mixed Spectrum Superheat Study

-2 -



1.2 Summary

The following section provides a brief summary of significant results

by task.

l.2.1

l.2.2

TASK A - Conceptual Design and Program Evaluation

Engineering physics studies were performed which indicate that
significant improvements in axial fuel clad temperature profiles

are realizable by the use of axial variations in enrichment and
burnable poison. These improvements may be reflected in either

high temperature exit steam at the same maximum cladding temperature,
increase of average core power density, or reduction in maximum

clad surface temperature at the same average steam exit temperature.
A study was completed to review the current status of superheat
development in terms of its effect on the selection of superheat
fuel geometry. It was concluded that as a result of reduction

in fabrication costs for rod type fuel and as a result of irradiation
experience indicating possible performance limitations due to high
stress level and radial thermal expansion, the rod type fuel

element should be given increased emphasis in irradiation testing.

As a result of two chloride stress crack failures in stainless
steel fuel elements operating in the SADE loop, the Nuclear
Superheat Project is being reviewed to provide for an increased
emphasis in materials development. This emphasis will include
screening evaluations for other than stainless steel fuel cladding

materials.

TASK B - Fuel Technology

During this reporting period two 0.028" thick stainless steel

clad, annular fuel elements were irradiated in the SADE loop.

-3 -



1.2.3

1.2.h4

The SH-U4 fuel element operated for 36 days at significant power

level with the maximum exit steam temperature at 900°F. No loss

of cladding integrity was observed during SADE testing or during
post-irradiation examinations. The SH-4C fuel element was irradiated
from August 26 to September 25, 1961. A fission product release

of h3,4c/sec maximum was observed after an increase in activity

level was detected in the SADE loop on September 19, 1961. Post-
irradiation examinations indicated a circumferential cladding

failure on the inside clad.

TASK C - Materials Development

Tensile property control tests were completed on the specimens of

commercially available stainless tubing.

Control specimens for strain cycle tests were prepared to give
hoop strains of a range from 0.5% to 6%. The initial control tests
for a nominal hoop strain of + 6.8% failed after 33 cycles at

1300°F.

TASK D - Experimental Physics

A topical report covering the experimental and analytical phases

of the AEC Superheat Critical Program is being written. All of

the experimental measurements for the ESADA-VESR preliminary
critical program were completed during this reporting period;
however, data reduction of experimental results is still in progress.
Results of these measurements with a discussion of discrepancies
between analytical predictions and measurements are given in

Section 5.0.



1.2.5

1.2.6

l.2.7

TASK E - Coolant Chemistry

Metallographic examinations of specimens exposed isothermally

for 4500 hours in IOSOOF superheated steam were made. Low metal-
to-system losses were measured tut the data indicated the possibility
of metal-to-system loss rate increasing with the increasing
exposure. Chloride stress corrosion tests were started in the
superheat facility on September 1, 1961. The chloride in the
recirculating water is being maintained at 1.5 + 0.5 ppm. The
entrance and middle type 304 stainless steel sheaths were stressed
to 1200 psi with the high temperature sheath stressed to 6000 psi.

An entrance and middle sheath were examined after 400 hours exposure
with no physical evidence of damage. Corrosion testing of type 30k
stainless steel coupons in superheated steam environment indicated
that oxidation rates of specimens under applied stresses are

greater than those of unstressed specimens.

Radiochemistry measurements were made in the SADE loop during
SH-4 and SH-4C irradiation. Details of these measurements are

reported in Section 6.0.

TASK F - Heat Transfer

Three crackdown runs with Reynolds numbers up to 880,000 were
completed during this reporting period. These data provide
reasonable agreement with extrapolation of Argonne National

Laboratory data obtained by Heineman.

TASK G - Mechanical Development

A modified full circle radial vane separator model has been
designed and is now being fabricated for air-water and steam-water

testing.
-5_



A model of the temperature actuated seal was constructed and tests
were conducted up to SSOOF to determine the radial expansion of

the seal as a function of temperature.

1.2.8 TASK H - SADE AND E-SADE

1.2.8.1 SADE
Irradiations were performed on two .028" stainless steel
clad annular fuel elements during this reporting period.
Design was completed and fabricaetion started on SH-5
fuel element which has an 0.016" stainless steel clad.
For this fuel element special precautions will be taken
to minimize the amount of in-leakage of moderator water
to the superheat fuel region. This will include the
removal of a thermal liner in the upper section to
provide for preheating the inlet steam and reworking
of seal seating surface or seal welding to minimize
in-leakage. Fuel pellets for the NUSU fuel element were
fabricated by the General Electric Company and sent to the
General Nuclear Engineering Division of the Combustion
Engineering Corporation. Predicted operating conditions

for the NUSU element are shown in Section 9.0.

1.2.8.2 E-SADE

Design and procurement work for the E-SADE system were
continued during this reporting period. Detailed planning
for the installation of external loop equipment was
completed for the planned October shutdown of VEWR.
Modifications were made to the ESH-2 assembly to change from

9 annular fuel elements to a new arrangement of 7 annular

-6 -



fuel elements and a 0.5" diameter stainless clad rod
type fuel element and a bundle cf six 1/4" diameter

stainless clad rods.

1.2.9 TASK J - Mixed Spectrum Superheat Study

Design work was continued on the MSSR design study during this
reporting period. Parametric studies were completed for a power
range of 10 MWt to 4O MWt for a two-pass superheat flow arrangement
and from 25 MWt to 65 MWt for a single-pass superheat flow arrange-
ment. A study was initiated to determine if the ESADA-VESR facility

would be suitable for testing a prototype of the MSSR.



2.0 TASK A - CONCEPTUAL DESIGN

2.1 Axial Power Shaping Study

2.1.1 Introduction

This study was undertaken to investigate the possibility of designing

a one-pass separate superheat reactor with axial variations in fuel

enrichment and erbium burnable poison such that the peak temperature

on the fuel cladding 1s minimized throughout core life. If such a

design is feasible, one would be able to take advantage of this

optimization in one of the following ways:*

a. Produce higher temperature steam from the same fuel element for
a given peak clad temperature (increase thermal efficiency).

b. Shorten the fuel channel (core and vessel height reduction) for
the same steam outlet temperature and peak clad temperature,
thus gaining in power density.

¢c. Maintain the same fuel geometry and steam conditions, but allow
the fuel to run at a lower clad temperature (increased tempera-

ture margin for extra reliability).

d. Combinations of the above.

The ideel axial power shape for a one-pass fuel element would be
exponential with the peak at the saturated steam inlet. This would
theoretically yield a constant axial clad temperature profile. It
is impractical to achieve this in a real reactor because neutron
leakage at the core boundaries tends to make the flux-cosine-shaped.
Partial withdrawal of control rods, non-uniform fuel burnup and non-
uniform axial boiling perturb the normal cosine shape and yield
axial power distributions that change drastically with core life

and are often far from the ideal power distribution for a flat

* Compared with a "non-optimum" axial power shape obtained with a

reference uniform fuel loading.
-8 -



clad temperature profile. Fortunately, in the reference 300 Mwe
Separate Superheater (GEAP-3589) where steam flow is downward, the
use of bottom-entry control rods helps to bring the relative axial
power down near the steam outlet. This compensates in part for the
elative power reduction near the steam inlet caused by the large
boiling void fraction near the top of the core. However, towards
the end of core life when controls approach the fully withdrawn
condition, the axial power shifts towards the bottom and the peak

clad temperature rises sharply in that region.

It was felt that, with the proper axial variation of fuel and burn-
able poison, the desired power shape can be maintained throughout
core life by forcing the non-uniform burnup effect on power to
compensate for the effects of control rod withdrawal and axial void
distribution. The initial study assumed (for simplicity) the absence
of control rod motion in order to compare the power shapes and

axial clad temperature profiles throughout life for the following
cases:

A. Constant Axial Fuel Loading, No Control Rod Motion

B. Variable (Five-Region) Axial Fuel Loading, No Control Rod Motion
The remainder of the study includes the effect of control rod with-
drawal:

C. Constant Axial Fuel Loading, With Control Rod Motion

D. Variable Axial Fuel Loading, With Control Rod Motion

Of these two cases, only case C has been completed to date.

Case D will be reported in the next quarterly.

All the above cases start out with an initial (average) fuel enrich-

ment of 3.2% U-235 and an average erbium content of 0.0017 atoms

-9 -



Er-167 per atom U. The annular fuel design of the reference 300 MWe

Separate Superheater (GEAP-3589) was assumed throughout the study.

2.1.2 Analysis Results

Cases A and B are directly comparable insofar as the following

assumptions were made:

a. An average power fuel element was considered, generating
0.0839 MW.

b. An average steam flow through the element of 1,027 lb/hour was
assumed.

o
c. A saturated steam inlet temperature of 545 F was assumed.

A cosine power shaepe was used to obtain the axial void distribution
for case A, while a skewed (peaked towards the top of the core)
power shape was used to obtain the void distribution for case B.

In each case the void distribution was assumed to be invariant with
time. Table 2.1 gives the initial fuel concentrations and moderator

void fractions in the five 18-inch axial regions.

TABLE 2.1
?ggiigm% Reglon 2 Region 3 Region L Re%ég;)s
Case A
atoms U-235/atom U .032 .032 .032 .032 .032
atoms Er-l67/atom U .0017 .0017 .0017 .0017 0017
mod. void fraction @ = = ----- .090 .255 .370 Lk
Case B
~ atoms U-235/atom U .025 .017 .023 .030 .065
atoms Er-l67/atom U .0010 .0010 .0015 .0020 .0030
mod. void fraction = = ----- —mee- .100 .280 400

Figures 2.1 and 2.2 show the axial power and clad temperature
profiles for the beginning and end of life conditions for cases A
and B. It should be noted that (without the complication of control

rod motion) the use of varying enrichments reduces the clad

- 10 -
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o
temperature peak at least 90 F for the same steam and condit

ions.

Case B does not represent the best distribution of enrichments as

the bottom of the core seems to be limiting at the end of 1i

fe.

Further refinements in loading distribution could probably make

case B better than case A by about 150°F.

In the next phase of the study, a computer code was used to iterate

between the axial void and power distribution at each burnup

step

(every 4,000 MWD/T). Case C represents such a study in which the

control rods were withdrawn at each step to the "just critic

position. The total required control rod worth in the hot condition
was fixed at 16% sk because of the supplementary control with erbium.

Ordinary stainless steel blades without boron would suffice in this

application. A "hot" channel (1.3 times core average power)

al "

of

the reference separate superheater was assumed in case C. As in

case A, the fuel annulus was uniformly loaded with 3.2% U-23

0.0017 atoms Er-167 per atom U. Steam inlet and outlet temperatures

5 and

o
of 545 F and l,OOOOF, respectively were maintained constant with

burnup. The results obtained are shown in Table 2.2.

TABLE 2.2
Average Fuel Axial Peak to Peak Clad o
BurnuglrMWD[g Average Powver Temperature, F
o) 1.82 1,100
L,000 1.88 1,100
8,000 2.22 1,110
12,000 2.20 1,180
16,000 2.36 1,240

The power shapes, clad temperature profiles, and control rod

positions at 0, 8,000 and 16,000 MWD/T are shown in Figure 2

.3

Because of the erbium burnup characteristics, initial reactivity

- 13 -
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2.1.3

remains fairly constant and there is little control rod motion before
an exposure of 8,000 MWD/T is reached. Thus, the power shape and
temperature profile exhibit little change during the first half of
core life. Beyond 8,000 MWD/T, the control rods are withdrawn more
rapidly and the power peak is shifted towards the bottom of the core.
This causes the initial good performance to deteriorate with time

as the clad temperature peaks just above the tips of the receding

control blades.

A similar study (case D) has begun in which the fuel element is
divided into five axial regions of varying enrichments and erbium
concentrations. In case D, it is desired to "build into" the fuel
element a non-uniform burnup characteristic such that the effects
of control rod withdrawal on power shape (beyond 8,000 MWD/T) can
be counteracted by suppressing the tendency towards bottom peaking.
Case D calculations are currently in progress and will be reported

in the next quarterly.

Conclusions

It appears that significant improvements in axial fuel clad

temperature profiles are realizeble by the use of axial variations

in enrichment and burnable poison within a fuel element. These
temperature improvements can be utilized in various ways: To make
hotter steam, increase the average core power density, or improve the
probable life of the fuel by running the cladding at a lower temperature.
The economics of the axial temperature optimization have yet to be
considered, and the final analytic proof of technical feasibility

will have to await the completion of case D calculations which

are currently in progress.
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2.2 Comparison of Superheat Fuel Elements

2.2.1

2.2.2

2.2.3

Introduction

A study was performed to review the current status of superheat
development in terms of its effect on the selection of superheat
fuel element geometry. The purpose of the study is to establish
the types of superheat fuel elements that should be emphasized in

fuel development activities.

Conclusions

It was concluded that as a result of reduction in fabrication cost

for rod type fuel and as a result of irradiation experience indicating
possible performance limitations due to high stress level and radial
cladding expansion, the rod type fuel element should be given

increased emphasis in irradiation testing.

Two-Pass Annular Fuel Element Selection

The two-pass, bayonet-type, annular element was originally selected
as the reference superheat fuel element at the beginning of the AEC
Superheat Development Program. The characteristics of the bayonet
element which led to its selection were:

a. It is a large fuel element (1.25 in. 0.D. and 0.75 in. I.D.)
with large steam path clearances (.125 - .150 inch on the outside
paess). Such characteristics produce low fabrication costs.

b. It is the only type of element (besides a combination boiling
water - superheat element) which does not require insulation of
the process tube. The outside first pass contained steam at low
temperature (545°F entrance and TOOCF exit) and the hot steam

flowed only in the inner second pass.
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2.2.k4

2.2.5

¢c. Due to its low fabrication cost, the two-pass annular element
has lower cost than the single solid rod element in a single
process tube. (GEAP-3468, Nuclear Superheat Project, Third
Quarterly Report)

d. As the primary emphasis was to use a fuel element with minimum
mechanical problems, more advanced elements as 7 rods in one
process tube, or a combination boiling-superheat element, were

not considered.

High Steam Volume of Two-Pass Element

Any two-pass element has inherently a larger steam volume than a
single-pass element. The bayonet element has even higher steam
volume than other two-pass elements. The first pass steam flow
region must be opened up to heat up the first pass cladding in order
to minimize temperature differential and differential expansion
between the inside and outside cladding. The resulting designs

had steam volume fractions of 30 - 40%. When the steam passages

are flooded with water, or water is drained from the steam passages,
the change in reactivity would be excessive and would pose a

reactivity safety problem.

Single-Pass Annular Element

The reference fuel element in the AEC Steam Cooled Reactor Study
(GEAP-3589) for a separate superheat reactor was changed from a
two-pass annular element to a single-pass element. The primary
reasons for the change were to reduce steam volume and improve
reactor safety. A secondary reason was to increase the reactor and

fuel power densities.
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However the use of an annular element in & single-pass design raises
e number of problems which are not present in a two-pass. These are:

2.2.5.1 Heat Split in Annular Elements

In an annular element the heat generated in the fuel flows
out both the inside of the element and the outside of the
element. This division of heat is at present a design
unknown. If the heat split of the element changes during
life or 1s different for elements in & given reactor, then
the reactor must be derated to permit a change in heat

split and maintain clad temperature at 12500F.

There are several reasons why the heat division is unknown

and may change during life.

a. One reason is due to the preferential build-up of
plutonium on the moderator side of the fuel element.
High energy fission neutrons slow down in the water
moderetor and must enter the element from the outside.
Those neutrons which are at the resonant energy of
U-238 will be captured at the outside of the fuel. This
preferential neutron capture on the outside of the
element and resulting plutonium build-up will produce

an increase in heat flux on the outside pass.

This effect is sufficiently large to increase the
outside clad temperature by 50-75°F for an 0.716 in.
0.D. element from the beginning to end of life.

b. A second reason is that the gap resistance between fuel

and clad will probably not be the same for all elements.
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The change in gap resistance will be due to difference
in gap dimensions produced by manufacturing tolerances
on pellet fuel. Even if powder fuel is used there is

no assurance that gap resistance will be the same for

all elements when operating at power.

c. Unknowns in UO, conductivity, changes in U0, conductivity

2

with exposure, and cracking or subliming of UO2 all
introduce unknowns in the fuel element design and offer
a possible mechanism for differences in fuel element

heat flux.

2.2.5.2 High Cost of Small Process Tubes

The cost of any fuel element will increase as the size of
the process tube decreases. This increase in cost is due
to several items; these are:

a. The cost of the zirconium process tube, and the S.S.
liner, and the labor of assembly become increasingly
expensive as the diameter is reduced.

b. The stainless liner increases the stainless to fuel
ratio more for a small process tube than for a large

process tube.

2.2.6 T Rod Element

The 7 solid rod element has many features which make it attractive.
These are listed below:
2.2.6.1 The 7 rod element utilizes a large process tube, approximately
1.5 inch 0.D., and consequently the fabrication cost of
the insulated process tube portion is reduced.
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Due to the high cost of small process tubes, the single

rod element has very high fabrication costs.

2.2.6.2 The solid rod element will also benefit by the development
of such fabrication processes as compacted powder fuel

manufacturing.

2.2.6.3 It now appears that one of the limiting items in rod
performance, i.e., high fuel temperature, will be alleviated

by higher UO, conductivities.

2.2.6.4 A preliminary investigation has shown that the rod element,
even though it operates at higher fuel temperatures, it
superior to the annular element in its ability to retain

fission product gases.

2.2.6.5 A major attraction of the rod element is that its small
diameter will permit the clad thickness to be as low or

lower than the annular element.

These five characteristics lead to a preliminary conclusion that the
T rod element deserves more development activity. The 7 rod element
is, of course, not without its own problem. Its major problem

appears to be the spacing and support of long rod fuel elements with

minimum cladding hot spots.
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3.0 TASK B - FUEL TECHNOLOGY

3.1 Irradiation Tests

During the third quarter, July 1, 1961, to September 30, 1961, the following

irradiation tests were performed:

Fuel
Designation Characteristics
SH-U4 Annular, 0.028"
wall thickness,
3.5% U-235 enrichment
pellets
SH-LC Similar to SH-4, but

with spiral spacers
and no inert ZrOy
pellets

Start

Irradiation

June 2, 1961

August 26, 1961

Complete

Irradiation

August 20, 1961

September 25, 1961

3.1.1 SH-4 - The total number of operating days for SH-4 was 54, but

only 36 days at significant power levels, with maximum exit steam

temperatures of 900°F, and estimated clad temperatures of up to

llBOOF. One power transient caused steam temperatures to climb to

o o
900 F for 5 hours at a corresponding clad temperature of 1180 F.

Maximum power generation for the element was 73 KW and a total

accumulated peak exposure of 850 MWD/T* was achieved. No fission

products were detected emanating from the fuel compartment in the

SADE loop during the irradiation exposure of SH-L4.

The total

number of power cycles (above 15 MW of reactor power) was 31.

Operation history of SH-4 is shown in Figure 3.1.

3.1.2 SH-4C - The data obtained from the irradiation of SH-LC are

summarized in Table 3.1. The fuel element was cycled 11 times

from reactor power levels of 15 MW@J or greater.

The presence

of fission products in the exit steam indicated a clad failure

present during the 19th of September.

Fission product release was

h3,ﬂc/sec meximum during a period of two days prior to shutdown.

* Corrected for heat losses through process tube.
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TABLE 3.1

- JTRRADIATION TESTS, SADE

JULY 1, 1961, TO SEPTEMBER 30, 1961

Total hrs. Average

Maximum Maximum aboge Exposure
Fuel Insertion Removal Maximum Steam Clad T50°F Accumu-
Element Date Date Power Temperature Temperature Steam lated MWD/T Remarks

SH-4 6/2/61 8/20/61 73 KW 900°F 1180°F - 570 No defect
experienced
during
exposure

o

SH-LC 6/26/61 9/25/61 63 KW 8L40°F 1050 F 492 Clad

failure



This fission product release rate is within an order of magnitude
of the release rate observed for purposely defected fuel elements
irradiated in the boiling part of the VBWR core. The rate of water
leakage into the SADE facility tube was determined on September 22
by Na-24 concentration in the effluent steam condensate. This rate
was found to be a minimum of seven pounds per hour, neglecting
plate-out of Na-24 on fuel and piping. Because the moisture content
in the VBWR steam was less than 0.7 lbs/hr, it was concluded that
the excess water entered this fuel compartment through the under-
vater flange. During the irradiation period of SH-4C, the chloride
concentration in VBWR water was found to be above 0.5 ppm for a
total of 9 hours while the reactor power was 30 MW(t). Up to
September 20, the chloride level was maintained at less than 0.1
ppm at reactor powers exceeding 2 M(t), but increased to 0.12

on September 20, and 0.27 on the 2lst.

Because of a small diameter opening at the top of the thermal liner
the fuel element and spacer wires could not be removed intact.

The wires were sheared off from the bottom of the fuel element
during forced removal from the thermel tube. The spacer wires were
inadvertently filed through their entire length, prior to insertion
in SADE loop, to clear the obstructicn at the top of the process

tube flange.

The clad tensile specimens included in SH-4C instrument tube for
irrediation were removed, but these were re-inserted into the next

fuel element to accumulate additional neutron exposure.

Operational history for SH-4C is shown in Figures 3.2 and 3.3
Fuel assembly SH-4C was removed to RML for post-irradiation examination.
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3.2 Post-Irradiation Examinations

3.2.1 §§:&§ - The clad failures experienced during the irradiation of this
fuel element were attributed to stress corrosion attack. It was
concluded that the combination of high water leakage through the
loop flanges, along with the concurrent increased chloride ion
concentration in the VBWR water (max. 3 ppm) were responsible for
the clad failures. As a result of the post-irradiation examination
of SH-4B, it was recommended that 304 be retained as the reference
clad in the development program, but an alternate clad experimental

study be initiated immediately.

The results from the SH-4B irradiation experiment were compiled
in the following report: '"Design, Fabrication, and Irradiation of
Superheat Fuel Element SH-4B in VBWR," GEAP-3796, C. N. Spalaris,

R. F. Boyle, T. Evans, and E. L. Esch, September 1, 1961.

3.2.2 SH-4 - Post-irradiation examination for SH-4 included visual,
dimensional, corrosion film, and crud analysis for the determination

of chloride impurities.

The fuel section was bent in a pattern similar to that observed in
SH-4B. Corrosion and crud deposition were observed in the thermal
liner cup, and on the fueled section exterior cladding. The
hardware above the fueled section was free from crud plate-out.
Corrosion on the fueled section exterior was blue-gray in color.
Reddish-brown deposits began about 8 inches down from the top

weld on the fuel cladding exterior.
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Four corrosion plus crud samples were taken for chloride ion
analysis and a fifth sample was removed for X-ray diffraction to
determine the presence of chlorides in the corrosion film.

Three samples for chloride ion analysis were taken by scraping a
L-inch section of the outer cladding, first at a location 8"

to 12" from the top of the fueled section, second at O" to uL"
below the center spacing fins, and third, 0" to 4" above the bottom
spacing fins. A fourth sample containing crud only, was removed
from the inner bore of the element using a cotton ball wrapped

in gavze. The X-ray diffraction sample was scraped from a location
0" to 4" above the center spacing fins. Results from the crud and
corrosion film analysis were not available as of the end of the

reporting period.

Dimensional measurements along with the corresponding pre-irradiation
measurements, are shown in Figures 3.4, 3.5, and 3.6. The lower

half of the outer cladding collapsed uniformly upon the fuel without
forming longitudinal or circumferential wrinkles. However, there

was warpage evident in this collepsed section. The inner cladding
exhibited a necking down of about 21 mils in diameter near the
bottom seal weld. I.D. values measured 20" to 36" from the bottom
in the inner bore are probably in error because the warpage did

not permit aligning the gage to maeke reliable measurements.

When several 0.D. measurements were spot checked, they were found
to be about 4 mils less than the first measurements. Inspection of
the area by Kollmorgen periscope showed that the first measurement
included crud, and the second measurement did not. Therefore,

the crud plate-out 1is about 1.5 to 2 mils in thickness.

Gamma scans for SH-4 are shown in Figure 3.7.
- 28 -
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3.3 Fuel Fabrication

3.3.1 SH-UC - This 0.028" clad annular fuel element was completed. It
was the last of a series of 3.5% enriched elements to be made and
there was not sufficient fuel available to make all the pellets
required. One of the unirradiated elements, SH-4A, was disassembled
and the best pellets used to complete the fuel column of SH-LC.
Internal diameters on the SH-UA pellets were considerably larger
and thus increased the clad-pellet gap in the areas where they

were used.

In assembling the fuel element, the pellets were first loaded on

the internal cladding against the lower end plug which had been
welded in place. The outer cladding tube was then placed over the
pellet column from the same direction as the pellets had been loaded.
The outer cladding passed only part way over the pellet column
freely, from this point on it was necessary to force the cladding
over the rest of the pellets. Loading the fuel in this manner
resulted in the fuel column being held tightly in compression even

before the plenum spring and upper end plug were inserted.

The assembled fuel element was outgassed by an improved method to
insure a minimum internal pressure buildup during operation. This

method is described later under fuel element outgassing.

This was the first fuel element to employ spiral wire type spacers
welded to the end plugs. Considerable difficulty was encountered
in holding the wire tight through the welding process. This resulted

in a slight slackening in the wires on the finished fuel element.

3.3.2 SH-5A - This 0.016" clad annular fuel element was completed. Pellets

were fabricated from 4% enriched powder and were ground to allow a
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3.3.3

.005" diametral gap between I.D. cladding and pellets, and a .004"
diametral gap between 0.D. cladding and pellets. Pellets were
first loaded into the 0.D. cladding tube and then the I.D. cladding
tube was easily inserted to its proper position. A double sleeve
plenum support was used similar to that shown in Figure 3.7 of the
Eighth Quarterly Progress Report. After the pellets, plenum support,
and end plugs had been assembled in the two cladding tubes, the
lower end plug welds were made and the 0.D. cladding was welded to
the upper end plug. The element was then swaged in nylon dies

to reduce the 0.D. diametral gap to less than .002 inches. The
swaging operation resulted in a growth of .020" in the length of
the 0.D. cladding. Following the swaging operation, the I.D.
cladding was welded to the upper end plug; this Jjoint had been

left free to accommodate O0.D. cladding growth during the swaging
operation. Outgassing of the fuel assembly was accomplished in the

same manner as on SH-4C.

Spacing of SH-5A in the process tube was accomplished by a series
of studs inside the process tube. The studs were welded in place
and spaced every 18 inches to accommodate fuel element growth during

reactor operation.

ESH-1 - Design of the fuel for the nine element assembly was

completed. It includes both 0.016" and 0.028" thick 0.D. cladding;
all elements will have 0.028" thick I.D. cladding tubes. Spacing
of the fuel elements in the process tubes will be accomplished by
spiral wrapped wires and spiral fins chemically milled on the 0.D.

cladding.
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3.3.L

3.3.5

Materials for the fuel elements are all available with the exception
of the UO2 required. Delivery on this material has been promised
for early October. Fabrication of the 10% enriched fuel pellets

was initiated with U0, borrowed from another AEC project.

Pellet Fabrication

In the manufacture of fuel pellets for ESH-1 an attempt is being
made to establish a process which will allow the internal diameters
to be sintered to the required size. The means which is being
employed to accomplish this goal is a tight process control on

the green density of the as-pressed pellets, the use of lubricated
punches, and reduced binder content. Early indications appear to
be very favorable with a merked improvement in size control; the
specified internal diameter of .755 inches on ESH-1 pellets can be

held in the sintering operation to within + .00l5 inches.

The improvement in pellet quality by the changes made to date has
allowed recognition of several other problems in the pellet fabri-
cation process. These include powder preparation, die fill, furnace
stoking and furnace atmosphere. Work will be started in these

areas as a second phase of the program and it is expected that it

will result in even better size control, improved concentricity,

and eliminate radial cracking during fabrication.

Fuel Element Outgassing

A vacuum outgassing process has been developed for UO2 powder
filled superheat fuel elements. Recent tests have shown that arc
fused powders contain anywhere from 25 to 50 times the amount of

gas that would be expected from conventional pellet fuel. The
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outgassing cycle is shown in Figure 3.8. The assembled fuel
element is heated to 400°C and then given a series of low pressure
helium purges. Following the purges the element is cooled and
filled to atmospheric pressure with dry helium. A plug is then

welded in the upper end completing the fuel element closure.

3.3.6 Wire Spacer Attachment

A new method of wire spacer attachement has been adopted. Wires

are cut to a set length and then welded at the ends to two stain-
less steel rings. The rings are made to fit on the end plugs and
the wires are tightened by rotating the rings in opposite directions.
Figure 3.9 shows a typical wire attachment on one end of an ESH-1

fuel element.

The following advantages are possible with this method:
1) Wire can be tightened uniformly to any desired stress level.
2) Wires can be made to form a tight envelope over the fuel body.

3) No special equipment is required for wire forming or attachment.

3.3.7 Chemically Milled Tubing

Experimental velocity booster tube and 0.D. cladding have been
received for the ESH-1 fuel elements. Figure 3.10 shows short
sections of both sizes of tubing. The 0.D. cladding was manufactured

to the following specification:

Maximum fin dia. 1.390 inches
Outside tube dia. 1.250 + .003
Wall thickness 0.028 + .002
Number of fins 3

Fin pitch 36 inches

3.4 Fretting Corrosion - Spacer Development

The fuel element described on page 180 of the Eighth Quarterly Progress
Report has been exposed for a total of 55 hours in dynamic superheated
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FIGURE 3.9
SPACE WIRE ATTACHMENT

FIGURE 3.10
CHEMICALLY MILLED TUBING
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steam. Loop operating conditions during this period were:

Pressure: 800-1200 1b/in2
Temperature: 650-850°F

Flow Rates: T750-1075 1b in/hr
Steam Velocities: 35-95 ft/sec

Maximum chloride content in the water (during loop startup) was 0.2

ppm. A complete chemical analysis of all startup water samples is being

conducted.
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L.0 TASK C - MATERIALS DEVELOPMENT

4.1 Tubing Quality Evaluation

Work has been initiated to ultrasonically test various sizes of 300 series
stainless steel tubing in order to establish the quality of commercially
available tubing. Tubing from at least three vendors will be tested to
determine the number, size, and location of defects. This information
will then be correlated with burst test data to establish a relationship
between ultrasonically detectable defects and reduction in tube hoop
strength. Details of the ultrasonic method calibration were given in the
last quarterly report. The materials which will be tested are listed in

Table L4.1.

TABLE 4.1

STAINLESS TUBING PURCHASED FOR NON-DESTRUCTIVE EVALUATION

Material Condition Geometry Amount
316L Annealed 0.625 x 0.028 30 ft.
316L Annealed 0.750 x 0.028 Lo ft.
316L Annealed 0.750 x 0.016 Lo ft.
347 Annealed 0.750 x 0.028 50 ft.
30L4L Annealed 0.750 x 0.016 Lo ft.
3041 Annealed 0.750 x 0.028 Lo ft.
30L4L Annealed 0.625 x 0.028 Lo ft.
304 Annealed 1.250 x 0.028 50 ft.
304 Annealed 0.750 x 0.016 Lo ft.
304 Annealed 1.250 x 0.016 20 ft.
304 Annealed 1.250 x 0.028 60 ft.
304 Annesled 0.750 x 0.010 60 ft.
304 Annealed 0.750 x 0.028 50 ft.
304 Annealed 0.625 x 0.028 50 ft.
304 Annealed 0.750 x 0.028 50 ft.

L.2 Strain Cycling Tests

4.2.1 Tensile Property Evaluation

The object of this task is the determination of the effect of fast
neutron irradiation under nuclear superheat conditions on the post-

irraediation elevated temperature tensile properties of austenitic
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stainless steels. The tensile specimens used are cut from the walls
of tubing obtained through normal vendor channels and representative
of fuel cladding tubing used in prototype fuel elements. Specimens
cut with their axes both parallel and transverse to the tube axis
have been tested. Control tests have been completed on the following
specimens, shown in Table L.2.

TABLE 4.2

TENSILE PROPERTIES OF TUBING AT ROOM
AND ELEVATED TEMPERATURES

Test Yield, Ultimate Elongation,

Specimen Temperature kps kps %
304 Transverse Room k.7 91.0 56

304 Transverse 1250°F 26.0 45.6 27

304 Longitudinal Room 56.1 100.2 54.5
304 Longitudinal 1250°F 29.6 48.9 28.3
316 Transverse Room 61.0 89.5 hi1.2
316 Transverse 1250°F 31.6 51.8 18.3
316L Transverse Room 60.2 86.8 55.5
316L Transverse 1250°F 26.9 48.0 12.6
347 Transverse Room 51.8 88/3 51.5
347 Transverse 1250°F 27.9 45.7 15.6

h.2.2

Similar specimens accompanied by standard nickel-wire flux monitors

are being irradiated in the instrument tube of the SH-4C fuel assembly.

Strain Cycle

This task has as its objective the determination of the effect of fast
neutron radiation on the plastic deformation process in fuel cladding
alloys. It is planned to investigate these effects by carrying out
elevated temperature low-cycle strain fatigue tests (1) in the presence
of fast neutron radiation, (2) after irradiation, and (3) In the
absence of radiation. The original plan to use an apparatus capable

of applying cyclic unaxial strain to tubular specimens has been
abandoned because of procurement difficulties. The current apparatus
is shown schematically in Figure 4.4t. This apparatus is less
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desirable from a strain analysis viewpoint because of the complicated
strains applied but does apply deformations of the kind experienced
by fuel cladding tubing. The tubing specimen is alternately collapsed
and expanded between fixed mandrels by application of gas pressure.
The strain range is controlled by the I.D. of the outer mandrel

and the 0.D. of the inner mandrel relative to the specimen

thickness. Control specimens have been prepared with mandrels

sized to give nominal positive and negative "hoop" strains of

6%, 3%, 2%, 1%, and 0.5%. In an initial control test with mandrels
sized to give a nominal hoop strain of + 6.8%, the specimen failed
after 33 cycles at 1300°F. Post test examination disclosed that the
specimen had wrinkled longitudinally and that failure was by longitudinal
cracking. Since nitrogen rather than argon was used to deform the
specimen, the possibility of surface nitride formation contributing

to failure exists. The specimen is currently being examined by

x-ray diffraction techniques for the presence of nitrides. Tests

with other specimens, using argon as the driving gas, are in progress.

Irradiation schedule for this task in GETR is planned during January,
which appears to be compatible with previous planning in the design

of the in-reactor equipment.
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FIGURE 4.2
TRANSVERSE SECTION PARALLEL TO PRINCIPAL STRESS,
10% COLD WORKED TYPE 304 SS, EXPOSED TO 1050°F STEAM
FOR 2000 HOURS, ELECTROLYTIC ETCH IN 10% OXALIC ACID, X-100
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FIGURE 4.3
TRANSYERSE SECTION PARALLEL TO PRINCIPAL STRESS, ANNEALED
TYPE 304 SS, EXPOSED TO 1050° F STEAM FOR 2000 HOURS,
UNETCHED, X 400, 0.0001 INCH PER DIVISION
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5.0 TASK D - EXPERIMENTAL PHYSICS

5.1

5.2

AEC Superheat Critical Experiments

A topical report covering the experimental and analytic phases of the AEC

Superheat Critical Program is being written.

ESADA-VESR Preliminary Critical Experiment Program

All of the experimental measurements for the ESADA-VESR Preliminary

Critical Program are now complete, however, the experimental power distribu-
tion data are still in the process of reduction. As reported last quarter,
the initial criticality was reached on June 28, 1961 with a core loading of
23-1/3 fuel bundles at 79°C. This critical size would indicate that the
initial reactivity calculations were overestimating reactivity by about

2% ak/k in the unflooded condition. However, these original predictions
have been revised for two reasons: a) a recent revision of the constant
used with the current cross section libraries, accounting for 0.8% Ak/k, and
b) the use of a more detailed regional description in the two-dimensional
x-y analysis accounting for 1.2%‘Ak/k. These combined effects when taken
into account result in reactivity agreement, for the unflooded cases, within
0.5% Ak/k. The reactivity discrepancy (calculated minus measured) for

the flooded core is about 1.4% Ak/k.

The individual measurements are tabulated below for comparison to theory.

5.2.1 Uncontrolled "Just Critical" Measurements

5.2.1.1 Minimum Critical Size, Fully Reflected

The minimum critical size fully reflected was determined to
be 23-1/3 bundles at 77.700. This is in good agreement with
calculations which predicted a critical size of 23 bundles
under these conditions (accounting for the two effects

stated above).
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5.2.1.2 Void Coefficient - 7 Aluminum Void Tubes per Bundle
(6 centered in the moderator, 1 adjacent to the process
tube) at approximately 800°cC.

The observed void coefficient was (-2.2 x lO-thk/% void)
compared to a calculated value of (-1 x IO'u‘Ak/% void) for
a smeared void over the entire bundle. This is considered
excellent agreement due to the very small magnitude of the

coefficient in this core configuration.

5.2.1.3 Temperature Coefficient - Near 80°¢c

The observed temperature coefficient was (+2.1 x lO-u'Ak/OC)
at 80°C compared tq the calculated value of (+1.9 x 10'h¢5k/°C)

at 80°C.

5.2.1.4 (3 /dH) versus H (Pulsed Nuetron Source - Data Hand Analyzed)

The observed (&:ABB?) was (-6.85 x 103 $/AB2) with a core
buckling of 0.00258 cm™2 compared to a calculated value of

about (-.64 + 0.k x 103 $/AB°) at this buckling.

5.2.1.5 (3 /dX) versus X (Pulsed Neutron Source - Data Hand Analyzed)

The observed data when extrapolated to the full core
buckling indicate that the multiplication of the full core

o)
uncontrolled at 80 C is in the range of $4 to $5. This
excess (as with the 23-1/3 bundle core) indicates that there
is good agreement with the calculated reactivity ($4.5)

in this core configuration.

5.2.1.6 Reactivity as a Function of Temperature (80°, 60°, 40°, and 20°C)

The observed reactivity change indicated a loss in reactivity
of $2 in going from 80°C to 20°C which agrees exactly with

the predicted value.



5.2.2 Full Core Measurements

5.2.2.1 Critical (Operating Type) Rod Position at 80°C

The observed critical rod position with the core fully
reflected consisted of the inner four rods inserted halfway
(24.38 inches above the bottom fuel plane) with the outer
eight rods fully withdrawn. This rod insertion was
calculated to be worth $4 indicating that the full core
excess is about $4. This is consistent with the calculated

full core excess reactivity of $4.5 for this core configuration.

5.2.2.2 Auxiliary Scram Rod Worth with the Rod Pattern Determined in
(5.2.2.1)

The observed worth of the auxiliary scram rods was $1.6

which agrees excellently with the calculated value of $1.7

(1.2% Ak/k).

5.2.2.3 Void Coefficients at 80°C with the Rod Pattern Determined
in (5.2.2.1) for Six Void Tubes Centered in the Moderator and
also Adjacent to the Process Tubes

The observed void coefficients wvere:

a. Tubes centered in the moderator (.66% void) (Ak/a void) =
+ 1.9 x 100% k/% void.

b. Tubes adjacent to the process tubes (.66% void) (Ak/A void) =
-12.7 x 10°% Ak/% void.

These coefficients compare favorably with the calculated

value of Ak/A void) = -2 x lO-h‘Ak/% void for a uniformly

distributed void in this condition.,

5.2.2.4 Reactivity as a Function of Temperature for the Controls

Distribution Determined ir(5.2.2.1) and for All Rods Inserted
for the Unflooded Core (807, 60°, L0OO, and 20°C)

The observed reactivity change indicated a loss in reactivity

of $1.8 for the 5.22.1 controls distribution and about $1.1 for
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5.2.2.5

5.2.2.6

5.2.2.7

o}
the all rods in case in going from 80°C to 20 C. These are

slightly less than the predicted temperature swings.

Reactivity Change Upon Flooding the Coolant Passage with

the Controls Distribution Determined in (5.2.2.1)

The observed reactivity change was -$1.09 at 80°C. The
calculated value for this controls distribution was,
however, +$0.3, indicating a discrepancy of about $1.4

in predicting the cold floodirg effort for this controls
distribution. This discrepancy was not initially uncovered
since the measured value of -$1.09 was bracketed by
calculated values of -$1.80 for the full core without
controls and -$0.2 for the four inner rods fully inserted
at 20°C. Recent two-dimensional analysis has shown that
the flooding effect passes through a maximum when the central
control bank is partially inserted.

Reactivity as a Function of Temperature for the Controls

Distribution Determined in (5.2.2.1) and for All Rods
Inserted for the Flooded Core (80°, 60°, LO”, and 20°C)

The observed reactivity change indicated a loss in reactivity
of $2.5 for the controls distribution in (5.2.2.1) and

about $1.8 for the all rods in case in going from 80°C

to 20°C. These are slightly greater than the predicted

temperature swings.

Worth of Individual Fuel Rods

With the outer eight control rods fully out and the inner
four control rods inserted half way (2M.38 inches from the
bottom fuel plane) the worth of six individual fuel rods
was determined at 80°C. The worths ranged from T0¢ to 2¢

and are shown in their respective positions on Figure 5.1.
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5.2.2.8 Position of Outer Eight Controls Inserted as a Bank for
Just Critical at B0YC

The just critical position was determined to be 21.50

inches above the bottom fuel plane. This rod position was
calculated to be worth about 3.2% Ak/k, which would indicate
this excess for the full core uncontrolled at 80°C. This

is consistent with previous measurements which have indicated
that the excess is 3.1 + 0.4% Ak/k at 80°C and indicate less
then + 0.5% Ak/k error in the post-measurement reactivity

calculations.

5.2.2.9 Maximum Central Fuel Bundle Worth

The central fuel bundle worth was determined for the full
core with the four central controls withdrawn and the outer
eight controls fully inserted. The measured value was

5.3% Ak/k which is considerably higher than the pre-
measurement prediction of 2.7% Ak/k. Since the measurement,
however, it has been shown that if a more detailed geometric
description is utilized, good agreement can be obtained
between experiment and theory. Two alternate geometric
descriptions bracketing the actual situation have now given
the analytic fuel bundle worths of 4.1 and 6.1% Ak/k
respectively. An exact geometric description was
prohibited by the excessive mesh size and costly computer
time required (about four hours of S-2000 time). However,
if the exact geometry were used, an anslytic fuel bundle

worth of about 5% Ak/k would be expected.
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o
5.2.2.10 Controls Worth Measurements (Corrected to 20 C)

a.

Worth of Inner Four Control Rods Inserted as a Bank -
The worth of the inner four rods was determined to be
7.6 + 0.5% 8k/k compared to the pre-measurement

prediction of 7.2% Ak/k.

Worth of Fourth Central Control Rod - The worth of the
fourth central control rod with all eight outer control
rods withdrawn was determined to be 1.7 + 0.2% Ak/k.

No analytic value is available for direct comparison.

Worth of Outer Eight Control Rods - The worth of the
outer eight controls inserted in a bank was determined
to be 5.9 + 0.5% Ak/k compared to the pre-measurement

prediction of 6.1% Ak/k.

Worth of All Twelve Control Rods as a Bank - The worth
of all twelve controls inserted as a bank was
determined to be 18 + 2% Ak/k compared to the pre-

measurement prediction of 14.8% Ak/k.

A topical report covering the experimental and analytic

phases of the ESADA-VESR Preliminary Critical Program

is being written.
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6.0 TASK E - COOLANT CHEMISTRY

6.1 Out of Pile Evaluations

6.1.1 A description of the design and principles of operation of the Cl-1
superheat facility developed to meet the many needs of out-of-pile
superheat corrosion testing has been included in a topical report,

GEAP 3778, "A Simulated Superheat Reactor Corrosion Facility".

6.1.2 Metallurgical Evaluations

The metallogrephic examination of a specimen exposed isothermally

for 4500 hours in 1050°F superheated steam shows evidence of the start
of blistering and porous areas in the scale, Figure 6.1. Although

the metal-to-system losses have been minimal after L4500 hours
exposure, the data indicate the possibility of the metal-to-system
loss rate increasing with increased exposure. The possibility of
fleking as a result of the blisters would result in a similar

effect. An X-Ray Diffraction (XRD) analysis of the scale identified
Fe30u adjacent to the metal surface with the balance of the scale

being a mixture of Fe203 and Fe30h.

No evidence of a structural change in the heat transfer specimens

was noted other than the precipitation of the chrome carbides and
the appearance of a high alloy layer at the metal surface in areas
with metal temperatures of 1100°F and above. The layer shown

in Figure €2 increased in depth with time of exposure up through

the 2465 hours tested. For example, at a metal temperature of 1300°F
the layer averages about 0.2 mil after 1000 hours exposure (Figure
6.2a)and about 0.5 mil after 2465 hours exposure (Figure 6.2b). An
Electron Beam Microprobe analysis of the layer was performed by the

Research Laboratory of the International Nickel Company. The
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a. 1000-hr exposure - descaled

Cc. 2465- hr exposure -undescaled

FIGURE 6.2 HEAT TRANSFER EXPOSURE - TYPE 304 SS
CALCULATED METAL TEMPERATURE - 1300°F

GLYCEREGIA ETCH
{500 X)
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results are charted in Figures 6.3, 6.4 and 6.5. No adverse effect on
general corrosion occurred during the 2465 hours exposure. The

layer was found to be highly magnetic.

6.1.3 Deposition

The deposition on the surface of the heater sheaths originates
essentially from materials in the moisture carried with the steam
from the steam drum. The boiling water to the steam drum was
maintained at a resistivity of 2 megohm-cm., total solids of 1-2
ppm and chlorides at 0.03 ppm or below. With 1% moisture and 500
1bs. per hour of steam, a maximum of 75 mg. of chlorides and from
2.3 to 4.6 g. of solids could be carried over with the steam in

1000 hours of operation.

The insolubles appear to have deposited primarily over the first
and second heater sheaths with a relatively heavy deposit of solubles
at the entrance to the first heater. The amount of the deposit was
variable from run to run although the color pattern remained
essentially the same. The results of an X-Ray Fluorescence analysis
of the deposits are listed in Table 6.1.

TABLE 6.1

X-RAY FLUORESCENCE ANALYSIS OF DEPOSITION PRODUCT

Element % Element ppm
Cu 35 Mg 2000
Ni 29 Ba 1000
Cr 22 Mo 100
Fe 5 Al 50
Zr 5 Si 50
Ca 2 Mn 10

Ag >

Values are estimated, with no allowance made for

the absorption of X-Ray by air or other matter.
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A diffraction pattern contained many iines and was difficult to
analyze. Attention was directed toward the chlorides and oxides
of Cu, Cr, Ni and Fe because these metals were known to have been
present. Lines in the diffraction pattern of the sample agreed
well with the diffraction patterns of CrCl3, CuCl,, FeClp, FeCl3
and NiClg. The lines of other chlorides of the same metals

exhibited some agreement with the pattern of the sample.

The other two higher temperature heater sheaths had random areas

of what appeared to be scale flaking and fluxing. A sheath exposed
for 1000 hours was sectioned without descaling through several of
these areas. Out of 6 separate areas examined two indicated an
intergranular attack as shown in Figure6.6. It is believed that
such attack is caused by the deposit that resulted in the fluxing
of the scale. The temperature in the area photographed was between
1050 and 1100°F. The metal temperature where the main body of the
solubles deposit is between 800 and 850°F. Metallographic
examination has indicated no intergranular attack in the lower

temperature areas for the times exposed.

The following is indicated from these deposition studies:

1. Chlorides in the carryover water exist as several
metallic chlorides. Rapidity and degree of attack may
not be the same for each.

2. Areas of deposit of solids are probably a function of system
geometry.

3. The prerequisites for chloride stress corrosion are
present, i.e., oxygen, chlorides, stresses and moisture
during startup and shutdown.
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FIGURE6.6 SECTION THRU FLUXED AREA HEAT TRANSFER EXPOSURE
TYPE 304 S.S. CALCULATED METAL TEMPERATURE-IO70°F NOT
ETCHED
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4. Intergranular attack was noted in an area associated with

scale fluxing.

6.1.4 Chloride Stress Corrosion Tests

Chloride stress corrosion tests were started in the Cl-1 superheat
facility September 1, 1961. The entrance and middle Type 304 SS
sheaths are being stressed to 12,000 psi and the exit sheath (high
temperature) to 6,000 psi. These stresses are approximated to
produce 0.1% creep in 1000 hours in the middle and exit sheaths

and one-half this level in the entrance sheath. Beam samples
stressed over yield were placed in the steam, superheat and subcooled
water coupon sections both for information purposes and for

indications of problem areas in the Cl-1 facility itself.

The chloride in the recirculating water is being maintained at 1.5
+ 0.5 ppm. The facility was started with high purity water and
the chloride added after the superheaters had been exposed to

operating conditions for 100 hours.

The entrance and middle sheaths were examined after 400 hours
exposure to the high chloride system. No visual evidence of damage
was noted. The characteristic multicolored deposit was present

at the entrance of the first superheater. The entrance heater

and sheath assembly were replaced and the test will be continued

in 40O-hour units.

6.1.5 Coupon Testing

Corrosion testing of Type 304 stainless steel in a superheated steam
environment (lOBOOF, 1000 psi, 20 ppm 02) indicated that the oxidation

rates of specimens under applied stresses are greater than those of
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unstressed specimens. Corrosion scale formation on the stressed
specimens after 1000 hours was about twice the thickness of the

scale formed on unstressed material in the same length of time.

After an additional 100 hour exposure for a total of 2000 hours,
similar results were obtained. No stress corrosion cracking was
observed in the specimens tested; however, due to the position of

the coupon section in the testing facilities, the chloride
contamination of the specimens was low. Tests indicate that corrosion
Type 304 in 1050°F dry, but oxygen-containing steam will follow

a parabolic pattern with a decreasing corrosion rate with time.*

The corrosion scale formed on the stressed specimens was found to
be in two distinct layers. The outer layer has a metallic luster
while the intermediate phase has a non-metallic, mottled, green-
blue hue typical of the oxides of chrome and iron. The only
observable difference in the scale between the 1000 and 2000

hour exposure times was an increase in thickness of both layers.

The thickness of the oxidation layers decreased with increasing
cold work. For 1000 houre, the average oxide thickness was 0.6 mils
for the annealed, O.4 mils for the 10% cold worked and 0.2 mils for

the 20% cold worked.

6.1.6 Discussion of Coupon Testing

Stressed tubing specimens of Type 304 steinless steel in the
configuration shown in Figure 4.1 of the last (eighth) quarterly
report, page 97, have been exposed in this environment

for a total of 2000 hours with & complete microscopic inspection

after the 1000 and 2000 hour exposure times. The test

* GEAP-3724, Nuclear Superheat Project - Seventh Quarterly
Progress Report, January - March 1961, pp. 69-T0.
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configuration results in a stress of 21,000 psi tension during loop

operation, which represents 100%, 90%, and 80% of the 1000 hour, 1%

creep rate values for the annealed, 10%, and 20% cold worked

specimens respectively.

6.1.6.1

6.1.6.2

Inspection Results After 1000 Hours of Exposure

These results were previously reported in GEAP-3785 but

are included here in summary form, for an easy comparison
with results obtained after 2000 hours of exposure to
steam. A specimen from each tubing condition was sectioned
and examined after 1000 hours exposure. No evidence of
stress corrosion cracking was observed. The micro-
structures showed extensive carbide precipitation at the
grain and twin boundaries as can be expected of normal 304
stainless heated above 900CF. However, as can be seen in
Figure 4.5 in the last (eighth) quarterly report, page

101, the corrosive attack appears to be influenced more

by the grain orientation than by the presence of precipitated
carbides. The corrosive attack has produced a scale up to
1 mil in thickness on some of the grains as compared to

a scale of about 0.2 mil formed on unstressed coupons

exposed in previous runs of CL-1.

Inspection Results After 2000 Hours of Exposure

As in the case of the 1000 hour exposure specimens, no
stress corrosion cracking was evident. The only noticeable
change in the corrosion scale was an increased thickness

to 1.5 mils as compared to 1.0 mils for the 1000 hour

specimers. Some preferential oxidation occurred as

- 65 -



shown in Figure 4.3 of the eighth quarterly report,

page 100. The corrosion "finger" appears to

have follcwed a twin boundary into the grain. Specimens
will be exposed for additional times and examined with
particular attention being given to the possible growth

and preferential location of these corrosion "fingers".

6.2 1In-Pile Measurements

6.2.1 SADE Eveluations During SH-4 Irradiation

6.2.1.1 Chloride Levels

Chloride &nalyses of the VBWR primary water during the

SH-U4 irradiation period are listed in Table 6.2. These give
a time average of 0.06 ppm and show a peak of 0.61 ppm.

A source of chloride in the reactor was discovered on
August 17 when a rise in the water conductivity was
assoclated with operation of the VBWR multitube sampler.
Cooling water drained to the sample sink and then to the
reactor. This cooling water has since been rerouted to

the sump. Days on which the multitube sampler was used are
indicated in Table 6.2. Because of the carryover of reactor
water to the VBWR steam separator, which drains to the
hotwell, very rapid cleanup was achieved &t & power level of
30 MWt. The cleanup half-life was about one hour, whereas,
the half-life through the cleanup demineralizer is about

four hours.

6.2.1.2 Radio Chemistry

Radiolytic gases - Previous attempts to measure the gas

content of SADE steam by collection of the gas at low

pressures (in order to reduce the gas content of the condensate)
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have been unsuccessful because of non-uniformity of the
samples. Presently, the gas content is being measured by
collection of gas at atmospheric pressure so as to reduce
the effect of non-uniformity by use of a much larger sample.
Preliminary results indicate about 37 cc(STP)/kg of total
gas in the entering steam (equivalent to 18 ppm 02) and

a five percent reduction in concentration or less during
passage through the loop when the exit steam temperature

is 820 to 89OOF.

Fission gas - Measurements of fission gases in the steam
entering the SADE loop and in that leaving the loop indicated
no measurable release of fission products from SH-U4 has
occurred. Under the circumstances, with other leakers in

the VBWR core, the detection limit for leakage from SADE was
about 0.1 xc/sec of total fission gases with half lives
greater than ten minutes. At a steady reactor power of

30 MWt, the fission gas passing through SADE (from VBWR

steam) was approximately one,uc/seco

Condensate - The SADE condensate was sampled on August
9 and 10. The principal radioisotope present, other than
10-minute N-13, is F-18 which has a concentration of 1.1 x

lO3

,ac/ml° Other nuclides identified by gamma ray spectro-
scopy were Ag-110m (1072 amc/ml), Na-2k (10’5 uc/ml), and
fission gases (<10'lL #c/ml). Sodium is present in the
VBWR hotwell and enters the SADE loop in the desuperheater

water. Water from the recombiner was similar in composition

to the condensate but contained less than ten percent
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as much F-18. There was no water flow from the

vent condenser.

TABLE 6.2
Date Time cl”-ppm Date Time cl -ppm
6-9 0852 Cca0.33 7-25 0900 £0.020
6-12 o9ko 0.151 7-26 0520 <0.020*
6-13 0700 0.070 7-27 0920 £0.020
6-1k 0945 £0.020 7-28 0500 £0.020
6-23 1230 0.043 7-30 1945 £0.020
6-27 0955 0.066 8-1 okos {0.020
6-28 0.026 8-3 1500 £0.020
6-30 1050 0.037 8-4 0610 0.026
7-3 1400 0.030 8-7 1100 0.179%
T-5 0558 0.047 8-8 0830 0.06k4
7-5 1100 <0.020 8-9 0910 0.021
7-7 0918 £0.020% 8-10 0910 0.025
7-9 0530 0.080 8-1k 0910 0.032
7-10 0845 0.036 8-16 1430 0.036
T-11 0950 0.092 8-17 0925 0.05k4
7-12 0855 0.115 8-17 1430 0.611%
T-1k 0.037 8-17 1500 0.465
7-18 1132 0.068* 8-17 1610 0.190
7-19 0915 0.03k4 8-17 1712 0.097
7-20 1030 <0.020% 8-17 1746 0.070
7-21 0958 0.030 8-17 1818 0.058
T-24 1000 0.030 8-18 0945 0.034

* Multitube sampler used on these days from about 0930 to 1130.
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6.2.2 SADE Evaluations During SH-4C Irradiation

6.2.2.1 Chloride Levels

During the period this fuel element was installed in the
reactor, the chloride concentration in the reactor water
rose above 0.5 ppm on September 6 and on September 7 while
the reactor was at full power. It was above 0.5 ppm for a
total of 9 hours while the reactor was at 30 MW power.
Subsequently, the chloride concentration in the reactor
water was less than 0.1 ppm whenever the reactor power was
greater than 2 MW until September 20, when it rose to

0.12 ppm and reached a maximum of 0.27 on September 21.

6.2.2.2 Activity Levels

Table 6.3 shows radiation survey readings during irradiation
of SH-4C after activity level increases had been observed.

TABLE 6.3

RADIATION SURVEY READINGS OF SADE LOOP COMPONENTS
DURING SH-4C IRRADIATION

Note: Upper readings taken 7 P.M. 9-24-61
Lower readings teken 10 P.M. 9-25-61

Backg;ound
Location mrad/hr mr/hr mr/hr
S-1106 300 15
350 35
FE-1101 380 200 100
1500 150 100
FCV-1112 150 100
100 100
FCV-1103 2500 150 100
1400 130 100
FCV-1101 10000 380 100
3500 200
Desup. Flange 120 100
120 100
Desup. Line 100 100
100 100
Desup. Line 10" 300 100
upstream of TE-1109 230 230 Lo
FCV-1104 150 100
100 35




TABLE 6.3 (continued)

Background
Location mrad/hr mr/hr mr/hr
West End 130 100
M. Condenser 100 25
Overall 160 100
M. Condenser. 80 25
Overall 100 100
V. Condenser Lo 30
Overall 100 Variable
Steam Line 100 Variable
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7.0 TASK F - HEAT TRANSFER

7.1 Summary
Data from three shakedown runs, with Reynolds Numbers up to 880,000,
have been reduced. These data, although approximate, provide reasonable
agreement with extrapolation of ANL data obtained by Heineman as shown

in Figure 7.1

Seven other runs have been made, with steam flow in a 0.370 in. x 10 ft.
long tube, and data is expected to be reduced during the next reporting

period.

Redesign of the annular and tubular flow assemblies has been completed.
Redesign was necessary to avoid excessive bowing and electrical shorting

that occurred in prior testing.

7.2 Design
The annular flow superheater has been redesigned to prevent electrical
shorting of the inner heater tube. The assembly is shown in Figure
T.2. The inner superheater tube, part no. 9, has three short metal
tube spacers, 0.089 in. in diameter, equally spaced on its outside
diameter and spaced about 15 inches apart longitudinally. An outer
tube, part no. 4, 0.006 in. thick forms the annulus enclosure. The
inner heater and outer tube forming the annulus, are electrically connected
in parallel. This design avoids the necessity of non-conducting spacers

and eliminates electrical shorting problems.

The outer tube is made very thin such that its heat flux will be 17% of
that of the inner heater tube, and thus have a small effect on the heat
transfer coefficients which will be calculated using the inner tube wall

temperatures.
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7-3

Assembly of this annular arrangement will be made during the next series

of experiments.

A new circular flow arrangement has also been designed as shown in Figure
7.3, in order to prevent bowing and resulting electrical shorting of the
heater tube. The essential changes made are additional longitudinal
spacers, with ceramic insulators, and a spring at the inlet end to

counteract bowing moments.

Manufacture of parts for the circular assembly is expected to be complete

the first week in November.

Operation
Operations during this quarter were restricted to steam flow in the 0.370"

I.D. x 10 ft. long tube.

The first runs indicated too close a clearance between the ceramic spacers
and the heater tubes. This resulted in cracking of the ceramics; some
binding between ceramic and the heater tube; and eventually bowing and

shortening of the tube.

The ceramic-tube clearances were increased, to allow freer expansion,

and 7 runs were obtained with thls assembly.

An assembly was tried with Durabla, used in lieu of ceramic spacers,

but was found unsatisfactory in that bowing and shortening of the tube resulted.

This was attributed to excessive expansion of the Durabla, which resulted
in binding at the support positions, and eventually bowing of the tube

and failure.
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T.4 Data

Three runs, obtained in June; have been reduced and the results tabulated

below.
TABLE 7.1
PRELIMINARY HEAT TRANSFER DATA FROM SHAKEDOWN RUNS*
CIRCULAR TUBRE 0.370 IN. I.D. x 10 FT.
EFFECTIVE HEATING LENGTH
Test Level G Q/A At h
(Ft. from P lb/hr-ft2 Btu/h§-ft2 (°F wall- Btu/ Nge (gg)g;¥3
Run No. inlet) psi x 10° x 107 Bulk) hr-ft2 °F %1073 \X
2C - 0.5 8L2 1.38
2 133 105 1790 880 1548
i 137 97 2080 858 1840
7 139 124 1490 818 1348
10 147 163 1120 768 1100
3C - 0.5 1079 1.31
2 143 97 1520 792 1223
L 154 105 1510 T4 1238
T 154 134 1160 732 975
10 154 137 900 686 T31
Le - 0.5 913 0.90
2 119 135 1100 557 938
L 125 1k 1070 538 9ks
7 131 1k4s 1120 509 98l
10 136 173 930 469 845

* Pressure control was poor, due to blockage of a condensate line and varied

up to + 20 psi during the runs.

The data tabulated above is plotted on Figure 7.1.

In addition to the data above, seven runs were made in September, but data

is not yet reduced.

below.
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TABLE 7.2

UNREDUCED DATA FOR STEAM HEAT TRANSFER IN A 0.370 I.D. x 10 FT. TUBE

W 1b/sec
Pressure Steam t g7 °p Temp., °F

Run No. psi Flow Superheat Steam at Exit

TC 800 0.21 300 822

8¢ 800 21 270 786

9c 800 .23 Lo8 939

6C 1000 .19 370 895

5C 1000 .28 335 865

11C 1100 .29 420 968

10C 1100 .31 290 841



8.0 TASK G - MECHANICAL DEVELOPMENT

8.1 Steam-Water Separation

8.1.1 Summary
During the report period efforts were entirely devoted to radial
separator development. Results of tests in May and June (reported
in the previous quarterly report GEAP-3785) were analyzed and a
topical report of results issued (GEAP-3787). Further development
of the radial separator was planned and a modified full circle

separator model design.

8.1.2 Discussion
During May and June 1961, a pair of vanes and a full circle of vanes
were tested as reported in the previous quarterly report, GEAP-3785.
These results were analyzed and presented in a topical report,
GEAP-3787, "Results of Air-Water and Steam-Water Tests on Radial
Vane Steam Separator Models'. It was concluded that these results
were very encouraging but not sufficient to provide reliable

information for use in establishing design parameters.

A modified full circle radial vene separator model has been designed
as shown in Figure 8.1 and is being ccnstructed for air-water and
Eteam—water testing. The design is an extension of previous work
and is expected to fill in gaps in the present knowledge of radial
separator performance as well as avoid short comings of previous

tests.

As shown in Figure 8.1, the full circle radial vane model consists
of 18 active vanes and 18 inactive vanes mounted on a 10 inch

diameter plenum. The vanes are 130o arcs of 4 inch radius.
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Nozzles 3" wide x 3/4" long x 18" high, supply mixture from the
plenum to the vanes. The vanes extend 12 inches above and below the
nozzle to prevent velocity and spread effects, which would cause
overflow of mixture above the top of the vanes, and to maintain the
same downcomer ares well below the point of exit of water from the

vanes.

The spread of the mixture on the vanes after leaving the nozzle is
calculated to be about 4 inches. The analysis is based on the solution
of the hydraulics problem of surface contours of an open channel
stream after an abrupt expansion. The solution, as shown in Figure
34, page 560 of Hunter Rouse’s "Engineering Hydraulics", was

adopted by substituting centrifugal force for gravity force.

Under these conditions the spread is independent of nozzle

velocity.

8.1.3 Test Program
Two basic cests will be performed in steam-water mixtures

8.1.3.1 Carryunder Limitations

Carryunder tests will wutilize 12-inch long plugs in the
nozzles to limit nozzle height to 6 inches. With this
arrangement velocities of the mixture from the nozzles

and of water discharged into the downcomer will be in the
range expected in a full scale separator operating in a
nuclear reactor. Different diameter shrouds will be

used to very the downcomer ares and hence the downcomer
velocities. Pricr to operation with steam-water mixtures,
the model will be tested with air-water for both carry-under
measurements and visual observations of flow configurations

at various flow rates.
w 80 -



8.1.3.2 Carryover Limitations

Carryover measurements will utilize only 6 of the 18
nozzles, with the full 18 inch height of each nozzle being
used during the test. This arrangement, with the downcomer
full of discharge water, will result in velocities of the
steam rising between the vanes being in the range of those

expected for a full scale separator operating in a reactor.

The above arrangements are necessary in order to simulate
full scale separator operation because of the flow

capacity limitations in the test loops.

8.2 Seal Development

8.2.1 Summary
A seal has been successfully constructed using & vacuum filling
method and a 0.093 inch diameter plug as a final closure. This
seal was tested to determine its expansion as a function of
temperature. The bulk expansion of the 50-50 solder caused a
0.045 inch increase in the diameter of the seal at 550°F. Based
on the results of the expansion test, another seal is being made.
The seal will be tested in the leak test fixture described in the
April - June Quarterly Report. Tests to determine leakage flow
rates will begin when the seal construction is complete. If the
leakage flow rates are less than the specified maximums, the

feasibility of the seal will be established.

A corrosion test program has been set up to evaluate the effect
of the liquild solder on the stainless steel seal body at operating

temperature. The test equipment and corrosion test samples are
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being manufactured. The test samples will be sealed in tubes
and subjected to the effects of liquid solder, stress and a temperature

of T750°F for a period of twc months.

8.2.2 Seal Fabrication

In the month of July an attempt was made to construct a seal by

first casting the solder into the seal body in a vacuum and then
meking the sleeve welds. This method proved successful as far as

the casting method was concerned, but difficulty was encountered

in making the final sleeve weld. Examination of this weld showed
that the solder was included in the weld bead. This is due

to the large amount of heat required to meke the weld. Because of
these results, it was decided to alter the construction procedure

so that the sleeve welds are made first, and then the seal is

filled in a vacuum. The final closure weld will be a small (.093 in.)

plug which will require & much smaller amount of heat.

During August and September & seal was successfully constructed
by welding the sleeves first and casting the solder in a vacuum.
A closure vweld using the 0.093 inch diameter plug was achieved.
Unfortunately the casting procedure was difficult to accomplish
successfully. Work is being dcne to improve this procedure so
that no shrinkage voids occur inside the seal as the solder cools

after filling.

8.2.3 Seal Expansion Test

The seal mentioned previously was tested to determine its expansion
as a function of temperature. The diameter of the seal increased

from 1.790 in. at room temperature to approximately 1.845 in. at
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8.2.4

8.2.5

8.2.6

550’°F° Thermal expansion accounts for 0.010 inch and the bulk
expansion of the solder accounts for 0.045 inch of the total 0.055

in. diameter increase.

Leak Test

Another seal will be made and tested in the leak test fixture based
on the results of the expansion test. Tests to determine the
leakage flow rates will be conducted when the seal construction is
complete. If the leakage flov rates are less than the established

maximums, the feasibility of the seal will be established.

Corrosion Test

A corrosion test program has been set up to evaluate the effect
of the liquid solder on the stainless steel seal body at operating
temperature. In particular, two mechanisms will be investigated:

intergranular attack and stress corrosion cracking.

The test equipment has been designed and the equipmént and test
samples are being made. The samples will be sealed in tubes and
subjected to the effects of liquid solder, stress (10,000 and
15,000 psi) and a temperature of 7500F. A test period of two

months is planned.

Improved Solder

A high purity vacuum refined solder has been recently made
available commercially. A sample order was placed, and the
solder has been received. It is felt that this solder will
improve seal performance and possibly eliminate the procedure of

casting the seal in a vacuum.
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9.0 TASK H - SADE AND E-SADE

9.1 SADE

9.1.1 SH-4 Irradiation

Irradiation of superheat fuel element SH-4 was performed in the

SADE loop, between June 7 and August 20, 1961, at which time

SH-4 was removed to permit installation of SH-4C. No abnormal
activity levels were noted during this operation cycle. Superheated
steam temperatures up to 900 F were achieved during steady operating
conditions, with one transient period which reached 925 F. Power of
the element was calculated to be 62 KW at 30 MW reactor power.

Total exposure of the element was 54 MW hours or an average of 540
MWD/ton. Total steam flow past the element, during the irradiation

period, has been estimated to be 1.1 x lO6 1b.

The pre-irradiation examination of this element had been made

in July, 1960, when manufacture of the element was completed. Post
irradiation visual inspection pius non-destructive examination was
completed after removal from the reactor. The fueled section of
the element was badly warped in a manner similar to that noted on
element SH-UB. Considerable corrosion and crud deposition were
observed in the thermal liner cup, and on the fueled section
exterior cladding. The hardware above the fueled section was free
from crud plate-out. Corrosion on the fueled section exterior was
blue-grey in color. Reddish brown deposits began about 8 inches
below the top weld of the fueled section exterlior. Relatively
clean regions, free from deposit, were observed about 1l to 1k
inches and 20 to 30 inches down from the top weld on the fuel cladding

exterior.



Four corrosion and crud samples were taken for chloride ion
analysis and one sample was tsken for X-ray diffraction analysis
from the exterior cladding. These samples are to be analyzed
for chloride contamination and one sample will be checked to

determine all constituents.

Post-irradiation measurements indicated that the outer cladding had
collapsed rather uniformly upon the fuel, without forming
longitudinal or circumferential wrinkles. There was severe bowing
of the fuel element, however, and the deviation from straightness
was measured as 450 mils compared with less than 10 mils pre-
irradiation. Measurements indicated a necking down of the inner

cladding of about 21 mils in diameter, near the bottom seal weld.

Several O.D. measurements were later spot-checked and found to be
about 4 mils less than first post-irradiation measurements.
Exemination of the areas by Kollemorgen periscope showed that the
first measurements included thickness of corrosion and crud plate-
out, and the second measurements did not. Thus, the corrosion-crud

film was about 1.5 to 2 mils in thickness.

An attempt to determine the location of the expansion monitor
(gum-drop) of this element will be made with gamma scan plots.
At present, no definite plans have been made regarding destructive

examination of this element, which is necessary to examine this

expansion monitor, unless the gamma scans can be interpreted.

Chloride levels in VBWR primary water during irradiation of SH-U4
vere measured as reported in detail in Section 6.2. The time
average of chloride level was 0.06 ppm with a peak level of 0.61 ppm.
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9.1.2 SH-4C Irradiation

Fuel element SH-4C was installed in the SADE loop on August 28.
It remained in the loop until September 23, at which time the
element was removed because condensate samples indicated that

the element cladding had become defective.

Operation of the element during this period was as follows:

1. Total time on steam - 492 hr.

2. On steam - flow 1200 to 1500 #/hr. - 136 hr.

3. On steam - flow approximately 1000 #/hr° - 92 hr.

4. On steam - flow approximately 800 #/hr. - 220 hr.
. Operation with exit steam temperature at 800 to 840 F - 212 hr.
. Operation with exit steam temperature up to #775 F - 280 hr.

p
6
7. Maximum power (at 30 MW reactor power) - 63 KW.
8. Total output - 15.8 Mw(t).

9

. Average fuel exposure - 150 MWD/ton

The element was removed on September 25 after fission gases and
iodines were detected in the effluent steam. Steam and condensate
samples taken on September 21 contained more than normal amounts of
fission products whereas samples of the 19th and earlier had given
no indication of leakage. Measurements of the rate of fission gas
release ranged from zero to 43 xc/sec. (six major isotopes) during
a two-day period prior to shutdown of the reactor. Since measured
iodine release also varied greatly, up to a maximum of O.S,AC/sec.
of I-11 and 0.1 4c/sec. of I-131, and the SADE radiation monitor
showed a pronounced periodic variation, the observed variations in
release rates are believed to have been real and to have indicated

a "puffing" type of release. The relative microcuries of gaseous
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isotopes was approximately constant on a fission yleld basis.
Coupons in the effluent steam line were contaminated principally
with iodines. The amounts of radioactivity on particulate filters
and charcoal absorbers exposed to VBWR stack gas indicate iodine
and other fission products from the SADE element were present in
the VBWR stack in concentrations far below the allowable discharge

limits.

Design conditions for SH-4C are shown in Table 9.1
TABLE 9.1

DESIGN CONDITIONS FOR SH-4C

Power 13 KW 235

Fuel enrichment 3.5% U

Steam pressure 1000 psia

Active fuel length 36 3/32"

Outer clad, outside diameter 1.25"

Inner clad, outside diameter 0.75"

Clad thickness,; outer and inner 0.028"

Clad material (weld-drawn tubing) 304 s.8.
Instrument tube, outside diameter 0.50"

Fuel (U0Op)% theoretical density 95%

Total fuel loading 3.98 Kg

Axial peaking factor 1.58

Contact conductivity, fuel to inner clad 500 Btu/hr-ftz-oF
Contact conductivity, fuel to outer clad 1000 Btu/hr-fte-oF
UO, conductivity 1.1 Btu/hr-ftS(OF/ft.
Radial flux depression 1.12

Maximum clad temperature (STEADY) 1200°F

Maximum superheat exit temperature (STEADY) 915°F 5
Maximum heat flux (STEADY) 276,000 Btu/hr-ft
Minimum steem flow rate (STEADY) 795 1b/hr

Maximum fuel temperature (STEADY) 2700°F

Meximum clad temperature (TRANSIENT) 1300°F

Maximum superheat exit temperature (TRANSIENT) 980°F ,
Maximum heat flux (TRANSIENT) 276,000 Btu/hr-ft2
Minimum steam flow rate (TRANSIENT) 690 lbs/hr
Maximum fuel temperature (TRANSIENT) 2800°F

SH-UC is similar to SH-U4 element presently installed in loop except that
inert spacers have been eliminated and spiral wire spacers are used

to center the element in the process tube. A "gum-drop" experiment

is incorporated in thils element to determine relative movement
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between fuel and cladding during operation, Figure 9.1 shows the

design of this fuel element.

The actual measured power from SH-4C indicated that actual operating
conditions for the element would be somewhat different from the
original values listed in the design data package. The difference
was the combined result of 1limiting maximum reactor power to
28 MW (whereas the design data package was based upon a predicted
reactor power of 33 MW) and a slight discrepancy in predicted
power from the fuel element itself. Revised design conditions
for operation of this element are shown in Table 9.2.

TABLE 9.2

REVISED DESIGN CONDITIONS FOR SH-4C

VBWR power 28 MW

Fuel element power (SH-LC) 59 KW

Maximum clad temperature (STEADY) 1200 F

Maximum superheat exit temperature (STEADY) 930 F

Maximum heat flux (STEADY) 223,000 Btu/hr-ft2-OF
Minimum steam flow (STEADY) 627 1b/hr.

Maximum fuel temperature (STEADY) 2410 F

Maximum clad temperature (TRANSIENT) 1300 F

Maximum superheat exit temperature (TRANSIENT, 995 F

Maximum heat flux (TRANSIENT) 223,000 Btu/hr-ft°-°F
Minimum steem flow rate (TRANSIENT) 550 #/hr.

Maximum fuel temperature (TRANSIENT) 2490 F

Examination of the actual operating conditions for this element,
during the period of irradiation up until the element was removed
because of a suspected defect, showedthat this element did not

reach the design conditions at any time.

Some difficulty was encountered in removing SH-4C from the process
tube. During installation, it had been noted that there was e tendency
for the element to hang-up while being inserted, unless the element

was rotated during insertion. For removal, the element was initially

pulled directly upward in an attempt to remove it from the process
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tube. The element came approximately half-way out before becoming
tight in the process tube. It was then "screwed" while pulling

in an attempt to "un~crew' the element if the spacer wires were
acting as threads. The lifting bail failed during this procedure,
before the element was further withdrawn from the process tube. A
tool was then manufactured to hold the upper flange of the fuel element
and this tool was employed to continue rotation and pulling of the
element. This procedure proved ineffective so the fuel element-
process tube couple was lifted by means of the tool and downward
push applied to the process tube. This procedure removed the
process tube, permitting transfer of the element to the spent fuel
pit. Examination of the element seemed to show all spacer wires

were broken or failed at the bottom welds.

Since the SADE loop had been operating for some period of time
before it was determined conclusively that abnormal activity was
being released by SH-4C, & survey of components of the loop was
made to determine activity levels. Later review of the SADE loop
radiation monitor chart showed that operations had continued for
approximately 84 hours after the initial failure. Power during the
period was nearly steady at 27 MW VBWR power and 57 KW from SH-L4C.
The reactor was shut down at 3:43 P.M. on September 23, 1961.
Activity measurements made at the time are reported in Section 6.2.
Chloride levels in the reactor were generally less than 0.1 ppm
except for peaks of 0.5 ppm for about 9 hours and a gradual

increase to 0.27 ppm immediately prior to removal.

Leakage of reactor water into the SADE test section through the

lower tube bundle flange connection was measured on September 22
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9.1.3

and found to be 7 1b/hr on the basis of sodium-24 concentration
in the effluent steam condensate, neglecting plate-out on the fuel
or piping. Carryover of entrained water in the entering steam was

less than one-tenth this amount.

Detailed examination of the element is being conducted at the RML
facilities. This examination has determined that the cladding
failure occurred on the inside cladding, approximately 31.5 inches
above the lower end of the fuel element. No cladding defects were
visually evident in the outside cladding. The fuel element was
bowed but in a pattern somewhat different from that of SH-L

and SH-4B. For this element, the bowing appeared to be concentrated
near the upper end of the fueled section, whereas for the other
elements, the bowing appeared nearer the middle of the fueled
section. Exemination of the wire spacers for this element showed
that two spacers had failed adjacent to the lower end attachment
welds, while the third had failed approximately six inches from the

lower end.

SH-5A Design

Design and fabrication of SH-5A fuel element and assoclated hardware
was undertaken during this period. This element employs .016 inch
thick cladding of 304 stainless steel. The spacers for this

design are small pins and are incorporated in the process tube
itself, since the fuel clad is sc thin that attachment of the
spacers to it would be likely to cause damage which might later
contribute to a clad failure. Fabrication of the process tube

with spacer pins accurately spaced was difficult and the method
employed - by setting the pins against a mandral - is limited as

to accuracy obtained after welding of the pins.
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Operating conditions for SH-5A were calculaeted and this information

reviewed by the G.E. Safeguards Committee.

Approval was given for

installation of the .016 inch clad element in the SADE test loop.

The exterior clad is not free-standing at operating conditions in

this configuration, and relies upon the fuel for stability.

Initial design conditions for SH-S5A are shown in Table 9.

TABLE 9.3

DESIGN CONDITIONS FOR SH-5A

Power

Fuel enrichment

Steam pressure

Active fuel length

Outer clad, outside diameter

Inner clad, outside diameter

Clad thickness, outer and inner

Clad material (weld-drawn tubing)
Instrument tube;, outside diameter

Fuel (UO,)% theoretical density

Axial pesking factor

Contact conductivity, fuel to inner clad
Contact conductivity; fuel to outer clad
U0, conductivity

Radial flux depression

Total fuel loading (calculated)

Meximum clad temperature (STEADY)

Maximum superheat exit temperature (STEADY)

Maximum heat flux (STEADY)

Minimum steam flow rate (STEADY)
Maximum fuel temperature (STEADY)
Meximum clad temperature (TRANSIENT)

Maximum superheat exit temperature (TRANSIENT)

Meximum heat flux (‘TRANSIENT)
Minimum steam flow rate (TRANSIENT)
Maximum fuel temperature (TRANSIENT)

78 KW

L.0% v?°

1000 psia

36n

1.25"

0‘7;5!'

0.016"

304 s.8S.

0.50"

95%

1.58 o
500 Btu/hr-ft-/°F
1000 Btu/hr-f} é°F
1.1 Btu/hr-ft~/°F/ft.
1.14

4.28 Kg

120Q°F

895°F -
283,000 Btu/hr-ft
925 1b/hr

2825°F

1308°F

955°F 5
283,000 Btu/hr-ft
805 1b/hr

2915°F

Physics calculations predict the design fuel element power of T8

KW at a reactor power of 33 MW.

Prior to installation of the element, a revised calculation model

for estimating the clad temperatures was settled upon as being

somevhat more accurate,; and more conservative than the previous code

model. This calculation includes a correction, based upon the 0.5
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power of the ratio of the bulk coolant temperature to the cladding
surface temperature, which has now been included in the code for
calculating these conditions. The following results show the

difference in predicted conditions, based upon this change.

Previous Code New Code
Inlet temp. - °F 545 545 545 545
Exit temp. - OF 895 883 838 903
Flow - 1b/hr 925 1095 1095 925
Maximum clad temp. - °F 1200 1110 1200 1330
Element power - KW 78 78 78 78

Because of concern about leakage of the lower flange, with
possible chloride contamination, wetting and drying of the initial
fuel section, and damege to the fuel element which might result
from wetting, it was decided to eliminate the thermal liner in
the upper section of this element to provide a preheat for the
inlet steam. This regenerative hest transfer would dry up to
approximately 4% moisture from the inlet steam, or provide for 20

to 30 F superheat for dry saturated inlet steam.

With the thermal liner removed from the upper section of this fuel
element, there will be an increase in the heat transfer from the
superheated steam in the discharge section to the entering steam
in the inlet section. The figures given in Table 9.4 are based
upon no moisture in the entering steam. This is a conservative
assumption since temperatures will all be correspondingly lower if
moisture is present in the inlet steam.

TABLE 9.k

EFFECT OF REMOVING THERMAL LINER, SH-5A

Steady Transient
Inlet temperature - heater section ) 545
Inlet temperature - fuel section,CF 575
Maximum steam temp. - fuel exit F 857 910
Maximum steam temp. - heater exit 803
Maximum clad temp. °F 1200 1300
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9.1.k4

TABLE 9.4 (Continued)

Steady Transient
Maximum heat flux - Btu/hr-ft° 289,000 289,000
Maximum fuel temp. °F 2,770 2,860
Minimum steam flow rate 1b/hr 1,180 1,030

Figure 9.2 presents the "as-built" drawing of this fuel element.

SH-LB Heat Transfer Performance Evaluation

9.1.4.1 Introduction

A study was made to compare measured steam temperatures

with the predicted steam temperature gradient for element

SH-4B. For this element, the steam was heated as it flowed

down the first pass between the outside of the fuel element

and the process tube. The second pass was upflow through

the central hole of the fuel element between the instrument

tube and the inside clad. The list presented below contains

the important assumptions and bases that were used to

analyze the performance of SH-UB.

9.1.4.2 Important Assumptions and Bases of Anlaytical Model

lQ

2.

® N O W

Linear radial flux depression across the fuel, 10%.

Axisl peaking factor, 1.58.

One-dimensional (radial) heat transfer was assumed.

All steem properties are evaluated on a nodal, rather
than a continuous, basis.

Eighteen axial nodes were used.

Heat loss to moderator water was accounted for.

System was in a steady state.

Constant thermal conductivities of 1.1 Btu/hr--ft2

(°F/ft) for U0, and 12.0 Btu/hr-£t2 (°F/ft) for stainless

steel were used.
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9. Outside fuel-to-clad contact coefficient was chosen
as 1000 Btu/hr-ft2 °r.

10. The effect of dimensional changes due to thermal
expansion was neglected.

11. The heat transfer between the entrance and exit steam
at the top of the fuel was neglected.

12. The effect of spacers was neglected.

13. The steam properties were evaluated at the bulk
steam temperature for use in the steam film coefficient
equation.

14. fThe effects of the type of entrance and the L/D
ratio on the steam film coefficient were neglected.

15. The flux gradient across the fuel element was not

accounted for.

9.1.4.3 Discussion and Results

The test results show that the first pass steam temperature
rise was greater than expected and the second pass steam
temperature rise was lower than expected. There are

several assumptions in the analysis that could account

for this discrepancy between predicted and observed
temperature values. The most logical answer appears to

be that the inside fuel-to-clad coefficient of 500 Btu/hr-ft2

°F is too high.

Figure G.3 shows the predicted steam temperatures as a
function of length for inside fuel-to-clad contact

20

coefficients of 75, 150, and 500 Btu/hr-ft= F at 9L Kw

power; approximately 880°F exit temperature and approximately
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1160 lbs/hr steam flow. The differences in steam flow
rate are due entirely to the change in heat loss to the

moderator water.

Also shown on Figure 9.3 are the actual steam temperatures

measured during two different days of operation. These two

different sets of data were chosen because they are

representative of high exit steam temperature operation.

It should be noted that:

1. The entrance and exit temperatures of both sets of
data are the same.

2. The interpass temperatures indicate that the inside
contact coefficient varies between about 90 and 150
Btu/hr-ft2 OF, instead of the previous design value

of 500 Btu/hr-ft2 OF,

The high gap resistance is due to the large diametrical
clearance between the inside of the annular fuel pellets
and the 0.D. of the inner cladding. The measured cold

diemetrical gap ranged between 6 and 12 mils. When the
fuel element is at power, the hot U0, expands away from
the inner clad and increases the inside gaps by another

2 - 4 mils.

If the gap resistance of all fuel elements were consistently
high, the fuel eiement design could be adjusted for & high
inside gap resistance. The design average heat flux would
only have to be reduced by a small amount (O - 10%) to

maintain the same maximum clad temperature.
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If, however, the gap resistance is different for each

fuel element due to limiting pellet manufacturing and tubing
tolerance, or if the gap resistance changes with exposure,
it would be necessary to derate the fuel element even more.
This change in gap resistance changes the inside and outside
heat fluxes and is particularly important to a single pass
annular fuel element. In such an element, not only the
heat flux changes but the steam temperature also changes.
This single effect could reduce the allowable average heat

flux by 25 - Lo%.

9.1.5 NUSU Irradiation

9.1.5.1 Introduction
The NUSU fuel element is a combination boiling-superheat
fuel element designed and febricated by the Combustion
Engineering Corporation. The fuel pellets were fabricated
by the General Electric Company and installed in the fuel
assembly by C.E. The irradiation of this assembly in the
SADE loop is being performed at the request of the Atomic
Energy Commission in place of irradiation of a combination
boiling-superheat element fabricated by the General Electric
Company in the fall of 1959. (See page 95 of GEAP-3290,

"First Quarterly Progress Report.")

Figures 9.4 through 9.7 are design drawings of the NUSU
fuel element based on drawings and information furnished
by the General Nuclear Engineering Division of Combustion

Engineering Corporation.
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9.1.5.2

A container for the NUSU fuel element has been designed
and drawings released for comment. Because of the size

of the upper flange on this fuel element, which was required
to adept the element to the SADE loop; it will be necessary

to use the E-SADE fuel cask in case the can is required.

Figure 9.8 shows this can.

NUSU Design Conditions

Additional information has been prepared covering
installation of the NUSU element in the SADE test loop.
This information has been based on a change in the expected

maximum reactor power while this element 1s to be installed

and on changes in some coefficients and factors. Operating
conditions for NUSU are shown in Table 9.5.
TABLE 9.5
Design conditions for the NUSU element at
30 MW reactor power.
Fuel element power 102 KW
Fuel enrichment 3.5% U235
Steam pressure 1000 psia
Active fuel length 34.5"
Outer clad, outside diameter 1.50"
Outer clad thickness 0.028"
Outer clad material 347 s.s8.
Inner clad, outside diameter 1.072"
Inner clad thickness 0.025"
Inner clad material Inconel X
Outer steam supply tube, outside diameter 0.814"
Water flow tube, outside diameter 2.00"
Water flow tube thickness 0.049"
Fuel (U0,)% theoretical density 95%
Total fuel loading (UO,) L.25 kg
Inside clad-to-fuel contact coefficient 150 Btu/hr-ftz-oF

Outside clad-to-fuel coatact coefficient
VBWR pcwer

Axial peaking factor

Linear radiasl flux depression factor
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TABLE 9.

Thermal
Maximum
Maximum
Maximum
Maximum
Minimum
Minimum
Meximum
Maximum
Maximum
Maximum
Maximum
Minimum
Minimum
Maximum

9.1.5.3

5 (Continued)

conductivity (UO.) 1.0 gtu/hr'ftz'(oF/ft)
clad temperature®(STEADY) 1200°F

superheat exit temperature (STEADY) T61°F 5
steam side heat flux (STEADY) 201,000 Btu/hr-ft
water side heat flux (STEADY) 348,000 Btu/hr-ft°
steam flow rate (STEADY) 570 1bs/hr

burnout ratio (STEADY) 2.87

fuel temperature (STEADY) 2915°F

clad temperature (TRANSIENT) 1300°F

superheat exit temperature (TRANSIENT) 807°F 5
steam side heat flux (TRANSIENT) 195,000 Btu/hr-ft
water side heat flux (TRANSIENT) 352,000 Btu/hr-ft
steam flow rate (TRANSIENT) 480 1bs/hr

burnout ratio (TRANSIENT) 2.8ho

fuel temperature (TRANSIENT) 2962°F

NUSU Start-up and Shutdown Informetion

The operation of the NUSU fuel element in the SADE loop
will differ from previous operations mainly in that there
will be no air cooling during start-up or shutdown. The
NUSU fuel element does not have a process tube, and the
probability of achieving full reactor pressure across the
fuel element is much higher with air cooling than without.
Furthermore, the air cooling feature isn't necessary since
the NUSU element can cool itself sufficiently by convection
heat transfer to the reactor water. The results of a
conservative heat transfer analysis - to determine the
maximum desirable reactor power before the start of

steam flow - are listed below.

NUSU power (KW) 3.1 6.2 12.5
VBWR power (MW) 0.83 1.66 3.32
Maximum inside clad temperature (°F)* 565 75 1205

Maximum outside clad temperature (°F)* U430 505 660
Water temperature (°F)* Loo Lius 545

* It should be noted that the water temperatures chosen
are only representative of VBWR operation. However,
for the 6.2 KW power case, the maximum clad temperature
possible is 875 s even if the water temperature is
S545OF. The analysis is based upon the inside clad
being completely insulated.
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The maximum desirable reactor power before the start of
steam flow is chosen as 1.5 MW. The main factor that
dictated this choice was the possibility of thermal

shock (water slug). The choice of a 300°F differential
between peak clad temperature and reactor water temperature

will minimize the shock, if one occurs.

9.1.6 SH-1 Defect Tests

9.1.7

Question about the adequacy of the SADE loop to test intentionally
defected fuel elements had been raised. Since the defected element
test has been planned for the purpose of measuring activity release
rates and loop contamination, the operation of the system will be
under carefully controlled and monitored conditions, and are not to
be conducted on a routine basis. Additional information regarding
the SADE loop and equipment, and the manner in which the defected
elements would be tested was supplied to AEC for review. AEC
license approvael to conduct the test in the manner planned has now

been received.

SADE Cladding Specimen Irradiation

Design and fabrication of an instrument tube incorporating
specimens of cladding meteriel was completed. This arrangement
provides a means of irradlating specimens of meterial which might
be suitable for superheat fuel element cladding, and exposing the
specimens to a superheated steam environment without

sacrifice of fuel element space.

The specimens are attached; by means of a flux measuring wire, to

& retainer plate inserted in the lower portion of the instrument
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tube. Samples of 304, 304, 304E, 316, and 347 types of
stainless steel wereinstalled. A total of forty specimens were
loaded into the assembly. Figure 9.9 shows the arrangement of

this instrument tube.

9.2 E-SADE

9.2.1 External E-SADE System

Design and detailing of the external loop was completed during
this period. The P. and I.D. for the system is given in Figure

9.10.

9.2.2 E-SADE Instrumentation

Design of the logic and instrumentation system has been approximately
90% completed. All basic instrumentation has been ordered and
scheduled for acceptable delivery dates. The schematic diagram of
the E-SADE control and safety system is given in Figures 9.11

end 9.12.

9.2.3 E-SADE Installation

Extensive planning was completed in preparation for the extended
VBWR outage to permit installation of E-SADE equipment. This
outage, scheduled for early in October, i1s planned for installation
of the main condenser, start-up pump, and much of the other piping
and valving located in the VBWR enclosure basement. Prefabrication
of piping was used to minimize the reactor down-time required for
the work. In addition, recent activity levels in the enclosure
basement may prove to be a limitation upon the amount of time
individual workers will be able to devote to installation in the

basement. The enclosure patch, to provide additional enclosure

- 108 -



| 2 | P B3 a ] 16 7 | 8 i § o | c:u:uu@mcmc J762 D275
] = — :m.s:s OTHERWISE SPECIFIED USE THE FOLLOWING:— woAZ . TMLE ASSEMB ] conT o sweer
\ | APPLIED PRACTICES | SURFACES | TOLEANGES o% MAGKWED SEmsmms ] -1
; S [ IMSTRUMEMT TURE
, S MO vV - &4 1005 |f FIRsT MADE ForR DA DE
s - “% * E B '—m% T"A.o?' NAME DRAWING NO., DESCRIPTION, MATERIAL, WEIGHT
. T 1 [TuBE ASTM_A-269 TP 304 WD SN, STL
A a'-38 (REF- | Z | Z |SEPARATOR |ASTM A 167 TP 304 STN. STL.
e ‘ 3 . - 4 |3 [SUPPORT __|ASTM A je7
- 2-18, REF) 12 : 1% 17| 4 |SPACER ASTM A 167
A —F C BEEN ASTM A 276
[ F 2 |7 Lo (ReF) 8 TYP-I2PL I . I | _[NOSE ASTM A 716 TP 304 STN. STL
N ® / -np.qu., | r—”' 8 X[ |7 [TEsT Ao |Gz THis WG
| % N ' 1 7 N , < N - | |8 [SUPPORT _|ASTM A 167 TP 304 STN. STL.
[A508] - / ) < i AR| _|S |SPECIMEN | RAD; MAT, SPECIMEN, PER EN6 INST.
(é 220000 _ _f p— @ AR |10 [WiRE PER ENG MNST
- - - ] 4 —1
, ¢ i ' = L \ B
CHAMF SHARP : ™ ~ T ~ S ‘ -
EDGE .OI% MAX- D L
B / i‘—/d / %’w FOR REF) )\ l C - -
s ! 2 (NOT SHOWM I 4 - . L
\ WELD FILLER METAL TO BE E308 7 -
TRUE SECTION) FeTIG FUSION WELD NOTE, TAKWELD P7 -
NOTE : offFser 1 (OME) HOLE oMLY 2 (NOT SHOWI IN B TO PI (BOTH SIDES) -
_ TRUE SECTION) N
\l l 4030" ? K
— 71 [ g ' 7 Figure 9.9 -
i Y > C
c Sl =it 22 éé' € -
- f— S 2 noe 5 2 i
(ReF) NOTE:ps musr @ N
-*25°DRILL (136 D) FACE CENTER OF PZ L B
— CSK_§, DA i i
SHOLES EQ.% @ BREAK ALL SHARP EDGES € € -
SECTION AA SECTION BB SECTION C-C -
-~ 3 -
2 2 ORILL,CLEAR THROUGH, 2 PL,
g r—.CﬂO 15 D £ " ) . '":.r-:
: : g B gt |
1 ¥ ' "R [ ,—%385 DRIL(.106 DW) 1= ‘ ° Q -
& é & S § © e * B
1538 z . |5 _ U P j — [
5 2 9 _-‘9 LA { { | - X ,_ - f
- . F — . } ° =
I 4 i 3 I . L
¥ SDRILL-2 HOLES D 4_] DRILL CLEAR THROUGH (REF) i
E @;ua 018 SWOT(REF) [ ] @ - THK. N
BREAK SHARP EDGES . © PBOTH siDES -
& DRILL, 2PL ’ L
DRILLZ PL EQ?‘"E' ooro WAL B
SECTION D-D SECTION EE SECTION F-F =
- B
o B
- P » mn :
1 B
| S 10: NOTE: WRE PER ENG INST. G ‘ -
- 1 -EY // // F 0 5
8 ' 16 (REF)- ] ] B
| . 23 / / / —] _.15_»- B
I S— ) r__v_{ _
- I S 2 —— o~ ’_
H ] / - o
"é °F O O '1 ~= & - - - - T ne DESCRIPTION OF GROUPS REVISIONS PRINTS TO
3 e —__ |- 1= & ! | Ter
L) \ T
H - 4 1§ TYP - § ORILL,20 PL, SPACED AS SHOWN 2
* E @ o TH NOTE : pssemeLE POt P1O ; N§ Too
. 153 APPROX. : K TO P& PER ENG. INST i
i ‘
menr wun aso w"‘""‘"l 2 : E: 3 ; ' 4 5 él 6 g ! 7 ' 8 I E ﬁ : ] I v 10 '

- 109 -




a9

D _DADE LOOP

joa

N
R o
EXPANDR

DAR 419
| M

2= Carad |,

)
=

RN

FADIATION SAMPLING CC STROL. Pame/z,

—_—

T =T
AT

Figure 9.10

ALARNM

OO NoWAND D
t

—
1

FROM
ENCLOWLRE
ImoLATION
T

EEES

o7} 7

e

T
=%

avSTERA

camAN - OB

MNOTES:. |- FOR STANDARD INSTRUMENT S\ MBOLES BER DWe. 9a3.




5 1 2 1 3 T e L) 1 L) | A A s l 9 l 1 L L 12 | Seneaut @eecoms
LTSk
A s S ELEMENT SADE LOOP
(Y A A A o ot
(eorvnmid) - (v (T::? i L
oA : : - b
| I ‘[ | g
o B ! J. g £R Ler  law & 3 -
ol | f fm lae da imoim lm da. 2 1B oB R 1B E 1B 12 IR 1R 1B 1B E s [
(‘5.,:% apl b aowan § &
BUs A1) L
knnuo‘m oc-4 § ¥ ﬂ Fl 2 g i } i o P
5 GO- - Ge-? GG-10 ‘ +| < b ! -
Mm O 06G-\ GG-T Ge-a ] GG~ 13 Ge-G r
r o s Tes as s ss o Py A 108 7 o8 108 s * o8 1 s | s as Is 23 ! 25 as s u
e 3 ANNUNCI\ATOR. : E
s w oY DR - e S oR| Dg]__ S -
ol o worn -
c yTesT
T LAt T KPP TS e
PSS L = A ) PRESSURE| VERY MIGH LiveL| WIGH LEVEL | WGW PReSS | Low e Ces D\'M,,.‘.h“ Na TEMP —1— foteer—A] LoW PrEzsuRE: [ weu pressume | wem v NS nan et | &0 Fatume | Wen FLow  [RITETHEY wiest &P [ArPRosciwcndrlar PRoe cumare surTuRe. Dev
vern MAN CONDENSER —f— VENT CONDENSER— RS Recine, ol lner . L GAMMA ASTWVITY MoN, RUPTURE. DETECTION MAIN STeAM—Legr Becime — ity mow—] ST DELAED
L -
4o - -
. A——L‘r&w s ,l,,. P INI 30 -3 pET o B
" shee o Frevee ey X
: i m“b ::IM i ° et e B8-o(consoLE) [ RS cesments “
Se\D)O D=1 A AN [ 472 | -5 AA-20(PANEL) BB~ 16{ PANEL) -
2 tover Twet Lves ot Yootz L-wor ';-l:ks* ‘“‘:M g g e e (=29 Lo oA Lodic. L
wswe e @G‘(mm\ ( ) 1 ka3 - i.'ﬁ’/"w Faaort CPANEL) -
P ipry K- (TC Wk Tens) CONN W S TREC ©8-13 (Consot) -
e 4 e et W FLow F 18"11'0 9.11
we ax ko (RATTR) -y BeRAM  Kites 1580 5R% -
ey WERR et e e CREUT v -
s Doy B, i) Lo s
E - T rei ] wac KIE{E" X\-\ H
s s 73 es ! ZS L s s s 's ! Y 71;“ E:u-’ Low iR id 12
! ANNUN CI\ATOR i T ZG”"\_. < 480] i
3 oo Bn | L N ) U3 -
O . %
MRS SR )
2 <
SCRAM O k.
scn enan 7 L] | | -
B TP | Low 4P |M WM I\.nmd\’ Low PR ‘vg?‘\;“l Low sm' E-Sane (7::«"\\.\ P~ Y "
= o L kg R RS BCRAM £ SCRAM BNPAES T ROD RUN IN £ RUN N BAPASS BTEAM | NTERLOCIK. ~ BTEAM . H
ROD RN W, ———— DCRAM BEQUENCE #
el B
‘_ THERMOCLS PLE WOT i i
AA-2 1 e E
Ter. 3 L 1 ;
Mt Y 8 2 IR N { ) #
b ‘§:.m_§g°‘ - B S*erE sis T Esel Yesra Moa leasa ke e Fens Hsas (Eeis B
S\ am P Boz - SEE sie T B0 7 uea E i 83 % L
S e pie > SeF 2007 Toos S s Fes Lisna Hosa Heea Hwis) v Hees Hess Sfses -
oAt e | oPReon S* Ton | opees ST sa I, [ TES _— 3 E — -
W e Low Teur NP S g 4N Yeora breea Hreea mhie i Hess HeesHens | . -
H - H}s oR Q. Ehoe e ;{_m.ggr{g» =R WBVAC ° '
s-ta.-\E E™ % BURNGUT 5““23" 335 \d “’:Eurggm 533 BUS %4 s I:‘:SBF‘
Buss S+ - e = TN 7 Fe.
33.—\E'22"£%.1 m"z_u_} - &-’ 3 q g d q 2 3 -
. . o b b W o o 9 ° [
—| | =& g2 T : ;
yi b £ C
Kl wz ®i Wz \ws ke S ?c«a $&\b wn -
L] L] L L
3 401 A4 T 1 417 an Laa C
AARA SC T ALRRM 5 SN B = | 7 | GRows wm| Core> I an | conp |ﬁu~ lu«. WHET [ouTiLeY | GRowe
< e — e =e i OATH "o Miak ——-}————m" BYPRSS Loaic : E-SADE FUEL OUTLET TewPs B EAERE 8= 25 | == -
Jops e o g . ;
-
¥ ‘ el 1 i a2l al ri £
et  Tese  tAl IS8l mSe-e Y6 'T* e 5
o
S - E
H 3 H 3 2 3 E
lan-3 ey S Ve I
s
ANy " AAS .
2 s
O Q 0 &
z%\nnn 1 ) b T ) ' 1 ! ! -
v ) e
| 5
—'LONN_\\*\M\.\\\ TEAN SuTLLY +MNNmnnq_uV° _-'—wn STEAM QTR G, TRZBO! THRU TRZDHOD BNPASS
WATER OUTLET ISOLATION VALNE CONTROL \mLVE \BwR BYPISS VALVE &"«\3\— . :
e
&
Aoaons P—TS YO
[ tod ¥4
. o B
: . AF »28
; > S Sose |,
e — T T T T r
== 1 ] 2 1 3 REE T IR L RS R 5 | 6 T 7 e 2 s I 9 | 10 I B EEOe R 12 1 13 Inere



- .
| 2 ! 3 L4 4 s | s 1 LA O s ! L LJ ! I LT N S 21ZE 307
LN OnEm e nd
9 ELEMENT SADL LOOP
/ : : : st ot ruf - S ADE. L
400 o
L L Weap. L L 1% .2 3 . WUoe. -2 1 1 y 1L o
S_S&E "_529-2 5-530 2 5-526-3 T 3273 ‘-—520-2 :-KI’L 2 t_\(lb-e Kig-2 ‘._K.Ib 2 ‘.’.KKI Pp2 & S20CG2 d.szo-s -
9 20 (cowm: N
WS VG -
[ 3 o] - [ 0 < n 9 ~ AA-24 AA-23
9 ~ ~ ~ ~ ~ ~ ~ ~ o
?,“_.f .}'» 0 0 © ' ) L w " o $ :" =
H L
) ® ® ® & & & 8 ® ¢ ¢ & ’
R C A L
d 1 g \ 1 1 T d T d ? d N
aor |
- Bymass 5;::§$—Ly Pass PL +TesT 3w erse—-TEST sweign —btest awae TEMP BYPASS LOGIC dPS 2211 BYPASS ——l—_rsezzoo EvPass ‘—‘—"nnzn?;?m 1o Press, wereR RLow Bvass —]
GooLING OPERATIONAL LOGIC CONTROL OPERATIONAL CONTROL LOGIC BV PAss OPERATIONAL CONTROL LOGIC
400 . o . 4\ _ )
4P1-2210
J' J_ M zin m WRMOOK. &
s2e-2 spel . sZTE 827-1 (comsou) 2 (cousoLe) v s M Rk sw o |om - [
'CE PANEL CErPaneL ren a F 3 TCVEWR S804 Frzz B
8| Keviocx kEyLockK 2 -
9 i b i
8 k3 ~ X1
o —K31-2 K3k o |P/ dPR| PR P/elol er i
Figure 9 °12 WS Vac 2 3] !TgAM oPR sréma z/zgo 1\ 2{ 22 L
BusS RELAY OPR RELAY < ° =
oy | T H E B4 (Passer) OBB-12 -
BB-17( PANEL) 88-18(PANEL) ? § ¥ -
N
Usvacz i 2 -
-:'u‘: £ nsv. iy 4 k2o ’Kz.\ wzz N
¥ SN 2oy :u:c ol SCRAM PT d 6« B
{ 3z T3 sy 3 . N
40| : an 414 | | ] 1_-
MR BTA BNPALS MAIN STeAM MAIN STEML FLOW y ™
ComTRoA VALVE ConTmoL VALVE I“‘““Wkﬂudv ! wreminowdr | sveam cLow e I—smwwm& one el zze . .I._-wca:v s m_l—m LeveL m—l +
-
| SB-\ CONTROL KEVLOGK BYPARS SB-1 CONTROL  KEYLOCK, SB-1 CONTROL KEYLOCK BYPASS E
LoGIC ON oN cé) cuBICLE LOGIC ON BYPASS Sw LOGIC ON ¢ CUBICLE -
400 CONBOLE ANEL > C¢1CUBKLE PANEL  CONSOLE PANEL -
[ eSS A b N
Ls10A-1 s T 22 SUA- l ) 1 _Il ~ A3 . J.aw_m .L' ~ Lesa A -
- 7 DD-3 T 2210 »w-2 2z . . ?:;LEQ%N P | lg'“ AL _;snaB »' ST : 5-9&:' Tty , -;SZDA-I "
ESI0B-1 DD 323 BE- Sie-t e s olome " ursp _L*Fs‘ A -
5}___0_ v S IR - - - = - - [~
SESIOC! D :_;';.SOC AAC.E"‘Q}ES..:;.. housoLe) ME o 7B si8e. |‘ 2211 sls:;; 2256 25208~ | 5
? > AA-12Z(PANEL) (CONSOLE) QCC-10 QCC-1 N — &—1 N
3 w Ko-2 (PANEL) O8B-23 OBB-21 SI7C-1 —eac-y z‘;ﬁ‘- S19¢-1 i 20¢-1 _
2 3 IM_RAM P 24-| = [ Ay oo-7 -
ERVNS g ~ AA-1S (PANEL) 223-L z o
aus BB-1% (CONSOLE) b lovd b z g -
- § ~ =
5/ ROD RUN NPT S sxmamPT |
Ske (PansL) B8-22 K9 %10 B
(comsoLE) ce-iz . N [
<24 -
. »
a0\ -
DIFF PRESS WATER FLOW y | cooLING WATER | SCRAM ] -
——T—RADIA‘\‘ION HIGH ACT\VITY 4P Low sT
’_ Low TRIP [Toov 2o T Low sTeEam Flow I STEAM FLow -
aco . N
< Yt paneC __S32 ~
;_[‘-“ AaNEL (PAMSYCET S35 -1 [ConTRoL SwiTon -
3m-2 (ogsonrbees 01 POSITION T
' 30846 s383 o -
sTor —oex [AUTO OFF
20545 o [Srart % | & Jconsoue] ™ =
BB-30(PANEL) G CC-10(PANEL). ; x = -
(PaneLYOCCS Gecoy SSoou] SPARE PT z - -
L PUM lguwlp s[(PaneL)
STATI0N STAT 1N , K35-2) gam . = X N
S¥ I—S - K ka5 p <o -
WS VAC START o PANEL)  igas B
Bus cC-3 (PANEL) (LZ_Q_}”“L) cc-e o ! S |2 ‘IQN S35 - SI36 S26, S27 -
- K34-2 \PUMP ey PO SWITCH POSTVION -
i [+ (A STATION m&u.@j & e acTTmomaaL T Ay PO&ITION =
cc-a(PANEL ‘e i x oy § on-—orE| orFF 1] X -
PUMP MS MS T < COMNSOLE Z X L
STATION 2022 2020 T—x ] x — 3) 3 -
3] % | 3 S| -
aol n
l———Mc‘ron STARTER MS 2022 CONDENSER COOLING sYsTf.M—‘——MO‘I‘OR STARTER MS2020 RECIRCULATION COOLING WATER — B
Sm— | memw
1
el
| VESReamess.
roasnan G 2
=== 1 [ 2 [ F T 1 « 1 5 T 6 T 7 N 0 T ’ ) T T '



9.2.4

penetrations for secondary water piping and instrumentation and
control leads,; has been fabricated and passed all preliminary
Inspections and has been delivered to the site awaiting installation

during the reactor outage.

E-SH1 Design and Status

Fabrication of the special hardware items for E-SH1 has been in
progress for some time and is continuing in the shop. Parts of the
in-core assembly are about 75% complete, except for the final
assembly of components which must be completed after the fuel

elements are available for installation in the assembly.

The E-SH1 assembly is being reviewed to determine if changes from
original estimates of fuel enrichment and operating conditions have
occurred. This review showed that orificing of 8 of the 9 fuel
elements of E-SH1 will be required in order to realize 1250°F clad
temperature on all fuel elements. When the bundle is not orificed,
it requires approximately 14000 lb/hr with VBWR operating

at 35 MW. To maintain 1250°F clad temperature on all fuel

elements by orificing 8 of the 9 elements requires a steam flow of

approximately 10800 1b/hr when VBWR is operating at 35 MW.

The analysis to date results in the following ranges for the perameters
listed, among the 9 fuel elements:

Flow rate - 1b/hr 860 to 1450

Exit steam temp. - °F 830 to 870

Max. clad temp. - °F approximately 1250

Required orifice pressure drop - psi 7 to 35
Orifice diameter, d, inches .45 >d >.20

Further work to evaluate the effect of flux dip across the diameter
of the various fuel elements is now being undertaken and will result

in some changes to these values.
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Figure 9.13 shoes the installation of the flow orifices in the

individual elements for E-SH1.

Preliminary plans for E-SH2 have been for a single-pass configuration
for the fuel elements, using a flow diverter tube to provide this
arrangement. Cooling of the fuel elements after & shutdown is

more difficult in this arrangement because the flow diverter tube
functions essentially as an insulating liner when steam flow

is stopped. A study to establish the cooling requirements for such
an assembly was initiated. It appears that by limiting the maximum
pover per element to 58 KW and maintaining a nominal steam flow
through the assembly for 2 to 3 hours, the element will be cooled
adequately during reactor shutdown. Figure 9.l4 shows the assembly

of the equipment.

Because of the size, weight, and complexity of the E-SADE assembly,
handing of the equipment within the reactor will be a major problem.

A detailed plan for handling an irradiated assembly has been

prepared on a preliminary basis and is now being reviewed to determine
if it is adequate. When the plan is approved, it will be necessary
to design some additional special equipment for handling of the
assembly inside the reactor during transfer from the core to the

handling cask.

9.2.5 E-SH2 Design and Status

9.2.5.1 Mechanical Design

The design of the E-SH2 annular fuel element is shown in
Figure 9.15. The end fittings will be modified slightly
from what is shown in this figure in order to incorporate
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the wire spacer attachment technique being developed
in the fabrication of the E-SHL fuel elements. Table 9.6
shows the earichment and clad thicknesses for the various

fuel elements.

The E-SH2 fuel elements will be of the once-through, or
single-pass coolant flow. Inner and outer clad temperatures
will be balanced by orificing to control the fraction of
coolant steam flowing through the inner and outer flow
passages. Initial calculations indicated that power output
could be 65 to TO KW per element, but this has been reduced
to 58 KW because of emergency cooling considerations. All
fﬁel elements will have a three-foot active fuel length

and will be identical except for outer clad thickness.

* Five elements will have outer clad of 7/8" 0.D. x 0.020"
wall tubing; and four elements will have outer clad of

7/8" 0.D. x 0.010" wall tubing. The outer cladding will

be swaged in all cases. Inner clad of all elements will

be 7/16" 0.D. x 0.016" wall tubing. Cladding material

will be type 304 stainless steel.

In spacing the E-SH2 fuel elements, three 0.065" diameter
wire spacers will be used for each element, and each wire
will meke one complete spiral in three feet of element
length. The wires will be fastened only at the end plugs.
On the top of each fuel element there will be a dummy
segment nearly identical to the active fuel region, except
that stainless steel pellets will be used rather than

fuel pellets. The dummy segment is separated from the
- 118 -



active fuel region by end plugs, and brings the total
element fuel length to more than 5 feet. The purpose for
including the dummy segment is to test wire spacers on
long fuel elements.

TABLE 9.6

E-SH2 ANNULAR FUEL ELEMENT ENRICHMENT
AND CLAD THICKNESS

U0, Enrichment Outer Clad Thickness
Element (%) (Mils)
A &% 20
B 10% 10
C 10% 10
D 6% 20
E 10% 10
F 10% 10
G L. 5% 20
H €% 20
I 6% 20

9.2.5.2 Heat Transfer Considerations

The computer code SPAM was used in determining the
required flow rates, flow gaps, and flow split to inner
and outer flow passages for the E-SH2 annular fuel.
Balancing the inner and outer clad maximum temperatures
was one of the main considerations in the thermal
analysis. Thils balance depends on the values of clad-to-
fuel contact conductance and on the flow split between
the inner and outer flow passages. For example, a flow

split of 63% to the outer pass and 37% to the inner pass
- 119 =



(1000 1b/hr tctal) resulted in a matching of inner and

outer clad maximum temperatures to within 50 °F (outer

clad hotter) at a power level of 60 KW and outer clad-to-
fuel conductznce of 300 Btu/hr-ftg-oF. Reducing the outer
conductance to 1000 and the inner conductance to 225

gave essentially the same result. On paper there is no
problem in matching the clad temperatures more closely
(changing the inner conductance from 225 to 265 brings inner
and outer clad temperatures to within 5°F), but the clad-
to-fuel conductances are not known precisely enough to

make a closer temperature balance worthwhile. Data obtained
from SH-4B and SH-4C irradistion show the inner conductance
to be somewhat smaller than that used in E-SH2, but it must
be noted that E-SH2 is a one-pass fuel element and results

from a bayonet type. two-pass element may not be applicable.

Other analytical work completed for E-SH2 includes the effect
of plastic strain cyling on cladding life, and permissible
unsupported length of outer cladding. The claculations show
that plastic strain cycling should not cause failure

during the anticipated irradiation time for E-SH2, and

that maximum permissible unsupported length of the 0.010"
outer clad may be as small as 0.050". The combined effect
of manufacturing tolerances and length increase during
swaging may result in a greater axial gap than 0.050",

so the plenum support will be changed slightly to include

a spring loaded support plug similar to that used in SH-5A

(Figure 3.7, Eight Quarterly Progress Report).
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9.2.6 Back-up Rod Type Fuel Element Design

Work is underway on two rod fuel geometries as possible replacements
for one or two of the nine fuel elements. Design of a single rod
assembly is complete except for final drawings. This rod has
cladding of 1/2" 0.D. x 0.016" wall 304 stainless, and utilizes
0.058" diemeter wire spacers. This rod would replace annular
element E-SH-2C and would have a power level near 19 KW with 5.2%
enriched UO2 fuel. The single rod design requires its own flow
tube, and so will not permit rod and annular fuel elements to be
interchanged. The single rod can be replaced with another similar

rod, however.

The second rod geometry consists of a cluster of rods having an
0.D. of 0.280" and tube wall of 0.020" - corresponding to the

rod dimensions for the 300 MW(e) Mixed Spectrum Superheat Reactor.
The cluster will be composed of six rod fuel elements surrounding

a centrel non-fueled rod. Hot spot problems are decreased, and
shutdown cooling is made easier by leaving the center tube empty.
This rod cluster would replace the annular element E-SH-2G and would
have an enrichment of 6.9. Design power would be 60 to 65 KW for
the cluster. It is planned to use Hastelloy X as the clad material
for three of the rod fuel elements and Incoloy as the cladding of
the other three. As in the other designs for E-SH2, spiral wires
spacers will be used. To be conservative in this initial E-SADE
rod cluster, it is planned to use three 0.040" diameter wires on
each of the rods rather than two wires or the single wire

reported in the literature for some gas cooled reactor rod

clusters. The decision to use three wires is based partly on the
- 121 -



bowing which occurred in the SADE SH-U4 series of elements. By
increasing the number of wires, the number of support points is
increased proportionately for a given number of turns of each wire,
and bowing and proper spacing can thus be better controlled. In
order to avoid interference between the wires on a given fuel rod
and the wires on the adjacent rods, and to promote mixing of the
coolant steam, half of the fuel rods will have left hend wrapped
wires and half will have right hand wrap. The right hand and left
hand rods will alternate and the center tube will not have wires.
To facilitate identification, the Incoloy cladding will utilize left
hand wrap, and Hastelloy clad will utilize right hand wrap. In

each case, the wire will be of the same material as the cladding.

There are several design problems associated with the rod cluster
that are not present in the annular design and vice versa. One
consideration already mentioned is the hot spot problem in the rod
cluster. Other considerations are end fittings for keeping the

rod cluster in one piece during transfer; and for maintaining
in-core position. A satisfactory end fitting has been designed for
the steam outlet end of the rod cluster. This fitting permits free
axial expansion to account for differentisl expansion due to flux
gradients and different cledding materials. An end fitting for
the steam inlet end of the cluster has been designed, but the
restricted space and re-entrant steam flow of the E-SH2 design
will probably require modification of this fitting to permit
better steam flow in the entrance region. For a given maximum
clad temperature and heat flux, the rod cluster design does not

permit as high steam exit temperature as the annular fuel does, if
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a circular flow tube is used with the cluster. However, if a scalloped
flow tube is used,; or other means are provided to reduce the wasted
flow area between any two of the 6 fueled rods and the liner, the

rod cluster can be made tc produce steam of as high or higher
temperature than the annular design. For the E-SH2 rod cluster,

the simple expedient of partially blocking the wasted flow area

with six rods of 7/64" diameter was taken. Calculations indicate

that for a given steam flow and exit temperature the presence of

the velocity booster rods decreases the maximum clad temperature

about 100°F,

A preliminary design drawing of the rod cluster has been made, and
further design work will be supplemented by fabrication of mockups

of several of the rod cluster parts.
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10.0 TASK H - MIXED SPECTRUM SUPERHEATER DESIGN STUDY

10.1 Prototype Reactor Design

10.1.1 Introduction
During this period, the thermal hydraulic parametric studies
initiated in the last quarter were completed. The ground rules
and criteria for the study are discussed in the Eighth Quarterly
Report. Briefly, the primary requirements are that the
characteristics of the core during flooding and unflooding
of the superheater, the Doppler effect in the fast core, and
the control and coupling between the superheating and boiling
sections of the core are to be representative of the 300 MWe

reference design. The thermal hydraulic requirements are:

Outlet temperature 9SO°F
Central fuel temperature MSOOOF
Maximum surface temperature 1250°F
Maximum flow velocity 250 ft/sec

The present parametric study covers a power range of 10 MWt
to 4O MWt for a two-pass superheat core and 25 MWt to 65 MWt
for a single-pass core. These ranges represent power produced
in the superheating section only. The conditions used for the
study are given in Table 10.1l. The influence of the following

parameters are considered:

Pitch-to-diameter ratio Coolent flow velocity
Fuel rod diameter Fuel surface heat flux
Fast core power output Fuel surface film temperature drop

Coolant flow cross-sectional area  First-to-second pass volume ratio

10.1.2 Genersl Results for a Single-pass Superheater

Frevious studies for this concept involving its physics and
thermal hydraulics have indicated that a fast core of
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TABLE 10.1

CONDITIONS USED FOR PARAMETRIC STUDY

Operating pressure 1000 psia
Saturated steam inlet 545°F
Superheated steam outlet 950°F
Core length 30 inches
Core diameter (excluding fast buffer)* 30 inches
Maximum fuel rod surface temperature 1250°F
Maximum fuel center temperature 4500°F

002 conductivity
Cladding conductivity
Fuel-to-cladding gap heat-transfer

coefficient

Flow Factors:

1 Btu ft/hr OF £t°

13 Btu ft/hr OF £t°

1000 Btu/hr £t2 °F

By-Pass leakage 5%
Mechanical allowance Le
Orifice error allowance 5%
Circumferential variation in film coefficient + 20%
Physics Factors:
Radial peak to Avg. 1.46
Axial peak to Avg. 1.3
Local pesking 1.08
Overpower (1.1) (1.136) 1.25
Total peak to Avg. 2.56
Core blockage by structural elements 10%

* This dimension does not include fast buffer, but it should be noted that the
total superheater power shown on the curves in Figures 10.1 through 10.9 includes
the power generated in the fast buffer as well as that in the fast core proper.
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approximately a 30-inch cube would permit reasonable simulation
of the 300 MWe reference design. It has been shown that the
major limitation in the prototype design would be a tendency
toward high clad temperatures at low power levels. The reason
for this is that the quantity of steam available to cool the
fast core is proportional to the reactor power. Since the
saturation temperature and the superheated exit steam
temperature are fixed, the fast core power must be adjusted

to the steam flow to obtain the required exit temperature.
Thus the total pcwer is determined by the power produced by
the boiler. Since the cross-sectional area of the fast core
remains constant, an increase in reactor power causes an
increase in steam mass flow through the superheating section.

This results in better heat transfer.

To maintain a given fuel control temperature, the fuel rod
diameter must be reduced as the power 1s raised. This increases
the total heat transfer area in the fast core. The net effect
of the increase in surface area and the improvement in heat
transfer mentioned ebove is to more than compensate for

the increase in power. Thus, going to lower powers will

result in higher film drops and surface temperatures. These
factors will, in effect, set a lower limit on the power that

can be produced by the prototype reactor.

To illustrate these points, the parameters for the single-pass
fast core study are shown in Figures 10.1 and 10.2. It

can be seen from Figure 10.1 that to satisfy the thermal
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hydraulic requirements, the pitch-to-diameter ratio of the fuel
rods must go down as the fast core power is reduced. Thus a
lower limit is imposed on the fast core power by the uncertainty
in peripheral variation in fuel rod temperature which becomes
more pronounced as the rods become more closely packed. At

the higher values of fast core power, the rod spacing can be
increased, but the ¢oolant velocity is also increased. As
mentioned previously, the reason for this is that the steam
flow rate increases directly as the power, but the core
equivalent diameter 1s kept constant. The increase in rod
spacing acts to keep the velocity from increasing as fast as
the power, but the net effect is to railse the velocity as

shown in Figure 10.2. If the core size 1s kept constant,

as 1t is for this study, the power output will be limited by
the maximum allowable steam velocity. If higher powers are
desired, larger core sizes should be considered. For a given
core size, the final design will represent a compromise among
the desired power, rod spacing, and maximum allowable steem

velocities.

It should be pointed out that the primary reason for the
relatively high velocities determined in this study, as
compared to the 300 MWe reference design, is due to the
difference in coolant pressures. In the reference design, the
coolant pressure is 1500 psia, while in the present study the
pressure is 1000 psia. The question of the optimum pressure
for the Mixed Spectrum Superheater remains to be resolved. The
tentative choice of 1000 psi for the prototype was made in order
to utilize B.W.R. experience at 1000 psi.
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Figures 10.1 and 10.2 also show how the fuel rcd diameter,
coolant flow cross-sectional area, and the surface heat flux
varies with fast core power for the thermal hydraulic conditions

stated above.

10.1.3 75 MWe Prototype Design

During this reporting period, work was initiated on the design

of a 75 MWe prototype plant. This plant is intended not only

to serve as & developmental tool, but also is expected to generate
useful power. Power plant economics will therefore influence

the conceptual design of the plant. Some preliminary thermal
hydraulic considerations for the 75 MWe plant are discussed

below.

The design point for this plant is shown in Figures 10.1 and
10.2. Based on a plant efficiency of 38.5 percent, the power
produced in the fast core is 59 MWt for the 75 MWe total plant
output. The pertinent reactor parameters corresponding to this
power level are listed in column 2 of Table 10.2. These

values are not necessarily optimum and are given for reference

only.

Since the parametric curves show only trends for the given
conditions, corresponding values were calculated at 59 MWt
superheater power to determine the influence of possible
uncertainties in several other parameters. The parameters
considered and the values used are: (1) fuel conductivity
of 1.5 Btu/hr £t2 (SF/ft); (2) 30% improvement in film

coefficient due to the wire wrap; and (3) superheated steam
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outlet temperature reduced to 900°Fo The results of these
calculations are shown in Table 10.2 along with the "design

point" values whkich are given in column 2.

The reference 300 MWe design uses a conductivity of 1 for U0,
and a central temperature limitation of MSOOOF (in accordance
with the ground rules of the AEC study for which the design
was prepared). Recent work however; has indicated that U0o
has a higher effective cconductivity and that the MSS design
will profit from this. From the point of view of a prototype
designed to match conditicns c¢f a larger reactor the use of
higher conductivity will require a lower pitch to diameter
ratio. Cclumrn 3, Table 10.2 shows the effect of higher UO,
conductivity on coolant wvelccity and pitch-to-diameter ratio.
The velocity is increased and the rod spacing is decreased to
accommodate the higher linear heat generation rate. This
points out the need for trermal and hydraulic data at low P/D
ratios and indicates that a problem may exist in designing

an experimental reactor to match the reference design, if a
higher conductivity were used without changing the maximum fuel

center temperature.

Experimental work with wire-wrepped rods (IDO-28549 Army Gas-
Cooled Reactor Systems Progrsm - Semi-Annual Progress Report -
February 1960) indicates that a film coefficient improvement
of about 30% over the calculated one considering no wire

wrap may be obtained. It is difficult to say Just how much
the wire wrap helps for the present design without doing some

experimental work representative of conditions considered for
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Parameter

Pitch-to-diameter ratio

% flow area
(void fraction)

Fuel rod diameter,
inches

Hot channel velocity,
ft/sec

Maximum heat flux;,
Btu/kr-ft2

TABLE 10.2

PARAMETERS FOR 75 MWe PROTOTYPE FOR VARIOQUS CONDITIONS

Based on Table
10.1 Conditions

Table 10.1
Conditions with o
k = 1.5 Btu/hr-ft °F  Wire Wrap

With 30% Increase

in h Due to

900°F Exit Temp.
(355°F Superheat)

24 inch Fast
Core Egquiva-
lent Diameter

1.059

17.4

0.354

204

390,000

1.035

13.9

0.k4o0

253

461,000

1.095

22.0

0.3k4k

160

402,000

1.090

21.k4

401,000

1.085

20.8

0.271

264

487,000



EMSS. Since it is felt that some improvement will result, an
optimistic 30% film coefficient improvement was considered
(column 4, Table 10.2) to determine its effect. The results
indicate a more desirable P/D and velocity as can be seen by

comparing the figures in column 4 with those in column 2.

The pitch-to-diameter ratio is determined by the velocity

necessary to keep the surface temperature below some maximum limit
(in this case 125Q°F)° Since the surface temperature is directly
related to the bulk cooclant temperature in the region of the maximum
heat flux, an eppreciable improvement in the pitch-to-diameter can
result from lowering the bulk temperature. As shown in Teble 10.2,
if the outlet steam temperature were lowered 50°F the pitch-to-
diameter ratio could be raised from less than 1.06 to 1.09 which

would reduce the velocity from 204 fps to 176 fps.

For a thermal output of 59 MW in the fast core, the power density
is relatively low (155 Kw/liter)° If physics requirements (Doppler
and flooding effects) could still be met, it might be possible

to go to a smaller; highk-power-density core. To show the effect

of a smaller core size on the thermal hydraulic parameters, a brief
study was made on a fast core with the equivalent diameter reduced
from 30 to 24 inches. As shown in column 6 of Table 10.2, the
pltch-to-diameter ratio increases and the rod diameter decreases.
The net flow area decreases, however, due to the reduced core
diameter. This results in approximately 30 percent increase

in hog channel velocity from 204 to 264 ft/sec. Thus an important
factor in determining the minimum core size may be the maximum

allowable coolant velocity in addition to the physics.
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10.1.4 Results for a Two-Pass Superheater

Since the pitch-to-diameter ratio limits the single-pass superheater
to relatively high powers, a two-pass flow arrangement was
considered to extend the superhkeater range down to 10 MWt. Two-
pass flow is beneficial because it helps to keep the surface
temperature low by increasing the steam velocity since flow area

is reduced in each pass. The pressure drop, however, 1s increased
significantly, since both velocity and the length of the flow path

are increased.

For this study, the core parameters are considered for first-to-
second-pass core volume ratios of 1.36, 1.83, and 2.53. This

range covers the cases where the pitch-to-diameter ratio is lowest
in the second pass to that where the pitch-to-diameter ratio is
lowest in the first pass. The results of these calculations for
maximum pitch-to-diameter ratios limited by rod surface temperature

are shown in Figures 10.3 through 10.8.

It can be seen on Figure 10.3 that the hot channel velocity is
much greater in the second pass than in the first pass. This is
easily understood, since the bulk coolant temperature and the heat

flux are both higher in the second pass than in the first pass.

The maximum heat flux (Figure 10.L4) in the second pass is about
15% higher than in the first pass. This is due to the higher
neutron flux and power density in the second pass which is in the
center region of the core. The fluxes are higher even though
the rod diemeter is smaller, and there is more heat transfer

surface per unit volume in the second pass. The maximum heat
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flux for each pass did not vary appreciably for the volume ratios

considered, so only one curve is shown for each pass.

The rod diameters and tke pitch-to-diameter ratios are shown on
Figures 10.6, 10.7 and 10.8 for the first-to-second pass volume
ratios of 1.36, 1.83, and 2.53 respectively. In comparing the
pitch-to-diameter ratio curves on Figures 10.7 and 10.8, it can

be seen that at some intermediate volume ratio, the pitch-to-
diameter ratios for each pass would be equal. This is shown on
Figure 10.9 which is a plot of volume ratio vs. pitch-to-diameter
ratio for the 30 MW superheater power case. If curves for other
superheater powers were plotted, they would be similar in shape
intersecting at about- the same volume ratio (2.18). The curves
would intersect at higher or lower pitch-to-diameter ratios
depending upon the power (higher P/D for higher power, lower P/D
for lower power). This volume ratio is the optimum one considering
only pitch-to-diameter ratio, i.e., the minimum P/D ratio is as
large as possible on bothl passes while meeting the design
criterion. Above this point a smaller pitch-to-diameter ratio

is required in the first pass. Below this point, i.e., relatively
larger second pass, a smaller pitch-to-diameter ratio is required

in the second pass.

Although the volume ratio considered above is an "optimum" one
considering only pitch-to-diameter ratio, the first pass film
drop is very high at this point. This is due to the fact that
the same limiting surface temperature was considered in each
pass, and the bulk coolant 1s about 2OOOF less at the core

midplane in the first pass. Since the film drop is very high at
- 11 -
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10.2 Safety

this "optimum" volume ratio, an actual design should be & compromise.
A lower first-to-second-pass volume ratio with a somewhat lower
second-pass pitch-to-diameter ratio can be selected. Using the

same pitch-to-diameter ratio for both passes results in lower

fuel surface temperatures and film drops in the first pass since
heat transfer is improved there. To illustrate this, the film

drops are plotted in Figure 10.10. From this and Figure 10.9,

it can be seen that for a vclume ratio of 1.0, the film drop in

the first pass is about equal to that in the second pass. The
pitch-to-diameter ratio has decreased from about 1.117 to about

1.075.

In interpreting the results of this study, it is felt that the
trends shown by the curves of Figures 10.1 through 10.10 are
reasonably accurate. The actual values may be somewhat in error
because of uncertainties in the heat-transfer coefficients due to
the presence of the wire wrapping. There is evidence to show that
the heat transfer coefficients can be significantly improved (at
the expense of pressure drop) by the wire-wrap spacers. The curves
presented in Figures 10.1 through 10.10 are pessimistic in that no
allowance is made for this improvement. An estimate of this effect
can be obtained by comparing the values shown in columns 2 and U
of Table 10.2. The values in column 4 assume a 30 percent increase
in the heat transfer coefficient over that used in the results of

column 2.

Studies

10.2.1

Introduction

In the last reporting period it was shown that an extreme case of
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10.2.2

nelting i the f2st core could result in a reactivity addition

of approximately ¢ for the prototype. This calculation assumed
that the superhecater sceiion melted and slumped so that all the
steam volume was instantaneously removed from the core. It is
clear that such a condition is hypothetical and would be impossible
to achieve in practice. The heat generated by the critical mass
will tend to disperse the fissionable material and inhibit, if not
stop, the nuclear reaction well before complete compaction could

occur.

To obtain a more realistic estimate for the orders of magnitude
of reactivity inputs due to core meltdown, a computer program
was initiated to calculate the rate at which the fast core

could become molten during a loss-of-coolant accident. The
program is set up to provide information regarding the spatial
distribution of the molten material (fuel and cladding). This
will permit calculation both of reactivity changes in the
original core configuration as melting progresses and rates of
reactivity addition as the molten fuel slumps into & new critical

mass. These reactivity calculations are now in progress.

Approach to the Problem

The procedural steps to be followed in the analysis are as follows:

1. Evaluate the temperature and melting history of single fuel
rods under loss-of-coolant conditions. The initial conditions
of the rods will represent various radial positions in the
fast core at normal full power operation.

2. Determine the reactivity, hence the power level, for the fast
core for various stages of meltdown. The various stages of

meltdown are illustrated in Figure 10.11.
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10.2.3

3. On the basis of steps 1 and 2, determine the time intervals
between the various stages and from this the rate of change of
power throughout the configuration.

4. From the power levels determined in step 3, evaluate the
changes in temperature and state at various locations in the
configuration.

5. Evaluate the effects of inertia and change of state on the

redistribution of the core materials.

The first four steps outlined above will provide some insight into
the sequence of events (e.g., whether fuel or cladding melts first)
and also the time intervels at which various events occur. This
information will be useful in formulating mathematical models to
represent the subsequent course of events. For example, whether

it is reasonable to assume that the molten core material freezes
and plugs the lower blanket region and what form of analysis should
be made to account for the effects of inertia and change of state
will become more clear. The results should indicate what basic
assumptions concerning a meltdown are reasonable and point

out areas where more refined calculational methods are advantageous.

Calculations

10.2.3.1 Objective
The objective of these calculations is to obtain the melting
and temperature history of the fuel rods described
below for the case of coanstant power and no coolant
flow for the five different initial temperature and
power conditions also described below. These conditions
correspond to five radial core locations at normal full

power operation.
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10.2.3.2 Basic Assumptions

1. No heat flow to surrounding medium.

2. Heat generation rate remains constant for each
position throughout the problem.

3. Each fuel rod is divided into 10 equal-volume
axial modes.

4. Upon melting, a clad node is removed from the heat-
transfer problem, while a meat node is maintained

at its melting temperature.

10.2.3.3 Configuration

Rod length 42 in.
Meat OD 0.240 in.
Clad thickness 0.020 in.

10.2.3.4 Initiel Conditions

1. Axial power distribution (Btu/in3 sec)

Tube Number
Axial
Node No. 1 2 3 L 5
1 7.64 6.99 5.97 L.60 3.12
2 10.88 9.96 8.52 6.55 L.52
3 13.66 12.53 10.71 8.24 5.71
L 15.69 14.35 12.28 9.4k 6.54
5 16.73 15.30 13.09 10.07 6.98
6 16.73 15.30 13.09 10.07 6.98
7 15.69 14.35 12.28 9.4k 6.54
8 13.66 12.53 10.71 8.24 5.71
9 10.88 9.96 8.52 6.55 4,52
10 7.64 6.99 5.97 L4.60 3.12

2. Clad node temperature, Op
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Tube Number

Axial
Node No. 1 2 3 4 5
1 ShT 828 798 757 713
2 978 951 908 850 789
3 1096 1063 1008 935 860
I 1191 1152 1090 1005 919
5 1251 1216 1149 1059 967
6 1287 1246 1179 1089 9hk7
T 1296 1257 1195 1110 1024
8 1271 1238 1183 1110 1035
9 1218 1191 1148 1040 1029
10 1177 1158 1128 1087 1043

3. The meat node temperatures are shown graphically
in Figures 10.12 through 10.16.

4., Material constants:

Clad: k = 12,58 Btu/hr-£t°F
= 490 1bs/ft3
Cp = 0.12 Btu/1b°F
Ty = 2575°F (melting temp.)
Meat: Xk = 1.0 Btu/hr-£t°F
= 650 1bs/ft3
c, = 0.08 Btu/1b°F
T = 4800°F (melting temp.)

Fuel-clad gep

coefficient hy = 500 Btu/hr-ft° °F

10.2.4 Preliminary Results

Calculations describing the melting history of five radial
regions in the fast core were made under the assumptions
described above. These melting calculation results are shown
graphically in Figures 10.17 and 10.18 at time-dependent

clad and meat melting zones respectively. Only a half-section
of the fast core is shown since the temperature conditions are
symmetrical under the assumptions of this problem.
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It 1s noted that under the assumptions of this hypothetical
accident (i.e., loss of coolant without a scram at full power)
the meat does not start to melt until approximately three

seconds after loss of coolant. At this time, approximately 15%
of the clad in the fast core has exceed its melting temperature.
About 48% of the clad in the fast core has melted at six seconds.
At the end of 12 seconds, 49% of the meat in the fast core has

melted.

These preliminary melting time results are to be used for the
determination of initial rates of material redistribution (i.e.,
rates of change of reactivity) and for "available time scales"
for corrective action (e.g., spray cooling, control rod

actuation, etc.)

10.3 1In-Pile Experiments - E-SADE Loop

Design work has been initiated to study the possibility of irradiating
prototype MSSR fuel elements in the E-SADE loop. A cluster of seven
rods has been analyzed from the standpoint of heat transfer and fluid
flow to establish the dimensions of the fuel bundle. The following

criteria were used:

Steam inlet temperature 550°F
Steam outlet temperature 950°F
Maximum surface temperature 1250°F
Pressure (nominal) 1000 psia

The power produced in the element will be in the neighborhood of 65
KW. Physics calculations are now in progress to establish the required

fuel enrichment.
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The thermal hydraulic calculations show that the desired temperature
conditions can be attained for fuel rods 0.280 inch in diameter spaced at

a pitch-to-diameter ratio of 1.14. These dimensions are representative

of the 300 MWe MSSR reference design reported in GEAP 3590.

10.4 MSS Reactor Physics

10.4.1 Methods Development

Further work on methods development has led to the formulation of
h-group cross-sections which give excellent agreement with the
20-group set previously used. The L-group and 20-group calcula-
tions agree well in predicting power distribution as well as
with respect to reactivity. The availability of the 4-group
constants 1s important in that it will permit raepid and in-
expensive survey calculations, and it will permit use of two-
dimensional computer codes which are limited to a meximum of 4

groups.

10.4.1.1 Twenty-Group Cross Sections

The cross sections above 9 kev (i.e., the top 13 groups)
recently reported by Yiftah, et al.* have been
incorporated into a 20-group cross section set for MSS
design calculations. Below 9 kev the self-shielded
cross sections previously developed for the fast
superheater of the MSS were used. A different set of
cross sections below 9 kev appropriate for a boiling

water reactor spectrum was used in the boiler regionms.

* S. Yifteh, D. Okrent, and P.A. Moldaver, Fast Reactor Cross Sections,
Pergammon Press, New York (1960).
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10.k.1.2

A 300 MWe design problem was run using both the new
20-group cross sections and the 18-group cross sections
used in all prior MSS work, and these results are compared
in Teble 10.3. The higher criticality factor for the
20-group set will result in slightly lower fuel inventories.
The harder spectrum for the 20-group set will decrease

the negative Doppler coefficient.

Four-Group Cross Sections

A b-group cross section set was generated by

condensation of the 20-group set for the spectrum of

a small prototype MSS design. Incentives for the use

of a L4-group calculation include:

1. Direct comparison of one-dimensional calculations
and two-dimensionel PDQ calculations is possible.

2. Analysis of results is easier, less tedious, and
more illuminating with fewer groups.

3. Computer time is shorter. A 4-group calculation
requires about one-third the time required for a

20-group calculation.

Agreement was first obtained between the 4- and 20-group
calculations for the specific design from which the

L-group cross sections were generated. The L4- and
20-group results for this design are given in Tables 10.4
and 10.5. The power distributions for the two calculations
are shown in Figure 10.19. A comparison was then made

for a second design with a quite different thermal

buffer (i.e., with a much higher power density than
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before), still using the same cross sections generated
from the first design. These results are given in
Tables 10.6 and 10.7 and the power distributions are

shown in Figure 10.20.

The agreement between the 4- and 20-group calculations
is excellent for both designs. Four-group calculations
will be used for all design and parameter studies

except for an occasional check with a 20-group
calculation, for final design, and for studies requiring
great detail in the energy spectrum such as the calcu-
lation of Doppler and flooding coefficients. If
departure from the present design is sufficiently

severe as indicated by disagreement with 20-group

check calculations, a new b-group set will be generated.

TABLE 10.3

COMPARISON OF 20-GROUP AND 18-GROUP CROSS SECTION CALCULATIONS

20-Group 18-Group

Problem Number EMSOL BOOB1L
Criticality Factor 1.004 0.989
Power Distribution

Fraction Power in Superheater 0.332 0.349

Fraction Power in Boiler 0.668 0.651
Fission Spectrum in Fast Core

Median Fission Energy 0.33 Mev 0.25 Mev

Fraction Fissions Below 9 kev 0.072 0.129
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TABLE 10.4

CRITICALITY FACTOR AND POWER DISTRIBUTION, FIRST DESIGN
COMPARISON OF 4-GROUP AND 20-GROUP CALCULATION

L-Group 20-Group
Problem Number FOURJ EMSOL
Criticality Factor 1.0077 1.0038
Power Distribution
(Fraction Power in Each Region)
Superheater 0.516 0.512
Boiler 0.484 0.488
Fast Core (2nd pass) 0.196 0.195
Fast Core (1lst pass) 0.276 0.276
Fast Buffer 0.0L4k4 0.041
Thermal Buffer 0.073 0.075
Blew Core 0.411 0.413
TABLE 10.5

FISSION SPECTRUM, FIRST DESIGN
COMPARISON OF 4-GROUP AND 20-GROUP CALCULATIONS

Fraction Fissions by Group Integrated Fission

Spectrum

Region Grou L-Grou 20-Group  4-Grou 20-Group

Fast Core (2nd pass) T 0.5272 0.526k 6752722 0.526%
2 0.4002 0.ko12 0.927h4 0.9276

3 0.0725 0.0723 0.9999 0.0000

N 0.0001 0.0001 1.0000 1.0000

Flow Core 1 0.0425 0.0432 0.0425 0.0432
2 0.0066 0.0065 0.0491 0.0497

3 0.1224 0.1225 0.1715 0.1T711

L 0.8285 0.8289 1.000 1.0000

TABRLE 10.6

CRITICALITY FACTOR AND POWER DISTRIBUTION, SECOND DESIGN
COMPARISON OF 4-GROUP AND 20-GROUP CALCULATIONS

4-Group 20-Group
Problem Number BUFQR BUF20
Criticality Factor 1.017L 1.0158
Power Distribution I
(Fraction Power in Each Region)
Superheater 0.545 0.538
Boiler 0.455 0.462
Fast Core (2nd pass) 0.202 0.199
Fast Core (1lst pass) 0.294 0.252
Fast Buffer 0.0k49 0.047
Thermal Buffer 0.223 0.226
Slow Core 0.232 0.236
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TABLE 10.7

FISSION SPECTRUM SECOND DESIGN
COMPARISON OF 4-GROUP AND 20-GROUP CALCULATIONS

Fraction Fission by Group Integrated Fission Spec.

Group L-Group 20-Group L-Group 20-Group
Fast Core (2nd pass) 1 D20 5238 Py .
2 4013 4031 .9270 .9269
3 0729 .0730 -9999 .9999
N .0001 .0001 1 1
Fast Buffer 1 . 2204 .2388 2204 .2388
2 .0294 .0307 .24o8 .2695
3 .0880 .0890 .3378 .3585
L 6622 6415 1 1
Thermal Buffer 1 .0511 .0587 .0511 .0587
2 .0066 .0063 L0577 .0650
3 <1194 .1166 1771 .1816
N .8229 .818L4 1 1
Slow Core 1 .0l433 .Okl6 L0433 .0LL6
2 .0079 .0078 .0512 0524
3 1445 <1443 .1957 .1967
L .8043 .8033 1 1

10.4.2 Thermal Buffer Optimization

It has long been recognized that the thermal buffers of the 300
MWe reference design (GEAP-3590) and the early prototype MSS
design (GEAP-3785) were far from optimum designs. The thermal
buffer in each of these designs had several shortcomings; in
particular, the power density was too low and the conversion

ratio was too high.

In the present design of the prototype MSS, three changes were

made in the thermel buffer to overcome these deficiencies.

1. The U-235 enrichment was lncreased from that of depleted
uranium to 1.2% in order to increase the power density.

2. The water-to-fuel volume ratio was increased from1l.2 to 2.4
for two reasons. An increase in coolant volume fraction was

necessary to remove the extra heat resulting from the increased

« 163 -



2.0 I [
=~ g BUFOR PROBLEM  GROUPS
/f RN BUFOR 4 S
BUF20 \ — — — — BUF20 20
\
1.5 \\\\
\
» \
§ \
: \
<
@
: \
@
[+ 4
3 A\
1.0 1
> \
\v
i \J |
(=]
m 1
w |
3 |
e
|
|
l
0.5 i
\
/n \ \
VRN \ /|
7 = 4
~ 7
| N\,
N
0
o 10 20 30 40 50 60 70 80
RADIUS (CM)

POWER DISTRIBUTIONS FOR SECOND DESIGN

FIGURE 10.20

- 164 -

90



power density. The increased moderating power caused a
reduction in the conversion ratio to about unity so that the
power would not increase with burnup.

3. The high power density in the 7.7 in. thermal buffer would
cause a power spike at the inner edge of the slow core. To
prevent this spike, the thickness of the thermal buffer was
increased to 10 in. and the inner 1.5 in. of the slow core

was highly poisoned.

The effects of these modifications are summarized in Table 10.8
in which the earlier and modified designs are compared. It is
noted that the desired power density and conversion ratio in
the thermal buffer were achieved. From Figure 10.20 it can be
seen that the power spike at the inner edge of the slow core was

reduced to the peak power in the thermal buffer.

Earlier Design Modified Design

U23% enrichment in thermal buffer 0.3% 1.2%
Water to fuel ratio in thermal buffer 1.2 2.4
Fuel volume fraction in thermal buffer L .25
Width of thermal buffer T.7 in 10 in
Pu enrichment in superheater 12.6% 12.1%
Criticality factor 1.008 0.999
Fraction power in superheater .32 .37
Fraction power in thermal buffer .09 .29
Avg. power density in thermal buffer .29 97
Avg. power density in slow core

Pu239 production rate in thermal buffer 3.68 1.07

U235 ebsorption rate in thermal buffer

- 165 -



10.4.3 500 MWe MSS Burnup Studies

Preliminary fuel cycle calculations were made for a 500 MWe

MSS. Calculations were made for both plutonium and U-235 fueled
cores, and for burnup of 50,000 and 100,000 MWD/T, Results are
presented in Tables 10.9 and 10.12. There is considerable
uncertainty in the results shown for the fast and thermal

buffers since the burnup calculations considered them as

single homogenized regions and kept the spectrum constant for the
full burnup cycle. Actually there will be considerable spatial
and time variations in these regions. A new computer program

is now in the check out stage which will permit burnup calculations
which account for both spectral and spatial changes during the
fuel cycle. It is hoped to have results for the next quarterly
report. TABLE 10.9

FAST CORE BURNUP, 500 MWe MSS

DISCHARGE ENRICHMENT (%)
INITTAL FUEL EXPOSURE 1SOTOPE INITIAL DISCHARGE
Uranium-235 50,000 U-235 18.83 12.58
Pu-239 o 2.hk
Pu-2L40 0 0.10
Pu-24l 0 0
Uranium-235 100,000 U-235 20.39 8.78
Pu-239 0 L.ok
Pu-240 0 0.34
Pu-241 0 0.02
Plutonium 50,000 Pu-239 12.20 10. 44
Pu-240 5.80 5.93
Pu-241 0 0.81
Plutonium 100,000 Pu-239 12.68 9.16
Pu-2L0 5.7k 5.90
Pu-241 0 1.63
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TABLE 10.10

FAST REFLECTOR BURNUP, 500 MWe MSS

ENRICHMENT (%)

Fast Core Burnup (MWD/T) 0 50,000 100,000
U-235 0.30 0.26 0.23
Pu-239 0 0.82 1.63
TABLE 10.11

FAST BUFFER BURNUP, 500 MWe MSS

ENRICHMENT (%)

Burnup 0 50,000 100,000
U-235 5.00 1.LL 0.4
Pu-239 0 1.51 1.49
Pu-2Lk0 0 0.73 1.17
Pu-2k41 0 0.16 0.35

TABLE 10.12
THERMAL BUFFER BURNUP, 500 MWe MSS
ENRICHMENT (%)

Burnup Q 15,000 30,000
U-235 1.20 0.23 0.0k
Pu-239 0 0.97 1.16

10.5 65 MWt Prototype

The mechanical design and physics work reported in the last quarterly
report were completed. An investigation was made as to the suitability
of the VESR facility for housing the prototype. It was concluded that
the VESR facility could be utilized and successful operation of the
prototype would permit confident extrepolation to large size reactors.

The work is described in a topical report which is appended here.
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A PRELIMINARY STUDY OF A 65MWt MIXED SPECTRUM
SUPERHEATER PROTOTYPE WHICH UTILIZES THE VESR FACILITY

I. SUMMARY AND CONCLUSIONS

A study was made to determine if the VESR facility would be suitable for testing

a prototype of the Mixed Spectrum Superheater. A reactor is described which fits the
VESR vessel and facility. This prototype differs considerably in specific

detail from the large 300 MWe reference design. However, the basic features of

the concept are present, and successful operation of the prototype would permit
confident extrapolation to large size reactors.

The mechanical design presented has been discussed with the VESR Design Group,

and no major incompatibilities with the VESR facility were discovered. However,
there are potential trouble spots, in particular, the control element requirements,
and the need for further detailed design work is clearly indicated.

Table I is a summary of the major characteristics of the 65 MWt prototype and the
300 MWe reference design.

Table II outlines the information to be obtained from the prototype, and some of
the difficulties.

II. INTRODUCTION

As part of the continuing program to develop the Mixed Spectrum Superheater as

an economical power producer, it i1s desirable to build a prototype as a develop-
mental tool. One possibility i1s to utilize the VESR facility when the VESR
development progrem has been completed. An alternative is, of course, to design a
new facility specificelly as a test of the MSS concept.

The work discussed in this report is concerned only with the first alternative.
It presents the results of the brief study undertaken to determine the feas-
ibility of fitting the EMSS into the VESR facility. The conceptual design
presented here has not been optimized. It is intended only to establish the
approximate power levels and to serve as the framework for identifying the
problems that may arise if the project should be undertaken.

It should be noted that the present study is not complete in itself and should
be considered to be one part of a more general study on the prototype design of
the Mixed Spectrum Superheater. Parametric studies to establish a conceptual
design not restricted to a pressure vessel the size.and shape of VESR are being
carried out. The results of that work will be reported in the near future. A
more detailed explanation of the criteria for the prototype as well as physics
and some preliminary safeguard studies will also be discussed at that time.

III. GROUND RULES

This study is aimed at the design of a Mixed Spectrum prototype reactor which
simulates as closely as possible the important characteristics of & large power
producing MSSR. To this end the following requirements were placed on the
design:

A. Approximately 25% of the total reactor power is to be generated in the
fast core.

B. The neutron spectrum, Doppler effect, flooding effect, neutron lifetime,
and coupling between thermal and fast cores should be representative of
a large power reactor. Preliminary work indicated that this would require
a fast core section of approximately 30" or greater. For this study, there-
fore, the fast core dimensions were set at 30" cube.
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TABLE I

Design Parameters for Prototype and Reference Designs

65 MWt Prototype

OO MWe Reference Design |

"Fast Core| Fast Core | Slow
Parameter vlst pess| 2nd pass | Buffer [Boiler Fast Core Boiler

Fuel rod 0.D.,inches 0.685 0.685 - - 0.280 0.4bk
Clad thickness,inches 0.040 0.0ko - - 0.020 0.026
Pitch-to-diameter ratio || 1.04 1.10 - - 1.14 -
Max. surf. temp.,°F 1050 1220 - - 1250 628
Max. fuel temp.,°F 4300 4000 - 4500 k500 4500
Max. heat flux,Btu/hrft2|| 210,000 | 210,000 - - 610,000 362,000
Avg. heat flux,Btu/hrft2|| 96,000 96,000 - - 224,000 99,000
Pressure, psie 1,000 1,000 |[1,000 [1,000 1,500 1,500
Coolant exit temp.,°F 790 950 545 545 950 600
Thermal power,MW 12.6 T.h - ks 245 570
Coolant mass flow,lbs/hr|| 241,000 241,000 - 2.41 x 104 2.8 x 106 30 x 106
Max. velocity,ft/sec 115 135 - 8 183 10
Power density, Kw/liter [|L41.6 62.8 18.3 |18.8 217 35.7
Peak/Avg. power ratios:

Radial 1.63 1.12 1.4 1.37 1.5 1.2

Axlal 1.3 1.3 1.5 1.5 1.3 1.5

Other 1.34 1.34 2.03 2.03 1.3 2.03

Overall 2.8k 1.95 4.38  |4.17 2.62 3.65
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(Continuation of) TABLE I

Design Parameters for Prototype and Reference Designs

L 65 MWt Prototype 300 MWe Reference Design
Fast Core| Fast Core | Slow
Parameter 1lst pass| 2nd pass | Buffer |Boiler Fast Core | Boiler
Volume,liters 328.4 117.9 1168 1254 1127 15,940
'Volume fractions:
Fuel 0.585 0.563 0.250 |0.267 0.L455 0.267
Steam 0.164 0.248 0.120 |0.113 0.237 0.113
Water - - 0.480 |0.527 - 0.527
Steel or Zr 0.251 0.189 0.150 |0.093 0.308 0.093
Vol.coolant/Vol.fuel - - 2.4 2.4 - 2.4
Fuel enrichment,%
U-235 loading 17.0 17.0 1.20 3.64 - 2.3
Pu-239 loading - - - - 13.0 -
Fuel loading, Kg
U-235 217 103 32 112 - 905
Pu-239 - - - - 832 -
eutron lifetime, Asec 8.0 2.4
% fissions below 10 Kev 10.0 2k.0
[Eu content for zero flooding
effect, % by volume 0.6 0.2
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Phenomenon

Startup and Shutdown

Control

Emergency Cooling

Flooding and Unflooding

Reactor Dynamics

Water Carryover

Steam Carryover
Erosion and Corrosion
Radiocactivity Carryover
Operating Malfunctions
Fuel Cycle Management
Operating Experience
Unexpected Problems

Mechanical Design

TABLE II

Comment

During startup and shutdown, fast core will operate
at as low & level as possible, while power is gener-
ated in periphery of bolling core. Requirements are
more difficult to meet in protoype because of small
size of boiling core. Design must insure that fast
core will not overheat. Problem requires analysis
for prototype. Successful demonstration in proto-
type would prove feasibility for large reactor.

Abllity to control power split and pover shape would
be demonstrated in prototype. It will be more dif-
ficult to achieve good power shapes in boiling sec-
tion of prototype due to its small size. Extrapola-
tion to large reactor would require analytical work
to take into account differences in relative size

of boiling and superheating sections. (Note:
mechanical problems of supplying necessary control
elements are discussed in body of report).

Two pass-flow arrangement of prototype calls for

more complex valving and flow sequencing. Single-
pass reference design permits simpler cooling arrange-
ment. Unknown factor for each is effectiveness of
spray cooling for closely spaced rods. large
reference design has larger pitch-to-diameter ratio,
80 prototype will provide more severe test.

The principle of utilizing epithermal poisons to
control flooding effect can be demonstrated in proto-
type. Smaller prototype core will require higher
concentration of epithermal poison than larger ref-
erence design.

Operation of the prototype will provide basic test
and will permit check of analytical methods. Extra-
polation to large size involves some problems as
extrapolation of results from small BWR to large BWR.

Useful and meaningful information will be obtained in
these areas since important relevant conditions in
prototype are the same as in large reference design.

Major features of large MSS can be checked in proto-
type although two-pass configuration complicates the
situation.
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Phenomenon

Fuel Technology

TABLE II (Contd.)

Comment

Fuel surface conditions and internel meat tempera-
tures duplicate conditions in large reactor.
Specific power is lower and larger-radius rods are
used. Almost all important questions can be
answered. In first core, it is presently planned
to utilize U-235 O, - U-238 0,. Later cores or
individual elements can be tested with Pu-239 0o -
U-238 0o.
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Iv.

C. The thermal hydraulic conditions are:
1. Maximum fuel center temperature, 4500°F
2. Maximum fuel surface temperature, 1250°F
3. Superheater steam outlet temperature, 950°F
L, Ccoolant pressure, 1000 psie.

THERMAL HYDRAULICS

The reference MSS design (GEAP-3590) has the steam from the boiler section pass
down through the superheater section and out through the vessel bottom. The
VESR vessel and piping do not appear suited for this arrangement so that a two-
pass superheater core was considered. The superheated steam leaves the vessel
through & port in the top head of the VESR; the port 1s part of the original VESR
design. (The use of two-pass flow in the superheater is also advantageous from
the point of view of reducing the power requirements of the prototype while sat-
isfying the thermal-hydraulics requirements. See Figure 1 and the 9th Quarterly
Report of Superheat Project.)

The results of the thermal-hydraulic celculations are showa in Figure 2. These
curves show the variation in the maximum surface temperatures in the first and
second passes as & function of the ratio of bulk coolant temperature rise in the
first pass to bulk coolant temperature rise in the second. For these curves, it
is assumed that the power density is uniform over the fast core. The ratio of
bulk coolant rise is varied by changing the relative volumes of the two passes.
the pitch-to-diameter ratios in Figure 2 are 1.04 and 1.10 for the first and
second passes, respectively. 1In order to meet surface temperature limitations,
it is desirable to have as small a pitch-to-diameter ratio as possible before
the effects of peripheral heat transfer variations become dominant. The value
of 1.10 was chosen for the second pass since it is representative of the refer-
ence design (P/d = 1.13); the value of 1.04 was chosen in an attempt to minimize
power requirements.

From Figure 2, it can be seen that with 20 MWt in the superheater section and a
ratio of first-to-second pass bulk coolant temperature rises of 1.6, the maxi-
mum surface temperature in the second pass is 1220°F. This is close to the
1250°F 1limit of the reference design. The corresponding maximum surface tempera-
ture of the first pass is 1050°F. Thus, there is margin in the event that
peripheral temperature variations in the first pass are more than expected.
(There are meager experimental data in this region of small pitch-to-diameter
ratios.) One could use this margin to increase the pitch-to-diameter ratio of
the first pass. This will result in a higher first-pass surface temperature

and an increased film drop which is desirable since temperatures become sensitive
to slight flow variations. There is room for further work optimizing the thermal
hydraulics and & need for experimental data at low pitch-to-diameter ratios.
However, it is believed that a power level of 20 MWt, a pitch-to-diameter ratio
of 1.10 in the second pass, and 1.0k in the first pass, and a ratio of coolant
temperature rises of first to second pass of 1.6 lead to a core which can accommo-
date further maneuvering.

The remaining parame’ers defining the prototype design are listed in Table I.
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v.

MECHANICAL DESIGN

AC

General

A conceptual design of the EMSS combines a two-pass fast-spectrum superheat-
ing section with a thermel boiller resulting in a three-pass system. The
core of this reactor consists of five annular regions which, in going from
outside to inside, are: Thermal boiler, thermal buffer, fast buffer, fast
superheater first pass, and fast superheater second pass. The coolant flow
is upward through the thermal boller and thermal buffer. The steam-water
mixture formed in the boller is separated at the surface of the mixture.

The separated water passes down outside the boiling core shroud and is
recirculated through the bolling core. The steam passes upward through the
steam dryer and down through the outer region of the offset duct from which
it enters the first pass of the superheater. The steam, which at this point
has asbout 250°F superheat, passes through the turning section below the core,
up through the second pass of the superheater, through the center region of
the offset duct and out of the vessel through the venturi in the vessel top
Cap L]

Control for the fast core is provided by three 1/2 element fuel bundles in
the first pass, which can be lowered below the fast core. Poison blades

for control of the boiling core and isolation of the fast core from the
boiling core are driven from below through nozzles in the vessel bottom head.

Core Force Analysis and Support

A preliminary force analysis was made for the core area to determine the
magnitude of forces which must be supported at the various regions. This
was accomplished by assuming a 10 psi pressure drop in the boiling core and
calculating pressure drops in the steam separator, saturated steam down-
comer, fast core first and second passes, and the superheated steam riser.
This information is shown in the following table and the estimated component
weights and net forces are shown in Figures 3 and 4. The support method, as
described below, is shown in Figuwre 5 (Drawing 212E418).

Teble IIT

Pressure Drops Used in Force Analysis

Region Pressure Drop (psi)
Thermal Core 10 (assumed)
Steam Separator 3
Steam Downcomer 3
Fast Core First Pass 22
Fast Core Second Pass 15
Superheated Steam Riser 2

Total from Thermal Core Inlet to

Reactor Outlet 55
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The thermal core fuel is supported by the lower grid which is attached to

the outer shroud. This outer shroud and the fast core support plates are
bolted to a support ledge welded to the vessel wall., Based on a boiling
core pressure drop of 10 psi while the reactor is operating, there will be

a net upward force of about 3 tons which is retained by a spring loaded hold-
down device attached to the upper grid which, in turn, is attached to the
outer shroud.

The fast core support comes from the ledge on the vessel wall by means of

L vertical support plates which are attached to the lower grid and flow guide
assembly of the fast core. Smeller extensions of these supports extend up
outside the fast core contalner to support the offset duct on a flange above
the fast core. Since flow is downwerd in the first pass of the fast core,
the only support necessary is the lower grid. However, in the second pass,
both lower and upper grids are necessary since there is a net force upward of
about 750 pounds due to the pressure loss in the core while the reactor is at
full power. The upper support comes from a hold down grid which is a part

of the offset duct assembly.

There is no upper gulde grid for the fast core fuel bundles since they must be
held tightly in place while the reactor is operating and 1t must be possible
to move the outermost elements in toward the center while refueling, in

order to clear the offset duct flange. These fuel bundles will be held
together by the higher pressure coolant in the thermal core acting against

the relatively thin fast core container walls.

The estimated forces caused by the pressure drops and component weights
result in a net upward force of approximately 2000 lbs. on the thermal core
support, and a downward force of about 3500 lbs. on the fast core support.
These forces are transmitted to the pressure vessel through the system of
supports shown sketched in Figure 5. The magnitudesof the net forces and
the various force components listed in Figures 3 and 4 are sufficiently low
so that stresses will not be excessive. In fact, the present safety margins
are so large that the forces can be increased considerably before the
support stresses will become limiting.

In carrying out this analysis of forces, the weights of the steam separators
have been included, although it is now felt that separators are not
necessary. Omitting the separators will result in larger net upward forces,
but the large safety margins provided will absorb the increase in stresses.
The analysis was, therefore, not repeated with the separators omitted. It
is concluded that although additional detailed design will be required, the
provision of the internal core support system should not raise unusually
difficult problems.

QOffset Duct

A double-wall offset duct is used as a downcomer for the saturated steam
(the outer flow area of the duct) and as a riser for the superheated steam
(center region of the duct). This arrangement provides a saturated steam
insulating layer between the water and the superheated steam. The water
surrounding the offset duct reduces radiation streaming to the vessel head.
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A hexagonal-shaped extension of the offset duct extends to the lower support
grid of the fast core and forms a flow guide between the first and second
passes., This extension was used to eliminate the problem of providing an
inaccessible seal between first pass inlet and second pass outlet above the
fast core, where an approximate 37 psi pressure difference exists.

A continuous grid will be used in the center region of the offset duct to
prevent it from collapsing due to the differential pressure existing between
it and the outer region. The outer duct will be strengthened by external
ribs. This will enable relative movement of inner and outer ducts to
accommodate the greater thermal expansion of the center duct. The control
shaft passage through the offset duct assembly will be made up of a con-
tinuous guide pipe passing through larger pipe sections which are welded to
the offset duct. This arrangement prevents leakage between flow regions and
provides a guide for the center duct inside the outer one.

The two ducts will be connected at the transition and flenge region by ribs
vhich will also take the place of the external strengthening ribs used on

the upper portion of the duct. The weight of the offset duct along with

the downward forces due to differential pressures acting on the transition
section will be supported by the flange ebove the fast core. The upper region
of this offset duct will be laterally supported by guides atteched to the
pressure vessel wall,

Steam Separsation and Drying

The boiler region of the prototype will be cooled by natural circulation. As
the initially sub-cooled water flows upward through the thermal core, it
increases in steam quality. Chimneys are provided at the upper end of the
core to furnish the natural circulation driving head. The steam-water mixture
flows out of the chimneys and is separated by gravity separation at the surface
of the mixture. For the low power densities considered here, the exit steam
velocity is of the order of 0.8 ft/sec, which is sufficiently low for free-
surface separation. The superficial velocity of the steam entering the steam
dryer mounted in the vessel top head is in the order of 1 to 1.5 fps. which,
based on experimental work covered in "Interim Report on Steam Dryer Develop-
ment", GEAP 3563, appears to be conservative.

Based on steam dryer tests referred to above, the moisture content entering
the offset duct should be 0.1%. Considering 0.1% moisture in the steam and
the heat transferred from the offset duct center region (superheated steam
riser) to the outer region (steam downcomer) the steam should enter the first
pass of the superheater with about 9°F superheat. This may be an advantage
from a corrosion stanipoint. The corresponding temperature drop in the
superheated steam riser would be approximately 22°F. It should be pointed
out, however, that predictions of heat transfer at these high-quality steam
conditions is still uncertain.

Control Rod Drives

A definite disadvantage of adapting the EMSS to the VESR pressure vessel is
the limited number and location of the control drive penetrations in the
vessel bottom head. Since it is difficult to line up the control element
positions in the EMSS core with the existing nozzles, some ingenuity is
required to prcvide adequate controls. In some locations, it is necessary
to gang as much as three control rods together since only one nozzle is
available.
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F.

Another contributing factor is that in VESR, the control rods are bunched
together near the center of the vessel, while in the EMSS, control rods
are required closer to the vessel periphery. This necessitates offsets on
the control rod drives of as much as 10.2 inches so that the control drive
shafts are subjJected to an eccentric axial loading. Although the maximum
axial loading is considerably less than the critical buckling loads, it does
not appear to be desirable to load the drive shafts eccentrically since
alignment problems, particulerly during scram, will be accentuated. Also,
ganging the control rods may make it difficult to satisfy the "stuck-rod"
criterion, which hes not yet been considered for this concept. Alternate
control systems should be considered.

One possibility 1s to use top-mounted control drives. Since steam separators
are not required for this system, spece is avallable at the top of the
reactor. It will be necessary to modify or replace the present VESR head,
but this should be relatively inexpensive. Another alternative could be

to use internal control drives, but experience in this aree is lacking.

It 1s evident that additional work is required to develop an acceptable
control system. The problems do not appear to be insurmounteble, however,
and one of the above mentioned alternatives should prove to be adequate.

Pressure Vessel Shielding

The water shielding ebove and below the reactor core is at least equivalent
to that provided in the 300 MWe reference design, but the vessel wall shield-
ing in the core area is somewhat less. Preliminary calculations by Nuclear
Systems Engineering indicate & ten-year vessel life based on 100% use. This
should be adequate if one considers a realistic use factor for an experi-
mental reactor. It should be remembered, however, that if the VESR vessel

is used, part of the vessel's useful life will already be gone because of
VESR experiments.

Based on the preliminary calculations mentioned above, a thermal shield
thickness of 2 inches appears adequate to protect the vessel wall from
excessive gamma heating. In the EMSS design layout, this is shown as two
one-inch-thick shields.

VI. REACTOR PHYSICS

A.

B.

Introduction

The physics of the small MSS prototype is intended to simulate the physics of
a large power producing MSS. The analysis discussed below indicates con-
siderable differences in the details of the physics of a large MSS and the
small prototype. However, the general features of the large reactor are
present, and it is believed that the prototype will permit verification of
the fundamentel physics behind the Mixed Spectrum concept.

Power Distribution

The power distribution for one case calculated is shown in Figure 6. The
fraction of power produced in the various regions is shown in Table IV.
The power distribution in the small core simulates the major characteristics
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Table IV Power Distribution

Region Fraction of Power
Superheater
Fast Core 0.34
Fast Buffer 0.03
Total 0.3
Boiler
Slow Core 0.3k
Thermal Buffer 0.2
Total 5.5;
Table V Redial Peak-to-Average Power Factor
Region Peak/Avg. Pover
Superheater (including fast burfer; 1.64
Superheater (excluding fast buffer 1l.42
Boiler (including thermal buffer) 1.42
Thermal Buffer 1.44
Thermal Core 1.37

Table VI Conversion Ratios

U-238 Capture/Pu-239 or U-235

Region Absorption
Fast Core 0.646
Fast Core and Axial Reflectors 0.888
Fast Buffer 1.207
Thermal Buffer 1.070
Thermal Core 0.397
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of that of a large MSS core with one important exception, i.e., the power
shape in the boiling section is not well simulated because the boiling core
is small relative to the fast core. However, the fast core power distribu-
tion, and the distribution in the buffer regions, are representative of a
large core. In addition, calculations indicate that considerable informa-
tion will be obtained on the ability to alter the power split between fast
and slow core although here, the small size of the boiling core will limit
the tests. In the calculation illustrated, the fraction of power produced
in the superheater is higher than desirable, but other work shows that the
power split can be altered by use of the fast core control elements.

The radiasl peak-to-average power factors for each region are given in
Table V. Four group flux distributions are shown in Figure 7.

Design of the Buffer Region

The buffer regions for the small MSS serve the same functions as the buffers
in the 300 MWe reference design described in GEAP 3590. However, the

detailed buffer designs for the small MSS differ in several respects from

the 300 MWe reference design of GEAP 3590. The thickness of the fast

buffer was increased and the fast buffer enrichment was decreased in order

to decrease the power gradient and, hence, the stresses across the fuel rods.
Considerably better use is being made of the thermel buffer region in the
present design than was made in the 300 MWe design. The power density in

the thermal buffer is now nearly equal to that in the boiling core and the
radial peak-to-average power for the thermal buffer, the slow core, and the
combined buffer and core are all nearly identical (see Table V). The

initial conversion ratio is nearly unity. These improvements over the 300 MWe
thermal buffer design were made by increasing the water-to-fuel volume ratio
from 1.2 to 2.4 and by increasing the U-235 enrichment from that of depleted
uranium of 1.2%. These changes would be made in the large reactor too so that
in this respect, the buffer designs of the small MSS would be representative
of that in a large power reactor.

Conversion Ratio

The conversion ratio of the clean hot core is given for each region in Table VI.
An initial conversion ratio close to unity in the buffer regions is necessary
to prevent the peak power densities in these regions from increasing with
burnup. The internal conversion ratio in the tast core is close to that of

the 300 MWe reference design since the enrichments in the two cases are nearly
identical.

Fission Spectrum and Neutron Flux

The spectrum of fission events for each region is given in Table VII. 1In
Toble VIII, the eleven-group fission spectrum of the fast core in both the
small MSS design and the 300 MWe reference design are compared. The spectrum
in the small MSS is harder than that in the 300 MWe design; however, it is
significant that in both cases there is a large contribution from fission
events below 25 Kev. It should be noted that these are spectra averaged over
each entire region, whereas the spectrum near the edge of the superheater is
significantly softer due to the slow neutrons returning from the boiler. The
four-group neu*ron fluxes are plotted in Figure 7, and the rise of the group-
three flux near the edge of the superheater shows the origin of the softer
spectrum here.
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Table VII

Fission Spectrum (4 Groups)

Fraction Fissions Integrated
Region Description Group ElQEEE in Group Spectrum
1 Fast Core 1 0.3 Mev .5116 .5116
2 9.1 Kev .3956 .9072
3 0.625 ev .0880 .9952
" Thermal .0048 1
2 Fast Buffer 1 0.3 Mev .2578 .2178
2 9.1 Kev .0290 2468
3 0.625 ev .0881 .3349
L Thermal .6651 1
3 Thermal Buffer 1 0.3 Mev .0513 .0513
2 9.1 Kev .0066 0579
3 0.625 ev 1191 L1770
L Thermal .8230 1
L Slow Core 1 0.3 Mev .0439 .0439
2 9.1 Kev .0081 .0520
3 0.625 ev .1493 .2013
N Thermal 7987 1
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Table VIII

Fast Core Fission Spectrum (11 Group)

Fraction Fissions per Group
Small

0.135

0.119

0.070

0.092

0.091

0.095

0.078

0.060

0.096

0.064

0.100

Integrated Fission Spectrum

300 MWe MSS Small MSS
0.096 0.135
0.106 0.254
0.054 0.324
0.083 0.416
0.06k4 0.507
0.079 0.602
0.068 0.680
0.059 0.740
0.086 0.836
0.068 0.900
0.237 1.000
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F. Reactor Safety

The roles of the Doppler coefficient and void coefficient in the boiler on

the boiler kinetics and safety are essentially unchanged from their roles

in a standard BWR. In the fast core, the Doppler coefficient provides the
necessary prompt shutdown mechanism. More slowly acting reactivity effects

in the fast core are fuel and clad expansion coefficlents, steam coefficient,
and void coefficient due to vold perturbations in the coupled boiler. Informa-
tion relating to fast core safety which has been obtained thus far is pre-
sented below.

1. Flooding

The potential flooding accident, in which the operating fast core is
flooded was briefly analyzed using methods reported in GEAP-3737 and
GEAP-3785. Flooding the superheater to which no epithermal poison has
been added introduces +12% reactivity into the fast core. By adding 0.6%
by volume europium oxide to the superheater, no change in reactivity occurs
on flooding. This zero reactivity change also applies for the unflooding
accident. Previous calculations showed that, for a near zero reactivity
change between the unflooded and completely flooded conditions, & large
decrease in reactivity occurred when the large size superheater (approx.
3.5 ft on a side) was half-flooded and a small increase in reactivity
occurred when a small superheater (approx. 1.5 ft on a side) was half-
flooded (GEAP-3737). The superheater size under consideration here,
which is8 2.5 ft on a side, is intermediate between the two sizes referred
to ebove, but the results obtained in GEAP-3737 are not exactly appli-
cable here since the coolant and fuel volume fractions differ from the
present case. Qualitatively, one would expect the variation during
flooding to be negative and less for the present superheater than for the
300 MWe design. It appears that the general feasibility of using epi-
thermal poisons to limit the reactivity effect of flooding cen be de-
monstrated. Loss of pressure in the superheater would introduce 0.5%
reactivity, about the same as in a large MSS.

2. Superheater Doppler Coefficient

The Doppler coefficient in the superheater has not been calculated expli-
citly. However, work on the Fast Oxide Reactor has involved detailed
calculations of Doppler effects for fast reactors of the type in the
superheating section of the Mixed Spectrum Reactor. A comparison of
the spectra for the two cases and the relative enrichments indicates
that the Mixed Spectrum prototype will have a Doppler coefficient in
the range of -5~ 0 x 10- Ak/°c. A comparison between the spectrum of
the small prototype and the large reference design MSS indicates a
substantially softer spectrum for the large MSS in the important region
below 25 kv. The significance, if any, of this softer spectrum will
require more detailed analysis.
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