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ABSTRACT

From March 1978 through March 1982,
spent fuel dry storage tests were
conducted at the Engine Mainten-
ance, Assembly and Disassembly
(E-MAD) facility on the Nevada Test
Site to confirm that commercial
reactor spent fuel could be encap-
sulated and passively stored in one
or more interim dry storage cell
concepts. These tests were:

e FElectrically Heated Drywell
e Isolated and Adjacent Drywell
e Concrete Silo

® Fuel Assembly Internal
Temperature Measurement

® Air-Cooled Vault

This document presents the test
data and results as well as results
from supporting test operations
(spent fuel calorimetry and can-
ister gas sampling).

Near-surface instrumented drywells
were tested using an encapsulated
electric heater and encapsulated
spent fuel assemblies. The Elec-
trically Heated Drywell Tests were
run at electric power outputs of
1.0, 2.0, and 3.0 KkW. Testing
shows the peak measured canister
and liner temperatures to be 276
and 232°F for 1.0 kW, 506 and 458°F
for 2.0 kW and 785 and 747°F for
3.0 kW. Isolated and Adjacent
Drywell Tests were conducted using
pressurized water reactor spent
fuel assemblies with decay heat
levels at emplacement of about 1.0,
1.25, and 0.63 kW. Testing shows
the peak measured canister and
liner temperatures to be 254 and
203°F for 1.0 kW, 323 and 262°F for
1.25 kW and 199 and 158°F for 0.63

kW. The Concrete Silo Test placed
an encapsulated spent fuel assembly
with a decay heat level of about
1.0 kW at emplacement in an instru-
mented above-surface storage cell.
Canister and 1liner temperatures
reached peak values of 202 and
141°F, respectively, The  Fuel
Assembly Internal Temperature Mea-
surement Test placed pressurized
water reactor spent fuel assemblies
with decay heat levels of about
0.85 and 1.4 kW in a test fixture
with internal fuel assembly tem-
perature instrumentation to measure
fuel assembly thermal response to
various temperature profiles (im-
posed by external electric heaters)
for air, helium and vacuum atmos-
pheres. The peak recorded internal
temperature (measured inside the
center instrumentation tube) was
680°F which corresponded to a peak
canister temperature of 595°F. The
Air-Cooled Vault Tests 1included
flow rate, vault outlet temperature
and canister temperature measure-
ments during the temporary storage
of 13 encapsulated pressurized
water reactor spent fuel assemblies
in an underground vault. Canister
temperatures reached peak values of
149 and 181°F for forced cooling
and natural circulation cooling
respectively,

In all the above tests (except the
Air-Cooled Vault), computer models
evaluated thermal response. The
computer predictions of the trans-
ient and steady-state temperatures
are presented and compared with the
actual test data. The predictions
showed reasonable agreement with
test data.

Predictions of peak fuel clad
temperatures were made for each
spent fuel test wusing the rela-



tionships developed from  Fuel

Assembly Internal Temperature
Measurement Test data. These
predictions (including maximum

prediction errors and uncertain-
ties) showed peak fuel clad tem
peratures as follows: 452, 364 and
291°F for the drywell stored spent
fuel assemblies with 1.25, 1.0 and
0.63 kW decay heat levels at em-
placement, respectively; 334°F for
the concrete silo stored fuel as-
sembly; and 532°F for the air-
cooled vault stored fuel assembly.
These values were well below a fuel
assembly storage temperature limit
of 715°F.
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1.0 INTRODUCTION AND SUMMARY
1.1 INTRODUCTION

This report was prepared 1in re-
sponse to a request by Pacific
Northwest Laboratory to consolidate
previous dry storage test reports
(References 2 through 9) and to
report any additional test data.¥*

These tests were performed at the
Engine Maintenance, Assembly and
Disassembly (E-MAD) facility at the
Nevada Test Site as part of the
Department of Energy's Spent Fuel
Handling and  Packaging Program
(SFHPP) 1978 Demonstration, and
Commercial Waste and Spent Fuel
Packaging (CWSFP) Programs. The
objective of these programs was to
develop and test the capability of
satisfactorily encapsulating typi-
cal spent fuel assemblies from com—
mercial nuclear power plants and to
establish the suitability of one or
more surface and near-surface con-
cepts for the interim dry storage
of the encapsulated fuel assem-
blies. E-MAD was selected because
of 1its extensive existing capa-
bilities for handling highly radio-
active components and desirable
site characteristics for the pro-
posed storage concepts.

The E-MAD facility is operated for
the Department of Energy Nevada
Operations Office by the Advanced
Energy Systems Division (AESD) of
the Westinghouse Electric Corpor-
ation. All testing at E-MAD was
conducted by Westinghouse  AESD
personnel. In addition, test hard-
ware for the 1978 Demonstration was
designed, analyzed, built and in-
stalled by Westinghouse AESD with

the exception of the concrete silos
(designed by Kaiser Engineers for
Rockwell Hanford operations). On-
site construction activities were
performed by Reynolds Electric and
Engineering Company with archi-
tect-engineering services provided
by Holmes & Narver Inc. Additional
canister and auxilliary hardware
for the CWSFP Program was designed
and built by Westinghouse in sup-
port of the Spent Fuel Test at
Climax (SFT-C) Program.

This report provides test descrip-
tions, results and conclusions for
the Electrically Heated Drywell
Test, Spent Fuel Drywell Test,
Concrete Silo Test, Fuel Assembly
Internal Measurement Test and Air-
Cooled Vault Test conducted at
E-MAD from March, 1978 through
March, 1982, The report is organ-
ized to present the testing in the
following order:

e Drywell Testing - including
objectives, hardware, opera-
tions, results, analyses, ex-
trapolations and applicability

® Concrete Silo Testing - in-
cluding objectives, hardware,
operations, results, analy-
ses, extrapolations and ap—-
plicability

® Fuel Assembly Internal Tem-
perature Measurement Testing
- including objectives, hard-
ware, operations, results,
analyses and applicability

e Air-Cooled Vault Testing -
including objectives, hard-
ware, operations, results,

*Editor's note: The configurations, operations and test data presented herein
have been ammended and/or augmented from those previously reported to present

accurate information,



extrapolations and applic-
ability

Additional supplementary infor-
mation included to more completely
describe the tests and data is
presented in the following order:

e E-MAD Facility and Equipment
Descriptions

e Construction, Installation,
and Spent Fuel Handling Oper-
ations

® Test Data
e Test Data Illustrations

e Spent Fuel Assembly Calor-
imetry QOperations and Results

e Spent Fuel Canister Gas Sam-
pling Operations and Results

® Test Data and Peak Fuel C(Clad
Predictions Uncertainty Ana-
lyses

1.2 SUMMARY

The tests conducted during the
SFHPP and CWSFP Programs are sum-
marized in bar chart form in Figure
1.2-1. The following is a summary
description of each of the tests
performed.

ELECTRICALLY HEATED DRYWELL TEST

The Electrically Heated Drywell
Test primary objective was to con-
firm, by electric heater simula-
tion, that commercial reactor spent
fuel assembly storage 1in Nevada
Test Site soil for an extended
period of time would not result in
exceeding design temperature lim-

its. The Electrically Heated Dry-
well testing began in March, 1978,
and operated at various power lev-
els for nearly three years. The
test arrangement consisted of an
extensively instrumented carbon
steel drywell 1liner, a stainless
steel canister containing an as-
sembly of electric heaters in an
air atmosphere, and a concrete-
filled shield plug to support the
canister from the top liner. De-
tails of the test hardware are
included in Section 3.2 and Appen-
dix B. The drywell 1liner 1is
grouted into a hole in the soil.
An array of thermocouple wells mea-
sured ground temperature response
to the electric heat source.
Throughout the test, readings from
the thermocouples, heater input
voltage and current, and atmospher-
ic conditions were recorded. The
test objectives, operations and
results are described 1in Sections
3.1 through 3.4. The test data can
be found in Appendix C.

A finite difference computer model
was developed in conjunction with
the Electrically Heated Drywell
Test to predict canister, drywell
and soil temperatures. Results
from the computer model were com-
pared to the test temperature data
and are presented in Section 3.5.
Sections 3.6 and 3.7 discuss
temperature extrapolations and the
applicability of test results.

SPENT FUEL DRYWELL TEST

The Spent Fuel Drywell Test primary
objective was to confirm, by actual
testing, that commercial reactor
spent fuel could ©be passively
stored in near-surface drywells at
the Nevada Test Site. The Isolated
Drywell Test ©Phase 1 began on
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Figure 1.2-1. Summary of E-MAD Testing, March, 1978 through March, 1982

January 12, 1979 when a pressurized
water reactor (PWR) spent fuel as-
sembly with a decay heat level of
about 1.0 kW was placed into a dry-
well storage cell. The Isolated
Drywell Test Phase 1II began on
September 4, 1980, when a 1.25 kW
spent fuel assembly was stored.
The Adjacent Drywell Test began on
September 15, 1980. This test
consisted of placing three nearly
identical PWR spent fuel assem—
blies, each with a decay heat level
of about 0.63 kW, into three in-
line drywells spaced 25 feet apart.
The test hardware for each drywell
consisted of an instrumented carbon
steel liner, an instrumented stain-
less steel canister (containing the
PWR spent fuel assembly) and a
concrete-filled shield plug to

support the canister from the liner
top. Details of the test hardware
are 1included in Section 3.2 and
Appendix B. The drywell liner was
grouted into a hole in the soil.
Thermocouple wells measured ground

temperature response to the spent
fuel decay heat. Throughout the
test period, temperature readings

from thermocouples on the canister,
liner, and in the soil were record-
ed. The test objectives, opera-
tions and results are discussed in
Sections 3.1 through 3.4. The test
data are presented in Appendix D.

The finite difference  computer
model, developed for the Electric-
ally Heated Drywell Test, was modi-
fied to match the fueled drywell
configuration and predicted trans-
ient and steady-state canister,



drywell and soil temperatures.
These results are presented in
Section 3.5 while Sections 3.6 and
3.7 examine the temperature ex-~
trapolations and the applicability
of test results.

CONCRETE SILO TEST

The Concrete Silo Test primary ob-
jective was to confirm, by actual
testing, that commercial reactor
spent fuel <could be passively
stored in an above-ground concrete
silo at the Nevada Test Site. The
Concrete Silo Test began on Decem-
ber 7, 1978 when a PWR spent fuel
assembly with a decay heat level of
about 1.05 kW was placed into a
concrete silo and transferred to a
storage pad next to the E-MAD faci~
lity. The test hardware consisted
of an instrumented carbon steel
liner, an instrumented stainless
steel canister (containing the
spent PWR fuel assembly), a con-
crete~-filled shield plug to support
the canister from the liner top and
the 1instrumented reinforced con-
crete around the liner. Details of
the test hardware are included in
Section 4,2 and  Appendix  B.
Throughout the test period, temper-
ature readings from thermocouples
on the canister, liner and in the
concrete were recorded. The test
objectives, operations and results
are described in Sections 4.1
through 4.4, The test data are
presented in Appendix E.

A finite difference computer model
predicted concrete silo and can-
ister temperatures., Comparisons of
the analytical predictions with the
test data are presented in Section
4.5, Sections 4.6 and &.7 discuss
temperature extrapolations and the
applicability of the test results.

FUEL ASSEMBLY INTERNAL TEMPERATURE
MEASUREMENT TEST

The primary objective of the Fuel
Assembly Internal Temperature Mea-
surement Test was to provide spent
fuel assembly internal temperature
data under simulated dry storage
cell conditions to verify that
spent fuel assemblies with a decay
heat level of about 1.0 kW could be
stored in drywells and concrete
silos at the Nevada Test Site with-
out exceeding design temperature
limits. Phase I began in May, 1979
and was run with an electrical
heater assembly inside the canis-
ter, ©Phase II began on July 18,
1979 when an actual PWR spent fuel
assembly with a decay heat level of
about 0.85 kW was placed in the
test stand. In Phase III, begun in
September, 1979, a second PWR spent
fuel assembly with a decay heat
level of about 1.4 kW was used.
The test arrangement consisted of
an instrumented stainless steel
canister, a stainless steel can-
ister 1lid containing instrumenta-
tion tubes to measure internal fuel
assembly temperatures, a stand to
support a carbon steel liner repre-
sentative of the storage cell
liner, and an evacuation and back-
fill system. Details of the test
hardware are included 1in Section
5.2 and Appendix B. The test ob-
jectives, operations and results
are described in Sections 5.1
through 5.4.

Phase I provided canister temper-
ature profiles for heater power
levels between 0.5 and 3 kW. Phase
IT tests, run with air, helium and
in a vacuum, measured the internal
fuel assembly temperature distri-
butions as a function of canister
temperature profile and atmos-
phere. Phase III test, also run
with air, helium and in a vacuum,



provided additional fuel assembly
temperature response data to the
different media and canister tem-
perature profiles for a higher de-
cay heat level fuel assembly, Test
data can be found in Appendix F.

Several computer models developed
by Oak Ridge National Laboratory
and Pacific Northwest Laboratory
were used to calculate fuel clad-
ding and canister temperatures
under test conditions, Results
from these computer model predic-
tions were compared to the test
temperature data and are discussed
in Section 5.5. Section 5.6 pre-
sents the applicability of the test
data.

AIR-COOLED VAULT TEST

The primary objective of the
Air-Cooled Vault Test was to pro-
vide temperature and flow data
under normal operating and sim-
ulated accident conditions to
verify that spent fuel assemblies
with a decay heat level of 2.0 kW
could be stored temporarily or for
long periods in the E-MAD Lag Stor-
age Pit (an air-cooled vault). The
Lag Storage Pit stored 13 PWR spent
fuel assemblies with decay heat
levels up to 2.0 kW, Fuel assembly
storage began September 21, 1979.
Air flow and temperature measure-
ment tests under normal and acci-
dent conditions were conducted
several times with a different
number of assemblies in the vault,
Canister temperature measurements
were taken between December 1979
and June 1980 for one canister,

The test arrangement consisted of
stainless steel canisters (each
containing a PWR spent fuel assem—
bly) and concrete-filled shield
plugs to support the canisters from
the concrete vault covers, The

concrete lined Lag Storage Pit con-
sisted of three individual vaults
each with three inlets from a com-
mon inlet header and three outlet
pipes for air flow. Eight canis-~
ters were installed in one vault
(one canister instrumented) and
five in another, OQutlet pipe air
flow and temperature readings were
taken for various flow conditions
(forced flow, partial flow blockage
and natural circulation flow) in
two separate tests. Throughout
much of the test period, temper-
ature readings from thermocouples
on the canister and in the outlet
pipes were recorded. The test
objectives, operations and results
are described in Sections 6.1
through 6.4. Sections 6.5 and 6.6
discuss temperature extrapolations
and the applicability of test re-
sults. Test data are provided in
Appendix G.

1.3 CONCLUSIONS

The following conclusions can be
drawn from the results of each of
these tests:

ELECTRICALLY HEATED DRYWELL

1. The peak measured canister and
liner temperatures for an air
filled canister and a 1.0, 2.0
and 3.0 kW constant power level
applied to an 1isolated near-
surface drywell installed in
soil typical of the Nevada Test
Site were as follows:

Power Level Peak Canister Peak Liner

(kW) Temp (°F) Temp (°F)
1.0 276 232
2.0 506 458
3.0 785 747

2. The maximum spent fuel decay
heat level which can be stored



in an air filled canister in an
isolated drywell configuration
in Nevada Test Site soil is be-
tween 2.0 and 3.0 kW based on a
fuel assembly storage tempera-
ture limit of 715°F.

Day/night variations in ambient
air temperature have little ef-
fect on the peak canister tem-
peratures which occur 10 feet
below the ground surface.

The proportion of heat trans-
ferred to the atmosphere through
the drywell itself and through
the surrounding soil becomes
greater as the power level in a
drywell increases as evidenced
by:

® Peak canister temperatures
occurred at lower depths as
the power level was increased
from 1.0 to 2.0 kW and from
2,0 to 3.0 kW

e Temperatures along the entire
canister decreased during 3.0
kW operation by about 40°F in
nearly direct response to the
seasonal atmospheric tempera-
ture decrease from October to
December, 1980 (about 40°F)
whereas previous canister
response to seasonal atmos-
pheric  temperature changes
had a definite time lag simi-
lar to that of the soil at
the same elevation

For soils typical of the Nevada
Test Site, near-surface drywell
thermal response characteristics
are affected by the heat-source-
induced changes in soil thermal
conductivity (specifically from
the surrounding soil drying
out). To accurately model dry-
well thermal response, the pro-
per relationship between soil

thermal conductivity, tempera-
ture and time are needed. This
relationship, a function of soil
moisture content and the effects
of moisture transport mechan-
isms, would yield time and tem-—
perature dependent properties of
heat capacity and thermal con-
ductivity.

FUELED DRYWELLS

1. The peak measured canister and

liner temperatures for encapsu-
lated PWR spent fuel assemblies
with helium backfill stored in
an isolated drywell configura-
tion in soil typical of the
Nevada Test Site were as follows:

Fuel Assembly Pe ak Peak
Decay Heat at
Emplacement (kW) Temp (°F) Temp (°F)

Canister Liner

Fuel Assembly
Decay Heat at
Emplacement (kW)

1.25 323 262
1.00 254 203
0.63 199 158

2. Predictions using the relation-

ships developed from the Fuel
Assembly Internal Temperature
Measurement Tests show the peak
fuel clad temperatures (includ-
ing prediction error and uncer-
tainties) were as follows:

Estimated
Peak Fuel
Clad Temp (°F)

1.25 452
1.00 364
0.63 287

3. For decay heat 1levels of about

1.0 kW, the peak drywell canis-
ter and liner temperatures and
the time to reach the peaks are
influenced by the seasonal am-
bient air temperature varia-
tions, by the decrease in decay



heat level, and by thermal pro-
perty changes in the soil,

Day/night variations in ambient
air temperature had little or no
effect on peak canister temper-
atures.

A 50 foot spacing between adja-

cent drywells in Nevada Test
Site alluvial soil is judged to
thermally 1isolate spent fuel
assemblies with decay heat

levels of about 1.0 kW.

A 25 foot spacing between lin-
early arrayed adjacent drywells
in Nevada Test Site alluvial
soil is judged to produce vir-
tually no thermal interaction
between drywells containing
spent fuel assemblies with decay
heat levels of about 0.5 kW.

The peak canister and liner
temperatures reached by an
unused drywell were about 10°F
less than those for a drywell
which had contained the same
decay heat level fuel assembly
(about 0.5 kW) for some period
of time (about 30 months). This
is attributed to the decrease in
soil thermal conductivity caused
by the heat-source~induced mois~
ture loss with time in the sur-
rounding soil.

For soils typical of the Nevada
Test Site, near-surface drywell
thermal response characteristics
are affected by the heat-source-
induced changes in thermal pro-
perties of the surrounding soil.
To accurately model drywell
thermal response, the proper re-
lationship between soil thermal
properties (heat <capacity and
thermal conductivity), tempera-
ture and time are needed.

CONCRETE SILO

1.

2.

The peak measured canister tem—
perature for an encapsulated PWR
spent fuel assembly with helium
backfill and an 1initial decay
heat level of 1.05 kW stored in
a concrete silo configuration at
the Nevada Test Site was 202°F.
The peak liner temperature was
141°F.

Predictions using the relation-
ships developed from the Fuel
Assembly Internal Temperature

Measurement Tests show the peak
fuel clad temperature (including
prediction error and uncertain-
ties) was 334°F.

Seasonal variations in ambient
air temperatures and solar rad-
iation have a noticeable effect
on the canister temperature.
The peak canister temperature is
about 115°F above the average
monthly ambient temperature
(yearly range is 37 to 83°F).

Day/night variations in ambient
air temperature are essentially
damped out within the outer 15
inches of concrete.

FUEL ASSEMBLY INTERNAL TEMPERATURE
MEASUREMENT TESTS

1.

Both helium and air are accep~-
table canister backfill media
for spent fuel decay heat levels
near l.4 kW based on measured
peak center thermowell to canis-
ter temperature differentials.

The helium backfill is a notice-~
ably better radial heat conduct-
or than air and produced the
smallest center thermowell to
canister temperature differen-
tials,



The air backfill is a better
axial heat convector and pro-

duced canister and thermowell
temperature profiles skewed
towards the wupper end (fuel
temperatures at the upper end

exceeded those for the vacuum
backfill).

As canister temperatures in-

creased, the peak center ther-
mowell to canister differen-
tials decreased as did the

effects of axial heat convec-
tion for the air backfill.

The 15 axial thermowell tubes
provided in the test assembly
to measure temperatures inside
the spent fuel assembly reduced
fuel assembly upper end temper-

atures (by creating additional
axial heat conduction paths)
which would not occur in the

actual storage cells.

The peak fuel clad temperature
for a 1.0 kW decay heat level
spent fuel assembly stored in
an air filled canister in an
isolated drywell at the Nevada
Test Site would be about 400°F
based on a 275°F peak canister

temperature measured for the
Electrically Heated Drywell
Test.

The peak center thermowell

temperatures measured for fuel
assembly B43 for a uniform can-
ister temperature of 500°F were
about 550°F for a helium back-
fill and 575°F for an air back-
fill.

The peak fuel clad temperature
for a 1.4 kW decay heat level
spent fuel assembly stored in
an air filled canister 1in an
isolated drywell at the Nevada
Test Site would be about 525°F

10.

based on a 348°F peak canister
temperature interpolated from
the Electrically Heated Drywell
Test.

The peak fuel clad temperature
for the 1.6 kW decay heat level
spent fuel assemblies stored in
helium filled canisters in dry-
wells at the Spent Fuel Test at
Climax was about 460°F based on
a measured 289°F peak canister
temperature.

The peak -center thermowell
temperature measured for fuel
assembly D15 for a uniform can-
ister temperature of 600°F was
680°F for a helium backfill.

AIR-COOLED VAULT TESTS

1.

The peak measured canister tem-
perature for an air filled can-
ister containing a PWR spent
fuel assembly with a decay heat
level of about 1.8 kW in the
E-MAD Lag Storage Pit was 181°F
for natural convection cooling.
The peak measured canister tem-
perature for forced cooling was
149°F.

Predictions using the relation-
ships developed from the Fuel
Assembly Internal Temperature
Measurement Tests show the peak
fuel clad temperatures (includ-
ing prediction error and uncer-
tainties) were 532°F for natur-
al convection cooling and 516°F
for forced cooling.

Canister temperatures in the
E-MAD Lag Storage Pit were af-
fected by changes in the total
decay heat of fuel assemblies
in the pit, by changes in Hot
Bay ambient air temperature, by
pit cooling flow conditions,
and by removal of adjacent
canisters.



2.0 OVERVIEW
2.1 PROGRAM BACKGROUND

The E-MAD facility at the Nevada
Test Site was chosen as the loca-
tion for the SFHPP 1978 Demonstra-
tion because of its extensive ex-
isting capabilities for handling
highly radioactive components and
because of the desirable site char-
acteristics for the proposed stor-
age concepts. The E-MAD facility
is described in Appendix A and in
more detail in Reference 1. Near-
surface and above-surface storage
concepts were chosen for testing.
The near-surface storage concept or
drywell consisted of a steel liner
grouted into a shallow hole drilled
in the alluvial soil at the E-MAD
facility. A sealed canister con-
taining the fuel assembly in a
helium atmosphere is suspended from
a shield plug which, in turn, is
supported on an internal ledge in
the liner. The above-ground stor-
age concept, or concrete silo, had
a steel 1liner (identical to that
used in the drywell) encased in a
252 inch high, 104 inch diameter
reinforced concrete silo with the
canister/shield plug package sup-
ported in the liner in the same
manner as in the drywell. 1In these
storage systems, the decay heat of
the fuel assembly 1is passively
transmitted to the storage cell and
then dissipated to the environ-
ment. The drywell and concrete
silo storage cells were constructed
in an area immediately adjacent to
the E-MAD facility.

An overriding requirement from the
start of the SFHPP 1978 Demonstra-
tion Program was that the spent
fuel storage system and associated
activities not result in undue risk
to the public, property, environ-
ment, or site employees. To ensure

meeting this requirement, the leak-
tight integrity of the fuel clad-
ding and the canister was main-
tained. Because high temperature
can affect the long-term integrity
of both of these barriers to fis-
sion product release, thermal con-
siderations were an important con-
cern in the storage cell design.
Preliminary analyses performed by
the Hanford Engineering Development
Laboratory established 715°F
(380°C) as the fuel cladding tem—-
perature 1limit below which fuel
cladding integrity would be main-
tained in an inert (helium) en-
vironment for long storage times
(100 years). Scoping thermal
analyses of the storage cell
concepts indicated that cladding
temperatures reached in the con-
crete silo would be well below the
limit, but that those reached in
the drywell could approach the
limit. Therefore, a series of
tests was conducted to verify that
fuel cladding temperatures would
remain below the established 1limit
and to obtain data for wuse 1in
qualifying the thermal design model.

The two verification tests were
defined to provide temperature
measurements from the canister out
into the soil and inside a canister
containing a spent fuel assembly,
The first test, the Electrically
Heated Drywell Test, used an in-
ground electrically heated drywell
configuration to measure the spa-
tial temperature distributions on
the canister surface, the drywell
liner surface, and in the surround-
ing grout and soil, The canister
temperature profile (approximating
that for an actual drywell) would
then be input to the Fuel Assembly
Internal Temperature Measurement
Test to determine peak fuel clad-
ding temperatures, This test used
a canister containing a spent fuel



assembly and internal
instrumentation to determine fuel
cladding thermal response to an
imposed canister axial temperature
profile from thermocouples inserted
into fuel assembly guide tubes.
The canister is installed in a dry-
well 1liner with electrical band
heaters along the liner axial len-
gth. The Fuel Assembly Internal
Temperature Measurement Test ap-—
paratus is located in a large hot
cell (West Process Cell) inside the
E-MAD facility. A test within the
E-MAD facility hot cells was used
to determine canister interior tem-
peratures rather than using inter-
nal canister instrumentation wells
in the actual storage canisters.
It was felt that adding multiple
thin-wall internal canister instru-
mentation tubes would decrease the
canister reliability in providing a

temperature

leak-tight radioactive containment
boundary. These two tests would
provide canister and spent fuel

temperature data for storage of the
original SFHPP 1978 Demonstration
spent fuel assemblies at E-MAD.

In addition to the above mentioned
verification tests, soil properties
testing was done to measure thermal
properties from soil core samples.

These measurements were made on
reconstituted soil samples wunder
laboratory conditions and the
results are discussed in Section
3.5.1,1.

The storage cell experiments
consisted of encapsulating spent

fuel assemblies and placing them in
storage with thermocouple instru-
mentation on the exterior of the
fuel storage canister and through-
out the storage cell, The fuel
assemblies selected had a burnup of
approximately 25,000 megawatt days
per metric ton uranium (MWD/MTU)
and were approximately three years

10

out of the reactor with a thermal
power level of approximately 1.25
kW. Fuel encapsulations were per-
formed at E-MAD during December
1978 and January 1979. An encap-
sulated PWR fuel assembly was
placed in a concrete silo on Dec-
ember 7, 1978, and two other encap-
sulated PWR fuel assemblies were
placed in drywells on January 12
and 24, 1979. The fourth PWR fuel
assembly was placed in the Fuel
Assembly Internal Temperature
Measurement Test on July 18, 1979.

Results from the
Heated Drywell Test presented in
Reference 2 and Section 3.4
confirmed that fuel cladding tem—~
peratures for the spent fuel as-
semblies selected for testing would
remain below established 1limits.
Results from the Fuel Assembly
Internal Temperature Measurement
Test, presented in Reference 3 and
Section 5.4, provided additional
confirmation that fuel <cladding
temperatures were well below the
limits., The Concrete Silo Test 1is
described and results are presented
in PReference 4 and Section 4.4,
The results from the Phase I Iso-
lated Drywell Test (1.0 kW spent
fuel assembly) are presented 1in
Reference 5 and Section 3.4.

Electrically

Following completion of the SFHPP
testing in FY 1979, further testing
was initiated as part of the CWSFP
Program. The objective of the
CWSFP Program tests at the Nevada
Test Site was to further evaluate
E-MAD drywell performance. This
included additional testing using
the Electrically Heated Drywell
Test, all four drywells, and the
Fuel Assembly Internal Temperature
Measurement Test assembly.

The Spent Fuel Test at Climax
(SFT-C) used the E-MAD facility for







































































































































installation for the
three drywells differed slightly.
In Drywells 1 and 2, the thermo-
couples were installed through the
shield plug 1into the canister
instrumentation tubes and into the
liner instrumentation tubes. In
Drywell 3, the thermocouples were
installed through the shield plug
into the canister instrumentation
tubes only. Thermocouples had not
been removed because of the prob-
lems experienced removing Drywell 5
thermocouples during canister rear-
rangement operations. As a result
of thermocouples having been in-
stalled beyond the end of the can-
ister instrumentation tubes in Dry-
wells 5 and 3 for the Isolated Dry-

Thermocouple

well Test, the instrumentation
tubes on the canisters containing
fuel assemblies B03 and B4l had

been measured while the canisters
were in the E-MAD Hot Bay. The
thermocouple lengths for these can-
isters were marked and the thermo-
couples were 1installed so that
their tips were approximately 0.25
inches above the bottom of each in-
strumentation tube. The instrumen-
tation tube ends had been sealed on
the canister containing fuel assem-
bly B43 prior to fuel assembly en-
capsulation; and therefore thermo-
couples for Drywell 1 were instal-
led until they contacted the bottom
of the tubes. A sealing compound
was 1installed around the thermo-
couple at the top of each 1liner
thermocouple tube for all three
drywells to prevent entry of water.

Since Drywells 1 and 2 had not been
previously used for drywell test-
ing, the thermocouple leads for
each drywell and the four adjacent
instrumentation wells had to be
routed to the multiplexer unit in
the instrumentation shed. During
routing of the Drywell 1 thermocou-
ple leads, it was found that they
would not reach the multiplexer
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All the leads were then con-
a terminal strip with

thermocouple terminal
lugs (chromel and alumel) and
placed in a waterproof, dustproof
junction box mounted on the outside
wall of the instrumentation shed.
Chromel and alumel extension leads
connected the junction box terminal
strip and the multiplexer unit. It
should also be noted that two sets
of instrumentation well thermocou-
ples for Drywell 2 (798 to 801 and
809 to 8ll) were not connected to
the multiplexer unit until
September 18.

unit.
nected to
compensated

Temperature data from two of the
three drywells were monitored from
canister emplacement. TFor Drywell
3, data logger printouts started on
August 4, 1980 and continued for
every four hours for the first
eight days, and then twice daily at
4:00 a.m, and 4:00 p.m. until Sep-

tember 15, 1980. For Drywell 2,
data logger printouts started on
August 7, 1980 at 2:00 p.m. and

continued for every four hours for
the next seven days, and then twice
daily at 4:00 a.m. and 4:00 p.m.
until September 15. On September
15, 1980, following Drywell 1 can-

ister emplacement marking the
official Adjacent Drywell Test
start, data logger printouts for
all three drywells were made at

four hour intervals for two weeks
and twice daily thereafter at 4:00
a.m. and 4:00 p.m.

3.3.3 AMBIENT TEMPERATURE
MEASUREMENTS

In addition to Electrically Heated
Drywell Test and Drywell Test near-
field soil temperature measure-
ments, ambient air temperatures and
ambient soil temperatures were
recorded. A weather station in-
stalled near the Electrically



Heated Drywell Test
continuous record of
conditions at E-MAD.

provided a
atmospheric

Thermocouple readings from the
Reference Well 1located about 60
feet from the Electrically Heated

Drywell Test drywell provided a
record of the axial soil temper-
ature variations from atmospheric

temperature changes during the test
period.

3.4 RESULTS

3.4.1 ELECTRICALLY HEATED DRYWELL
TEST

INITIAL HEATUP CHECK

A printout of the thermocouple
readings at the start (March 6,
1978 at 3:51 p.m.) and end of the
heatup check period {(March 7 at
10:57 a.m.) are provided in Appen-
dix C, Table C-2, The second set
of readings represents the initial
conditions for the Electrically
Heated Drywell Tests.

ACCELERATED HEATUP (3.0 kW POWER
OPERATION)

Thermocouple readings at 24 hour
intervals for the first five days
of 3.0 kW operation (March 8, 9,
10, 11 and 12), on March 15, on
April 1 and on April 15 are shown
in Appendix C, Tables C-~3 through
C-6. Data are also shown for the
end of 3.0 kW operation in Table
c-7.

liner
inch

Thermal data for
and soil at 21, 33 and 60
radii are shown 1in Figure 3.4-1.
Figure H-1 shows the temperature
distribution within the soil using
isotherms (constant temperature
lines) interpolated from thermo-
couple data at the end of 3.0 kW

canister,
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operation., One day of 3.0 kW oper-
ation resulted in the canister max-
imum temperature (located about
midway down the heated length) ris-
ing from 117 to 310°F. The canis-
ter maximum temperature gradually
rose from 310 to 515°F after 55
days of 3.0 kW operation. At this
time, the liner maximum temperature
had risen to 450°F (50°F above the
predicted 1.0 kW liner thermal sta-

bilization temperature), so the
test power level was reduced to
1.0 kW. The corresponding inground

soil thermocouple at the 21 inch
radial position and same depth was
at 270°F.

Thermal model studies indicated
that only one month of operation at
3.0 kW would be necessary to reach
a liner temperature of 400°F. The
moisture that had accumulated
around the test area from concrete
pad construction, grout installa-
tion and rain apparently largely
affected the test transient be-
havior. Heavy rain fell during
Electrically Heated Drywell Test
liner 1installation. The combin-
ation of rain in the hole and water
in the grout surrounding the liner
caused the soil to have a high
moisture content. During the
3.0 kW power operation phase, the
temperatures measured by the ther-
mocouples in the grout and at a 21

inch radius in the soil rose to
200°F (the approximate boiling
point of water at E-MAD). The tem-
peratures remained at this wvalue

for 16 days and then steadily rose.
The constant temperature period was
caused by water vaporization. Once
the soil was free of excess water,
the thermocouple readings rose
above 200°F.

1.0 kW POWER OPERATION

Thermocouple readings at the start
of 1.0 kW power operation, for the
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Figure 3.4-1. Peak Temperature Distributions for Initial Electrically Heated

Drywell Test Phases

first five days, after two weeks of
1.0 kW power operation, and at one
month intervals during 1.0 kW power
operation are provided in Appendix
C, Tables C-7 to C-~16.

On February 6, 1979 at 4:00 p.m.,
data channels were rearranged eli-
minating the second multiplexer
unit, Four redundant canister and
three redundant liner thermocouples
were disconnected and the Reference
Well thermocouples connected to
their channels on the remaining
multiplexer. Figure (-2 shows the
revised thermocouple identifica-
tions.

Thermal results for 1.0 kW oper-
ation are shown in Figures 3.4-1,
3.4-2 and 3.4-3. Figure 3.4-1
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Figure 3.4-3. Soil Isotherms at 1 kW Power
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April 1, 1979

presents the temperature distri-
butions representing the peak
temperatures recorded for the can-
ister, liner and soil at a depth of
about 127 inches. Included is the
Reference Well temperature plot for
comparison with seasonal tempera-
ture variations at the same depth.
Figure 3.4-2 shows the canister and
liner axial temperature profiles on
april 1, 1979 after 8045 hours of
1.0 kW power operation. Figure
3.4-3 shows the temperature dis-
tribution within the soil using
isotherms (constant temperature
lines) interpolated from the ther-
mocouple - data on April 1, 1979.
The data shown in Figures 3.4~2 and
3.4-3 are representative of thermal
stabilization conditions.

When test power was reduced from
3.0 to 1.0 kW, the canister and
liner temperatures rapidly dropped
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as shown in Figure 3.4-1. This
indicated that for a 1.0 kW heat

source, the test had been heated to
above the thermal stabilization
temperature. About 25 days after

the power was reduced to 1.0 kW, a
steady-state canister peak temper-
ature of 276°F and a liner peak
temperature of 232°F were achieved.
These peak temperatures were mea-
sured halfway down the canister
heated length (about 127 inches
below ground level) and represent
the thermal stabilization tem-
peratures. Throughout the 1.0 kW
operational period, peak measured
canister temperatures varied from
276 to 261°F and peak liner tem-
peratures varied from 232 to 214°F
due to seasonal temperature effects.

When the test power level was
reduced from 3.0 to 1.0 kW on May
1, 1978, shrinkage cracks between
the drywell grout and the concrete
pad appeared. These cracks are
shown 1in Figure 3.2-7. These
cracks are assumed to have occurred
due to the rapid decrease in liner
temperature.

2.0 kW POWER OPERATION

Thermocouple readings at the start
of 2.0 kW power operation and for
the first five days are provided in
Appendix €, Tables ¢€-16 to (-18,
respectively. In addition, ther-
mocouple readings on May 15, 1979,
at one month intervals, and on
March 15, 1980 are included in
Tables €-19 to C-25. The data on
March 15, 1980 presents the peak
temperatures recorded during 2.0 kW
power operation. The data on April
1, 1980 were taken just prior to
raising the test power level to 3.0
kW.

The 2.0 kW power
thermal

test
shown in

operation
results are



Figures 3.4-4, 3.4-5 and 3.4-6.
Figure 3.4-4 shows the peak tem-
perature distribution (at about 127
inches deep) for the canister,
liner and soil for the entire test
period. Also shown are the Refer-
ence Well temperatures recorded for
the same depth. Figure 3.4-5 shows
the canister and liner axial tem—
perature profiles on March 15, 1980
after 7780 hours of 2.0 kW opera-

Canister and liner temperatures
rapidly rose in the first two days
followed by a steady increase to
thermal stabilization. The peak
canister temperature rose from 271
to 365°F after 48 hours and reached
a maximum of 506°F in December,

1979. The peak 1liner temperature
rose from 227 to 294°F after 48
hours and reached 1its maximum of
458°F 1in December, 1979. These

tion. Figure 3.4~6 presents the peak readings were measured about
soil temperature distribution on 127 inches below ground level. The
April 1, 1980 using isotherms in- canister and liner temperatures
terpolated from the thermocouple reached thermal stabilization
data. (neglecting  variations due to
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seasonal temperature effects) 1in
six months. Peak temperatures at
thermal stabilization were 500°F
for the canister and 450°F for the
liner. The soil temperatures below
the level of peak readings (unaf-
fected by seasonal variations)
continued to slowly rise until
reaching stabilization in March of
1980 (approximately 11 months into
the test period).

Figures H-2 and H-3 show canister
and liner axial temperature profile
changes during 2.0 kW operation.
The profiles shown are for July 1,
1979, September 1, 1979 and March
15, 1980; the March 15, 1980 pro-
files represent the peak tempera-
ture profiles during 2.0 kW oper-
ation, Each set of profiles shows
drywell temperature progression
with time and the shape change in
the axial profile. The canister
and liner 1lower end temperatures
increased at a faster rate than the
canister midplane until the entire
drywell reached thermal stabili-
zation,

3.0 kW POWER OPERATION

Thermocouple readings at the start
of 3.0 kW power operation and for
the first five days are provided in
Appendix C, Tables C-25 to (C-27.
In addition, thermocouple readings
on April 15, 1980, at about one
month intervals through December
30, 1980, and on October 8, 1980
are provided in Tables ¢C-28 and
C-33, respectively. The readings
on December 30, 1980, were taken
the day before the 3.0 kW power
operation was terminated.

The 3.0 kW test thermal results are
shown in Figures 3.4-7, 3.4-8 and
3.4-9. Figure 3.4-7 shows the peak
temperature distributions for the
canister, liner and soil over the
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entire test period. The soil operation when peak canister and
temperatures were measured at a liner temperatures occurred., Fig-
depth of about 127 inches and the ure 3.4~9 shows the s0il temper~
canister and liner temperatures ature distribution on October 8,
were  measured about 30 inches 1980, using isotherms interpolated
lower. Also shown are the Refer- from the thermocouple data.

ence Well temperatures recorded for
the 127 inch depth. Figure 3.4-8
shows the canister and liner axial
temperature profiles on October 8,
1980 after 4564 hours of 3.0 kW
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Canister and liner temperatures
rapidly rose in the first two days
followed by a fairly steady 1in-
crease to thermal stabilization.
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The peak canister temperature rose
from 490 to 579°F after 48 hours
and reached a maximum of 785°F in
October, 1980. The peak liner tem-
perature rose from 447 to 522°F
after 48 hours and reached a max-
imum of 747°F in October, 1980.

The canister and liner temperatures
reached thermal stabilization in
about six months. However, the
effect of seasonal temperature
variations (specially those exper-
ienced during October, 1980) on
canister and liner temperatures
could not be fully examined due to
the nine month test time period.
The soil temperatures below the
level of peak readings continued to
slowly rise until reaching stabli-
zation in late December, 1980.

The drywell transient response in
Figure 3.4-7 was as expected except
during October, 1980, The temper-
atures steadily increased to a peak
value during the first five months
of 3.0 kW operation in response to
the higher power level, They
slightly decreased during the last
two months in response to the sea-
sonal decrease in atmospheric tem-

peratures. The  unexpected can-
ister, liner and nearby soil tem-
perature increase and decrease

during October resulted from an
increased power level to the heater
and the response to unusual atmos-
pheric temperatures. The air tem-
peratures at E-MAD were higher than
normal during the last half of
September and the first ten days of
October (see Table 3,4-1)., Average
air temperatures were above 80°F
(normal averages are 70°F) with
daily highs in the 90's and in some
cases above 100°F. From October 13
to 16, the average air temperatures
dropped to near 50°F and then re-
turned to normal. In addition, it



was noted that a heater power mea-
surement of 3242 watts was recorded
at 8:30 a.m. on October 14 follow~
ing a three day weekend. The heat-
er power output was subsequently
adjusted back to 3000 watts.

These canister, liner and nearby
soil temperature changes in October
can be explained by heat transfer
mechanisms., The slow rise in can-~
ister and liner temperatures during
the second half of September and
the fairly uniform decrease during
the second half of Qctober indicate
a slightly delayed response to the

average atmospheric temperature.,
Along the entire length of the
canister and liner, temperatures

changed due to axial heat transfer
by conduction in the canister and
liner walls and by air convection
within the canister and between the
canister and liner. The peak can-
ister, liner and soil temperature
increase at the 21 and 33 inch
radii can be attributed to the
higher heater output. This heat,
transferred to the canister and
liner, was then transmitted rad-
ially by conduction into the soil.
This resulted in higher canister,
liner and near-drywell soil tem-
peratures. The soil temperatures
began to decrease after the heater
power level was reset at 3000
watts. The peak recorded temper-
atures (785°F for the canister and
747°F for the liner) occurring on
October 12 were also affected by
the higher heater output. Values
for peak canister and liner tem—
peratures were 778 and 742°F,
respectively prior to October 12
and 777 and 741°F, respectively on
October 14,

Figures H-4 and H-5 show canister
and liner axial temperature profile
changes during 3.0 kW operation for
April 1, April 15, August 1 and
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October 8, 1980. The profiles for
April 1 represent the canister and
liner temperatures just prior to
3.0 kW operation startup. The pro-
files for October 8 represent the
peak temperature profiles through-
out the 3.0 kW operation period
(except for those on October 12
which were affected by higher
heater output as noted). Each set
of profiles shows the drywell tem-
perature progression with time and
the shape change in the axial
profile. Both figures show after
two weeks of 3.0 kW operation, the
temperature profiles progressed
about half-way to their final
values, After four months of 3.0
kW operation, each profile was
95 percent of the peak profile
reached two months later. 1In addi-
tion, as the operating period con-
tinued, the temperature increase
for the canister and liner 1lower
half became larger than the in-
crease for the top half, The
canister temperature increase from
April 1 to October 8 at the heater
top was 240°F compared to 280°F at
the heater axial midplane and 290°F
40 inches 1lower. For the liner,
the comparable temperature in-
creases were 250, 294 and 303°F for
the heater top, heater axial mid-
plane and 40 inches below the mid-
plane, respectively.

HEATER POWER VARIATIONS
The heater power adjustments main-

tained the nominal power level var-
iations to within two percent dur-

ing normal working hours. However,
during non-working hours, input
voltage variations caused heater

power levels to exceed two percent
from April through September. The
air conditioning systems shutdown
throughout the Nevada Test Site
after the final daily heater power
check  was suspected to have



increased the line voltage. This
increase raised the heater power
level to five percent above the
recorded power levels and the
average power level by three per-
cent over the five summer months,

COMPARISON OF ELECTRICALLY HEATED
DRYWELL TEST PHASES

A comparison of the results from
the Electrically Heated Drywell
Test 1.0, 2.0 and 3.0 kW operation
phases are presented 1in Figures
3.4-10 through 3.4-13 at comparable
periods. Figure 3.4-10 compares
canister axial temperatures for
approximately 4565 hours of oper-
ation at each power level. Figure
3.4-11 compares these test data
normalized to heater axial midplane
temperature. Figures 3.4-12 and
3.4~13 compare the 100 and 200°F
isotherms, respectively for all
three power levels.
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around the drywell 1lower portion
results in a higher resistance to
heat flow from the canister Ilower
half. This causes canister lower
end temperatures to rise as shown
in Figures 3.4-10 and 3.4-11. 1In
addition, the 1increased thermal
resistance to radial heat flow also
causes a higher canister heat flux
on the top end due to heat flow to
the ambient air. The Electrically
Heated Drywell Test recorded data
may have been influenced by two
events occurring during construc-
tion and hardware setup. Due to an
operations delay, the liner em-
placement hole remained open for
several days before liner instal-
lation, and some portions collapsed
which resulted in redrilling the
hole. As a result, the amount of
grout needed was roughly double the
original estimate. The collapsing
occurred on the north side of the
hole, The grout and soil tem-
perature measurements were taken on
the south side where the final con-
figuration fairly accurately
matches that described. In addi-
tion, most of the excess grout is
located near the bottom of the
hole. Since it is estimated that
over 90 percent of the heat 1is
dissipated at the ground surface,
- the extra grout should have had
only a small effect on the test
thermal response.

The second event was water in the
liner. During canister assembly
installation, approximately two
inches of water was inadvertently
left in the liner bottom, Test
assembly operations were nearly
complete when this was discovered,
so after an engineering evaluation
it was decided to let the water
remain and evaporate during the
test. Considering the canister
temperature levels, the length of
the test, and the low desert air
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humidity, it is assumed that prior
to thermal stabilization no water
remained. It was judged that the
water in the liner has had little
or no effect on the steady-state
temperatures since the model
predictions correlated with the
test results,

3.4.2 FUELED DRYWELLS
ISOLATED DRYWELL TEST - PHASE I

This section presents the Phase I
test results for the isolated dry-
wells (Drywell 5 with fuel assembly
B03 and Drywell 3 with fuel assem-
bly B4l) from drywell and soil
thermocouples., Thermocouple read-
ings for each drywell are provided
for the start of testing, for the
first five days, and at two week
intervals throughout Phase I
(January 12, 1979 through August 4,
1980). Drywell 5 thermocouple
readings are provided in Tables
D5-2 through D5-7 and Drywell 3
thermocouple readings are provided
in Tables D3-2 through D3-7.

The peak measured temperatures for
Drywell 5 are presented as can-
ister, liner, and soil temperature
distributions throughout the test
period in Figure 3.4-14 and as

canister and liner axial temper-
ature profiles 1in Figure 3.4-15,
Figures 3.4-16 and 3.4-17 present

the peak measured temperatures for
Drywell 3. The peak temperatures

occurred several inches below the
canister midplane during August,
1979. For Drywell 5, the peak can-

ister temperature was 253°F, and
the peak liner temperature 203°F.
For Drywell 3, the peak canister
temperature was 254°F, and the peak
liner temperature 198°F. After the
peak temperatures occurred, all
temperatures decreased and began a
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Figure 3.4-14. Drywell 5 (F/A B03) Peak
Canister, Liner and Soil
Temperature Distributions at
About 145 Inches Below
Ground Level, January 12,
1979 to August 4, 1980

cycling pattern in response to
seasonal atmospheric temperature
changes.

Figures I-1 to I-6 show additional
plots of temperature data measured
for both drywells during the dry-
well testing. Figures I-1, I-2,
and I-3 show sets of canister,
liner, and soil temperature data
for the top, middle, and bottom
thermocouple 1levels, respectively
for Drywell 5., Figures 1I-4, I-5,
and I-6 show the same data for Dry-
well 3. These data plots were
generated by a computer code pro-
viding straight lines between data
points at two week intervals.

Axial heat convection effects
inside the canister were evident in
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Figure 3.4-15. Drywell 5 (F/A B03) Peak
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Temperature Profiles, August
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drywells 5 and 3. Convection ef-
fects within an air filled canister

were evident in the Electrically
Heated Drywell Test data as dis-
cussed in Section 3.4.1. Convec-

tion currents cause canister tem-
perature variations at one eleva-~
tion to occur more rapidly due to
temperature changes at other ele-
vations than would be possible by
conduction heat transfer alone.
Thus, canister temperatures at two
different elevations are  more
closely in phase than soil tem-
peratures at the same elevatioms.
The same phenomenon is apparent in
data from Drywells 5 and 3. Can-
ister temperature data from three
elevations on Drywell 5 in Figure
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Figure 3.4-16. Drywell 3 (F/A B41) Peak
Canister, Liner, and 5oil
Temperature Distributions at
About 145 Inches Below
Ground Level, January 24,
1979 to August 4, 1980
3.4-18 were compared with soil tem-
perature data at a 10 foot radius
in Figure 3.4-19 for the same ele-
vations. The canister temperatures
all peak within a period of approx-
imately 30 days, while the soil
temperature peaks are distributed
over a period of 60 to 70 days.

The thermal data from Drywells 5
and 3 showed that the day/night
atmospheric temperature changes had
little or no effect on the drywell
temperatures, Comparing the can-
ister, liner, and soil temperatures
at the 5 foot and 10 foot radius of
the uppermost thermocouple eleva-
tion showed a maximum O0.5°F dif-
ference between early morning and
mid-afternoon data recordings.

For the test period after April,
1979, the temperature versus time
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Figure 3.4-17. Drywell 3 (F/A B41) Peak
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Temperature Profiles, August
15, 1979

(10°F or
temperature

curves show small
circumferential
iations at all instrument eleva-
tions. In addition, comparing four
Drywell 5 liner thermocouples at an
elevation 205 inches below ground
level shows a variation of less
than 2°F until March 1, 1980 when a
thermocouple (867) varied between 3
and 6°F. This indicates that uni-
form soil properties exist circum-—
ferentially; and there are no ther-
mal effects of one drywell on an-
other,

less)
var-

The following operations and acti-
vities pertinent to the Phase I
Isolated Drywell Test and the
recorded data should be noted.
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Temperature Distributions,
January 12, 1979 to August 4,
1980

During thermocouple routing £from
the electrical enclosure to Drywell
5, liner thermocouple 877 broke. A
replacement was installed, a Type K
thermocouple connector Jjoining it
to the existing wire leading to the
instrumentation shed. This con-
nection was made in the electrical
enclosure. Later evaluations
determined this replacement thermo-
couple was 60 inches longer than
the original thermocouple.

Two liner  thermocouples  failed
during the Phase I Isolated Drywell
Test. Data readings from Drywell 3
liner thermocouple 829 greatly dif-
fered from the similar position
thermocouples (876 and 878, see
Figure I-6) soon after thermocouple
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Figure 3.4-19. Drywell 5 (F/A B03) Soil
Temperature Distributions,
January 12, 1979 to August 4,

1980
installation (no irregularity 1in
reading had been noted during ini-
tial temperature readouts). Fol-
lowing an integrity check, this
thermocouple was removed and re-
placed on March 16, 1979. A Type K
thermocouple connector joined the
replacement thermocouple with the
extension wire connected to the

data logger system multiplexer. On
February 15, 1980, Drywell 3 liner
thermocouple 828 stopped providing

data. After an integrity check,
this' thermocouple was disconnect-
ed. Since no replacement thermo-
couple was available, no further
data readings were taken,

Initially, Drywell 5 canister
thermocouples were installed with

the transition boots about 6 inches
above the shield plug. Later on



January 19, 1979, these thermo-
couples were inserted further so
the transition boots contacted the
shield plug. The results of this
readjustment can be seen as abrupt
temperature changes on Figures
3.4-14, 1-1, 1I-2, and I-3. Later,
an engineering evaluation of the
canister thermocouple tube/thermo-
couple interface was conducted
since the transition boots should
;have been about 6 inches above the
"shield plug top. The evaluation
showed that the ten canister ther-
mocouples could pass between the
canister and thermocouple tube
angle and plate, and may be mea-
suring air temperatures between the
canister and liner., It was deter-
mined that the thermocouples be
raised with the transition boots
5.5 inches above the shield plug
top. This was accomplished on
April 30, 1979, The test data
results shown in the Drywell 5 and
Drywell 3 temperature distribution
figures indicate that all 20 canis-
ter thermocouple temperatures were

affected by this action. This
indicates the thermocouples were
originally outside the canister
tubes.

Inadvertantly the nine liner

thermocouples for each drywell were
also raised by 5.5 inches on April
30. Evaluating the liner temper-
ature versus time curves shortly
thereafter revealed the change in
thermocouple position. The liner
thermocouples were properly rein-
serted on May 22, 1979. The change
in temperature readings on these
two dates is evident for all liner
thermocouples on Figure 3.4-14,
3.4-16 and I-1 through I-6,

It should also be noted that tem-
perature readings for ten Drywell 5
thermocouples varied widely between
January 19 and February 1, 1979 as
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shown on Figures 3.4-14, 1I1-1, I-2,

and I-3. An adjustment made to the
thermocouple reference board on
January 27, 1979 corrected the var-
iations.

The overall effects of the water
discovered 1in Drywells 5 and 3
during canister rearrangement oper-
ations have not been completely
evaluated. However, based on ther-
mal data results from the two iso-
lated drywells and the amount of
water present, water should have
had 1little effect on drywell tem-
peratures, Water vapor in the
annulus would increase the heat
transfer between canister and liner
causing the canister temperatures
to be slightly lower than if the
drywells were dry. Since the ma-
jority of heat flow resistance from
the fuel assembly to the surround-
ing atmosphere is due to the low
soil thermal conductivity, the
effect of water vapor inside the
drywell should be minor. Water in
the liner thermocouple tubes could
have affected the temperature read-
ings and caused thermocouple 828 to
fail. Examining the overall tem-
perature versus time curves for
both sets of drywell liner thermo-
couples shows that no liner temper-
ature reading exceeded 200°F, which
is the approximate boiling point of
water at E-MAD. In addition, the
liner temperature transient curves
do not show any unexpected changes
caused by water 1in the tubes.
Therefore, the water was not ex-—
pected to have influenced the tem-
perature data presented in this
report.

ISOLATED DRYWELL TEST - PHASE II

This section presents the thermal
test results for the Phase 1II
Isolated Drywell Test (Drywell 5
with fuel assembly D22). Thermo-

couple readings from Drywell 5 are



provided in Appendix D for one hour
after emplacement, for the first
five days, and at two week inter-

vals throughout the Phase II test
(September 4, 1980 through March
31, 1982) in Tables D5-9 through
D5-14.

The peak measured temperatures for
Drywell 5 are presented as canis-
ter, liner, and soil temperature
distributions throughout the Phase
II test period in Figure 3.4-20 and
as canister and liner axial tem-
perature profiles in Figure 3.4-21.

Following canister emplacement,
canister and liner temperatures
rose rapidly. The peak tempera-

tures occurred during October, 1980
(about six weeks after canister
emplacement). The peak canister

temperature was 323°F, and the peak
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liner temperature was 262°F. After
the peak temperatures occurred, all
temperatures decreased in response
to seasonal atmospheric temperature

and decay heat changes. There-
after, the temperatures show sea-
sonal cycles superimposed on de-

creasing mean temperatures result-
ing from the decreasing decay heat
level.

Figures I-1, I-2 and I-3 show sets
of canister, liner, and soil tem-
perature data for the top, middle,
and lower thermocouple 1levels,
respectively for Phase I and II.
These data plots were generated by
a computer code providing straight
lines between data points for data
at two week intervals.

Some of the Drywell 5 test thermo-
couples could not be used for Phase



II. Four canister thermocouples
could not be installed (T/C's 870,
871, 88l and 882) since there were
no Phase II canister instrumenta-
tion tubes and were coiled in the
annulus around the drywell liner
top. Four liner  thermocouples
(T/c's 866, 867, 877 and 888) were
broken during removal for canister
rearrangement. For three, the
thermocouple broke near the liner
tube top; therefore, no replacement
could be made. The fourth 1liner
thermocouple (T/C 866) broke about
78 inches below ground level, A
replacement provided an additional

data point. The thermocouple
sheath degradation and the liner
instrumentation tube corrosion

caused by water in the drywell
annulus was the hypothesized reason
for thermocouple breakage.

The Phase II Isolated Drywell Test
data exhibit the same basic thermal
response characteristics as the
Phase 1 test data. Figures 3.4-22,
3.4-23 and 3.4-24 compare Drywell 5

thermal response in both test
phases. Figure 3.4-22 shows the
peak canister, liner and soil tem-
peratures, the ambient soil tem-

peratures at the elevation of peak
drywell temperatures, and the pre-
dicted spent fuel assembly decay
heat curves over the 39 months of
Isolated Drywell Testing (Phases 1
and II). Figure 3.4-23 compares
the peak canister and liner axial

temperature profiles for Phase 1
and Phase II. Figure 3.4-24 shows
the canister axial temperature

profiles for both test phases with
similar fuel assembly decay heat
levels.

The major difference between the
Phase I and Phase II thermal re-
sponse 1is the rapid temperature
rise of the canister, liner and
soil for the Phase II test. This
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is because the soil and grout sur-
rounding Drywell 5 had been heated
and dried out. Although the dry-
well had been empty for 31 days,
the soil at the 5 foot radius was
still above 80°F when testing be-
gan. This initial heat would be
expected to shorten the soil heatup
period. The soil dryness resulted
in a decrease in thermal conduc-
tivity and an increase in soil
thermal resistance causing the
canister and liner temperatures to
rise much faster than in Phase I.

The change in soil thermal conduc-
tivity from Phase I to Phase II 1is
also evident in comparing the axial

temperature profiles of Figures
3.4-23 and 3.4-24. The canister
temperature difference at the ac-

tive fuel midplane level from the
peak temperature profiles in Figure
3.4-23 is 69°F for a predicted
decay heat level difference of 0.47
kW. In Figure 3.4-24, for a pre-
dicted decay heat level difference
of only 0.06 kW, the same canister
temperature difference is 33°F. A
much smaller canister temperature
difference would be expected for
the 0.06 kW decay heat difference;
however, the in soil thermal con-
ductivity decrease resulted in a
higher Phase II canister temper-
ature, )

Another difference in the drywell
thermal response was the higher
peak temperatures reached. For the
Phase II test, peak canister and
liner temperatures reached 323 and
262°F, respectively. For the Phase
I test, the peak canister and liner
temperatures were 254 and 203°F,
respectively. The higher temper-
atures can be related to the higher
decay heat level of the Phase II

fuel assembly. Figure 3.4-22
includes a decay heat curve for
both fuel assemblies. The above
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Figure 3.4-22. Isolated Drywell Test Phases I and Il Temperature and Decay Heat
Distributions
peak temperatures correspond ap- uppermost thermocouple elevation
proximate decay heat levels of 1.2 showed less than 0.5°F difference
and 0.83 kW for the fuel assem- between early morning and mid-
blies at the time peak temperatures afternoon data recordings. Ambient

occurred.

The Phase II test data again showed
that the day/night atmospheric tem-
perature changes had little or no
effect on drywell temperatures.
Comparing the temperatures of the
canister, liner, and soil at the 5
foot and 10 foot radius at the
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air temperatures varied by as much
as 30°F at these two times.

The Phase II canister and drywell
response to seasonal ambient tem-—
perature changes can be seen in
Figure 3.4-22, The peak temper-
atures were reached in mid-to-late
October for the canister, liner and
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The Phase II test data showed small
circumferential temperature var-
iations at all three instrumenta-
tion elevations indicating fairly
uniform soil properties. However,
due to the breaking of four ther-
mocouples, circumferential temper-
ature comparisons were not as con-
clusive as for Phase 1. Liner
temperatures at two elevations were
compared for thermocouples located
90 and 120° apart. These showed
variations between 1.7 and 7.3°F.
Canister temperatures at all three
instrumentation elevations were
compared for thermocouples located
180° apart. These showed varia-
tions between 3.3 and 4.8°F at the
top, 9.4°F at the middle and -0.4
to +0.4°F at the bottom. Soil
temperature variations measured in
the same region as the liner tem-
peratures showed differences of
less than 1.4°F at all elevationms.
Based on the thermocouple accuracy
and positional accuracy, these
differences were negligible.

ADJACENT DRYWELL TEST - PHASE III

This section presents the test
results for the three adjacent dry-
wells (Drywell 3 with fuel assembly
B03, Drywell 2 with fuel assembly
B4l, and Drywell 1 with fuel assem-
bly B43) during the Phase III test
(August 4, 1980 to March 31, 1982).
Thermocouple readings for each
drywell are provided at (or near)
canister emplacement, for the first
five days, and at two week inter-
vals in Tables D3-8 through D3-13
for Drywell 3, Tables D2-2 through
D2-7 for Drywell 2 and Tables D1-2
through D1-7 for Drywell 1.

Thermal test results are shown in
Figures 3.4-25 through 3.4-30. The
measured temperatures for Drywells
3, 2 and 1 at the 145 inch depth
below ground level are presented as
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Figure 3.4-25. Drywell 3 (F/A B03) Peak
Canister, Liner and Soil
Temperature Distributions at
About 145 Inches Below
Ground Level, August 4, 1980
to March 31, 1982

canister, liner and soil tempera-
ture  distributions in  Figures
3.4-25, 3.4-27 and 3.4-29, respec-
tively., Peak canister and liner
axial temperature profiles on
September 1, 1981 are presented in
Figures 3.4-26, 3.4-28 and 3.4-30
for Drywells 3, 2 and 1, respec-
tively,

The temperature distributions are
shown from canister emplacement
until March 31, 1982. For Drywells
1 and 2, the temperatures presented
at the 145 inch depth represent the
peak values recorded. For Drywell
3, peak canister temperatures were
recorded 30 inches below those
shown on Figure 3.4-25 and were be-
tween 6 and 10°F higher. Additional
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Figure 3.4-26. Drywell 3 (F/A B03) Peak
Canister and Liner Axial
Temperature Profiles,
September 1, 1981

canister, liner and soil temper-
ature distribution figures are
provided in Appendix I. Figures
I-4 and I-5 present Drywell 3
temperatures at 85 and 205 inches
deep, respectively., Figures 1I-7,
I-8, I-9 and I-10 present Drywell 2
and Drywell 1 temperatures at the
same depths. It should be noted
that all temperature distribution
plots were generated by a computer
code providing straight lines
between data points.

Drywells 1 and 2 had a similar
thermal response. For each dry-
well, the temperatures rose to an
initial peak value and then de-
creased in response to the decreas-
ing decay heat level and the sea-
sonal change in ambient atmospheric
and soil temperatures. Peak tem-
peratures for Drywell 1 (188°F for
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Figure 3.4-27. Drywell 2 (F/A B41) Peak
Canister, Liner and Soil
Temperature Distributions at
About 145 Inches Below
Ground Level, August 4, 1980
to March 31, 1982

the canister and 141°F for the
liner) occurred about 30 days after
canister emplacement, around Nov-
ember 15, 1980. Peak temperatures
for Drywell 2 (193°F for the can-
ister and 146°F for the liner) oc-
curred about 70 days after canister
emplacement, around October 15,
1980. The temperatures for both
drywells converged during December,
1980 and remained within 2 to 5°F
throughout the test.

For Drywells 1 and 2, the late
summer canister emplacement caused

the peak temperatures to be less
than expected. Canister temper-
atures (197°F for Drywell 1 and

199°F for Drywell 2) and liner tem-
peratures (157°F for Drywell 1 and
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Canister and Liner Axial
Temperature Profiles,
September 1, 1981
158°F for Drywell 2) recorded 1in
September, 1981 were higher than
the peaks reached in 1980, The
decay heat level 1is estimated to
have decreased from 0.63 kW in
August, 1980 to 0.54 kW in Septem~
ber, 1981 for the fuel assemblies.
Peak 1980 temperatures should have
been 20°F higher than those in 1981
as evidenced by the data from Dry-
well 3. Therefore, the initial
peaks reached in 1980 were less
than those which would have oc-
curred 1if the canisters had been
installed earlier in the year.

The thermal response of Drywell 3
continued to follow the seasonal
cycles superimposed on a decreasing
mean temperature as during Phase
I. Following canister rearrange-
ment, Drywell 3 canister and liner
temperature readings showed a small
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Figure 3.4-29. Drywell 1 (F/A B43) Peak
Canister, Liner and Soil
Temperature Distributions at
About 145 Inches Below
Ground Level, September 15,
1980 to March 31, 1982

change. This could be attributed
to slight differences 1in thermo-
couple position in the canister

instrumentation tubes and canister
position in the drywell. The peak
temperatures for the Drywell 3 can-
ister and liner during the Adjacent
Drywell Test were 229 and 183°F,
respectively, which occurred on
August 22, 1980. The peak readings
on September 1, 1981 were 211°F for
the canister and 170°F for the
liner.

Some comments concerning Phase III
thermocouples and data readings
should be made. Shortly after can-
ister thermocouple installation in
Drywell 3, thermocouple 843 failed.
On August 6, 1980, a replacement
thermocouple was installed in the
same manner as the replacement for
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Figure 3.4-30. Drywell 1 (F/A B43) Peak
Canister and Liner Axial
Temperature Profiles,
September 1, 1981

thermocouple 879. Later it was
found that liner thermocouples 839
and 850 had failed (on August 14,
1980 and January 23, 1981, respec-
tively, see Figures I-4 and I-5).
Since no replacements were avail-
able, these thermocouples were dis-
connected and no further readings

taken., Data for soil thermocouple
824 was 1inadvertently lost during
October, November, and December of

1980 (as shown in Figure I-6).

For Drywell 2, four liner thermo-
couples failed during Phase 111,
Thermocouples 804 and 803 failed on
January 4, 1982 and March 20, 1982
as shown in Figure 3.4-27. Thermo-
couples 792 and 791 failed on De-
cember 3, 1981 and February 24,
1982 as shown in Figure I-8. Data
for thermocouples 792 and 791 show
a marked divergence for some time
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before failure (between September 4
and December 3, 1981 for T/C 792
and between January 1 and February
24, 1982 for T/C 791). Some data
for T/C 803 also showed a marked
divergence between January 8 and
March 30, 1982; however, the di-
verging data occurred intermittent-

ly. 1Two other items relative to
Drywell 2 data should be noted.
First, soil thermocouples 798 to

801 and 809 to 812 were not hooked
up until September 18, 1980 which
accounts for no data shown on Fig-
ures 3.4-27 and 1I-7. Also, the
recorded data from thermocouples
800 to 809 from August 7, 1980 to
May 19, 1981, was determined to be
12.4°F too high when the scanner
was calibrated on May 19, 1981,
The data shown in Drywell 2 figures
and in Appendix D has been adjusted
by the 12.4°F error in data record-
ing to present accurate tempera-
tures,

For Drywell 1, two liner thermo-
couples failed during Phase 1III.
Thermocouple 765 failed on February
26, 1982 (see Figure 3.4-29).
Thermocouple 755 failed on November
28, 198l; however, the data for
this thermocouple shows a diver-
gence from the other two liner
thermocouples after October 15,
1981 (see Figure 1-10).

Thermocouple failure was attributed
to sheath degradation caused by
water entering the liner and shield
plug thermocouple tubes during
Phase I.

A comparison of test data from Dry-
wells 3, 2 and 1 was made to eval-
uate the drywell thermal response
and to determine the extent of
thermal interactions between adja-
cent drywells., The difference 1in
thermal response is illustrated in
canister test data comparisons,



The extent of thermal interaction
between drywells is shown in soil
test data comparisons.

Figure 3.4-31 compares all three
drywell axial temperature profiles
for the canisters and liners on
September 1, 198l., Data from Dry-
wells 1 and 2 showed little temper-
ature difference at the three liner
and five canister thermocouple
elevations, Data from Drywell 3
showed the same shape profiles as
those for Drywells 1 and 2 but with
temperature readings uniformly
about 10°F higher. This difference
is attributed to the soil dryout
experienced by Drywell 3.

Figure 3.4-32 compares canister
temperatures at the spent fuel
midplane elevation throughout the
test period. As previously noted,
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Figure 3.4-31. Comparison of Canister and
Liner Axial Temperature
Profiles, Drywells 1, 2 and 3,
September 1, 1981

Drywells 1 and 2 responded in the
same manner as had 1isolated Dry-
wells 5 and 3 where an 1initial
heatup transient was followed by a
cycling trend caused by seasonal
ambient air temperature changes.
Drywell 3 continued the cyclic
transient. During the test period,
two peaks and two valleys occurred
for Drywell 3 in response to sea-
sonal ambient air temperature
changes superimposed on the de-
creasing mean temperature.

Figure 3.4-32 also shows the
effects of soil thermal conduc-
tivity change on Drywells 1 and 2,
Following the initial heatup trans-
ient for Drywells 1 and 2, the dif-
ference between canister tempera-
tures (Drywell 3 versus Drywells 1
and 2) decreased fairly steadily to
a minimum of 10°F in March, 1982,
This is attributable to the de-
creasing thermal conductivity for
the soil around Drywells 1 and 2.
The thermal conductivity decrease
has been explained as the effect of
soil moisture content change due to
the drywell heat source.

Figures 3.4-33 to 3.4-36 show the
soil temperature distribution com-
parison for all three drywells at a
10 and 5 foot radius. These curves
show a very limited extent of ther-
mal interaction between drywells.
An initial comparison of thermo-
couple readings on opposite sides
of all three drywell canisters and
liners (all thermocouples running
along the rail spur centerline)
showed no evidence of thermal
interaction. For many of the
comparisons, larger temperature
readings occurred on either side of
the canister or liner for differing
thermocouple elevations. A compar-
ison of soil temperature readings
was therefore used to 1investigate
thermal interaction between dry-
wells.
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Figure 3.4-32. Comparison of Drywell Thermal Response - Canister Temperatures at 146
Inches Below Ground Level, August 4, 1980 to March 31, 1982

The temperature data distributions
at the 143.,5 inch depth for all
three thermowells at a 10 foot
radius are shown in Figures 3.4-33,
3.4-34 and 3.4-35, vrespectively.
Each data set varies slightly from
the adjacent drywell, For each
drywell, the nearest adjacent dry-
well thermowell is 17.6 feet away.
In Figure 3.4-35, the Drywell 1
soil temperatures show the influ-
ence of the Drywell 2 heat source.
Following Drywell 1 canister as-
sembly emplacement, the difference
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early

between the southern thermowell
(closest to Drywell 2) and the
other two 1ncreased until the dif-
ference was 3°F. The other two
thermowells (east and north side of
Drywell 1) showed nearly similar
readings with the eastern thermo-
well slightly higher.

In Figure 3.4-34, the Drywell 2
soil temperatures showed the in-
fluence of both the Drywell 1 and
Drywell 3 heat sources. During the
test period, the southern



i

NORTH THERMOWELL -

|

- (V/C B38)

N (TOWARDS DRYWELL 2
ﬁ ‘

VS S SO S T N R

TEMPERATURE (%F)

~
&

TiC

[~ SOUTH THERMOWELL
(T/C B35)
[~ (TOWARDS DRYWELL 5)

EAST THERMOWELL
(T/C 837}

i1 [ 1

[~ aucust 4, 1980
- EMPLACEMENTY

100 200 300 400
TIME AFTER EMPLACEMENT (DAYS}
VRS SHNY D R WA NN TR S T HUD RS H S R W S
10/% wi n 41 /1 an 10/ 121 2n
1880 1881 1982

P06514.354A

Figure 3.4-33. Drywell 3 (F/A B03) Soil
Temperature Distribution
Comparison at a 10 Foot
Radius, August 4, 1980 to
March 31, 1982

thermowell (closest to Drywell 3)
showed the highest temperature with
the eastern slightly higher than
the northern. This is due to the
soil nearest to Drywell 3 being
heated prior to the test. As the
test continued, the northern ther-
mowell (closest to Drywell 1) tem-
perature readings became the high-
est with the eastern the lowest,
The Drywell 1 heat source and a

slight difference in thermal
conductivity for soil on either
side of Drywell 2 caused this

effect. The prolonged Drywell 3
heat source caused the overall soil
thermal conductivity between Dry-
well 3 and Drywell 2 to be lower
than that between Drywell 1 and
Drywell 2., With comparable heat
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Figure 3.4-34. Drywell 2 (F/A B41) Soil
Temperature Distribution
Comparison at a 10 Foot
Radius, October 1, 1980 to
March 31, 1982

sources on both sides of Drywell 2,
the northern side soil (with
slightly higher thermal conduc-
tivity) conducted more heat from
the adjacent northern drywell.

In Figure 3.4-33, the Drywell 3
soil temperature distributions at
the 143.5 inch depth are shown for
all three thermowells at a 10 foot

radius. This figure, like Figure
3.4-35, shows the effect of the
heat source from Drywell 2., For

the period prior to about October
15, 1981, all three thermowells had
similar temperature readings. Fol-
lowing October 15, the northern
thermowell (closest to Drywell 2)
showed an increasingly higher tem-
perature than the other two. The
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Figure 3.4-35. Drywell 1 (F/A B43) Soil
Temperature Distribution
Comparison at a 10 Foot
Radius, September 15, 1980 to
March 31, 1982

difference in temperature reached a
maximum of 3°F.

Figure 3.4-36 shows the soil tem-
perature distributions for the 5
foot radius thermowell for all
three drywells. The temperatures
shown are the peak values recorded
at the 143.5 inch depth. Comparing
the thermal response of these three
thermowells shows the effects of
the canister emplacement time and
the relative soil thermal conduc-
tivity. During the early test
period, the Drywell 3 thermowell
showed the highest and Drywell 1

thermowell the lowest tempera~-
tures. The peak temperatures
reached by the three thermowells

during 1980 occurred at different
times reflecting the different
canister emplacement dates (Drywell
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Figure 3.4-36. Drywell 3, 2 and 1 Soil
Temperature Distribution
Comparison at a 5 Foot
Radius, September 15, 1980 to
March 31, 1982

3 peak occurred earlier than
Drywell 2 with the Drywell 1 peak
occurring last). As the test per-
iod progressed, the temperatures of
the thermowells for Drywells 1 and
2 converged and for most of the
1981 test period all three ther-
mowells were within 2°F. After
April 1, 1981, Drywell 3 thermowell
temperatures became the lowest.
The lowest Drywell 3 temperature
occurred after those for Drywells 1
and 2. This slight difference 1is
attributable to the difference in
soil thermal conductivity.

The conclusions reached by com-
paring the thermal response of the
three adjacent drywells are: 1)
virtually no thermal interaction
between adjacent drywell canisters
occurred, and 2) the small dif-
ferences noted for the thermal



response of the soil surrounding
the three drywells were due to soil
moisture level changes and the ad-
jacent drywell heat source. The
soll temperature differences are
relatively small (a maximum of 3°F)

compared to the temperature mea-
surements accuracy (:2°F). How—
ever, it is expected that these

trends are fairly accurate (temper-
ature readings relative to one an-
other) even if the absolute temper-
ature values recorded are slightly
inaccurate.

3.4.3 AMBIENT TEMPERATURE

MEASUREMENTS
Ambient temperature data were
recorded by the E-MAD weather
station (atmospheric temperatures)

and the Reference Well (soil tem~-
peratures) during the E-MAD drywell
testing period. Table 3.4-1 pre-
sents the ambient air temperatures

during 1978 to 1982. Reference
Well temperature readings are
included with the Electrically

Heated Drywell Test data in Appen-~
dix C.

Figures 3.4-37 and 3.4-38 illu-
strate Reference Well recorded soil
temperature variations, Figure
3.4-37 shows soil axial temperature
profiles at two month intervals
during 1980. Figure 3.4-38 shows
soil temperature distributions for
depths of 6 inches (thermocouple
101), 18 inches (thermcouple 102)
and 192 inches (thermocouple 107)
for slightly more than one year.
The 6 inch deep soil thermocouple
readings reflect insolation and
higher daytime air temperatures in
Figure 3.4-37 (readings taken at
4:00 p.m.) and in Figure 3.4-38
(both day and night temperatures).
The 18 inch depth soil thermocouple
readings show 1little effect from
solar insolation and day/night air
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temperature variations. The deeper
thermocouple readings show small
soil temperature variations at the
depths of peak temperature levels
(12°F at 127 inches deep and 7°F at
192 inches deep).

3.5 DRYWELL THERMAL ANALYSIS
ANALYSIS PURPOSE AND METHOD

The purpose of the drywell thermal
analysis 1s to develop thermal
models for the electrically heated
and fueled drywell configurations
and to demonstrate the models sat-
isfactorily predict soil and dry-
well temperatures. After comparing
model predictions with test data,
the passive heat dissipation pro-
cess, soil properties, and the ef-
fects of power level and seasonal
ambient variations should be suf-
ficiently understood that the model
can be applied with confidence.

Drywell test predictions and data
analyses were performed using the
TAP-A digital computer program,
Reference 13. TAP-A was developed
at AESD and has been used exten-
sively there and at the Westing-
house Advanced Reactors Division
during the past ten years., It 1s a
finite difference program calcula-
ting steady-state and transient
temperature distributions in a
configuration of solid materials
using the radiation, convection,
and conduction heat transfer modes.
To apply the program, a two or
three-dimensional configuration is
divided into elements called nodes.
The nodes, connected to each other
by heat transfer 1links having
lengths and cross-sectional areas,
can have time and temperature de-
pendent thermal properties (den-
sity, heat capacity, and conduc-
tivity) as well as time dependent
heat generation rates. OQuter sur-
faces are assigned time dependent



TABLE 3.4-1
E-MAD AMBIENT AIR TEMPERATURES DURING TEST PERIOD

Period Average* Period AVerage* Period Average* Period Average* Period Average¥*
Ending Temp (°F) Ending Temp (°F) Ending Temp (°F) Ending Temp (°F) Ending Temp (°F)
1/15/78 1/15/79 36.9 1/15/80 41.7 1/15/81 50.3 1/15/82 40.2
1/31 43%% 1/31 37.3 1/31 37.0 1/31 44.2 1/31 45.2
2/15 2/15 45.4 2/15 41.1 2/15 46.1 2/15 41.8
2/28 Lex* 2/28 47.9 2/29 54.0 2/28 49.5 2/28 - 58.0
3/15 3/15 56.1 3/15 51.9 3/15 45.7 3/15 52.0
3/31 50%* 3/31 48.1 3/31 52.3 3/31 50.1 3/31 46.7
4/15 4/15 59.2 4/15 61.0 4/15 60.8

4/30 59%% 4/30 64.2 4/30 66.5 4/30 71.2

5/15 5/15 65.6 5/15 65.6 5/15 68.9

5/31 66%* 5/31 77.1 5/31 68.1 5/31 68.5

6/15 6/15 78.6 6/15 74,5 6/15 82.0

6/30 78.2 6/30 79.0 6/30 86.0 6/30 89.1

7/15 83.3. 7/15 82.5 7/15 86.1 7/15 87.5

7/31 90.6 7/31 83.5 7/31 94.8 7/31 85.8

8/15 90.1 8/15 78.1 8/15 92.7 8/15 87.3

8/31 78.8 8/31 74.9 8/31 81.5 8/31 87.2

9/15 75.0 9/15 82.5 9/15 79.7 9/15 80.5

9/30 77.9 9/30 76.3 9/30 81.5 9/30 77.2

10/15 76.9 10/15 1.9 10/15 80.5 10/15 60.4

10/31 64,5 10/31 57.4 10/31 62.1 10/31 61.9

11/15 55.1 11/15 50.5 11/15 63.3 11/15 62.6

11/30 48.6 11/30 43.6 11/30 52.4 11/30 49.7

12/15 36.9 12/15 47.7 12/15 52.8 12/15 51.6

12/31 38.6 12/31 42.3 12/31 57.8 12/31 46,1

*Determined by averaging daily temperature extremes over two week periods

(Data from E~MAD weather station)

**Extreme temperatures averaged for each month over period 1956 to 1966 (Data
collected by Air Resources Laboratory at weather station near E-MAD)

temperatures or convective heat
transfer coefficients that vary
with time or with a surface-to-

ambient temperature differential,
3.5.1 THERMAL MODEL DESCRIPTIONS

3.5.1.1 ELECTRICALLY HEATED
DRYWELL TEST

MODEL SIZE AND BOUNDARY CONDITIONS

The TAP-A nodal model of the Elec-
trically Heated Drywell Test is de-
picted in Figures 3.,5-1 and 3.,5-2
and the nodes representing each
test component are 1identified 1in
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Table 3.5-1. The model 1is two
dimensional in the r and z direc-
tions (radius and depth, respec-
tively) with no variations circum-—
ferentially. The outer radius
extends to 60 feet (corresponding

to the Reference Well location) and
has an adiabatic boundary condi-
tion. The model radius is arbi-
trary and it could be given any
value greater than the radius at
which the radial temperature grad-
ients are expected to be zero (20
feet based on Electrically Heated
Drywell Test results). The model
lower boundary is set at a depth of
1000 feet approximately corres-
.ponding to the E-MAD water table
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depth. A constant 65°F boundary
condition is applied at that boun-
dary simulating the water table's
constant temperature heat source
and sink effect.

ELECTRICALLY HEATED DRYWELL TEST
CANISTER HEAT FLUX DISTRIBUTION

A comparison of measured tempera-
tures with TAP-A model calculations
shows the model with a uniform heat
generation rate consistently over-
predicts soil temperatures at
depths at the canister middle and
lower end and underpredicts soil
temperatures at levels near the
canister upper end.

This discrepancy could be caused by
insufficient heat flow from the
upper end of the canister model.
To evaluate canister heat flow, the
actual canister heat flux distri-
bution was calculated wusing tem-
perature data from the pairs of
adjacent canister and liner ther-
mocouples identified in Table 3.5-2.
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TABLE 3.5-1

TAP-A ELECTRICALLY HEATED DRYWELL TEST MODEL NODE DESCRIPTION

Nodes

1-30
31-50
51-52
53-57
58-72
73-77
78-92
93-97
98-101

102-110

111-117

118-121

122-139

140
141-162
163
164-181
182

183-242

243-244

245-289

Assuming the canister and liner are
positioned concentrically and that
temperatures and heat flow do not
vary circumferentially, the local
canister heat flux at a particular
elevation can be expressed in terms
of the canister and liner tempera-

tures at that location as follows:

¢ = %%(1 + )T, - T) + Fo(Tc4— T
Te
where
0] - heat flux, Btu/hr-ft2
b - radial clearance between

liner and canister, ft

Test Components
Heater Assembly
Canister
Shield Plug Skirt
Shield Plug Bottom Plate
Liner Lower Section
Grout at Bottom of Liner
Concrete in Shield Plug
Shield Plug Top Plate
Shield Plug Body Pipe
Air Gap Around Shield Plug
Drywell Cover
Liner Upper Section
Grout Between Liner and Soil
Concrete Pad
Soil
Concrete Pad
Soil
Concrete Pad
Soil
Concrete Pad
Soil

Ke - effective thermal

ductivity of the gas in

the clearance
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region
(considering both con-
duction and free convec-
tion), Btu/hr-ft-°F

re canister outer radius,
ft

L liner inner radius, ft

F shape factor

4) o Stefan-Boltzman con-

stant, 0.1714 x 10~8
Btu/hr- fr2-°p4

Te canister temperature, °R

Ty, liner temperature, °R



TABLE 3.5-2
CANISTER AND LINER THERMOCOUPLES USED IN CANISTER HEAT FLUX CALCULATIONS

Thermocouple Elevation* Canister Angle¥x* Liner Angle*

Pair (in.) T/C No. (Deg.) T/C No. (Deg.)
1 29.5 14 0 030
2 29.5 15 135 030 0
3 60.0 16 0 031 0
4 60.0 17 90 032 90
5 60.0 18 180 033 180
6 60.0 19 270 034 270
7 90.4 20 0 035 0
8 120.8 21 180 036 0
9 151.2 22 180 037 0
10 151.2 23 315 037 0

*Measured from top of canister

*%*See Figure 3.2-1 for 0° position

The first term on the right hand
side of this equation describes
heat transfer between the canister
and liner by the combined effects’
of conduction and free convection.
The effective thermal conductivity,
Ke, calculated wusing the method
discussed in Reference 14 (p. 331,
332), is typically greater than the
thermal conductivity of air (eval-
uated at 1/2 (T, + 7Tp)) by a
factor of 2 to 3. Radiation, the
dominant heat transfer mode between
the canister and liner, is account-
ed for by the second term.

The analysis procedure consisted of
first determining local heat flux
values at the five thermocouple
elevations., The resulting heat
flux profile was integrated over
the canister length and the esti-
mated drywell power level was com-
pared with the known actual power
level. Their ratio (actual/esti-
mate) was always less than 1.0
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(typically 0.55 to 0.65), attri-
buted primarily to the shape factor
value of 1.0 used in the radiation
calculations. This ratio was then
applied as a multiplier on the heat
flux estimates at the five thermo-
couple elevations. While the need
for the multiplier stems primarily

from the radiation calculational
method, it was applied to both the
radiation and the convection/con-

duction term to simplify the calcu-
lations. This approach resulted in
variations between test data and
predicted local heat fluxes of less
than 8 percent at 1.0 kW and less
than 4 percent at the 2.0 and 3.0
kW power levels. The heat flux
profiles derived in this manner are
shown in Figure 3.5-3.

The main difference between these
profiles and the uniform flux dis-
tribution is that a peak heat flux
peak now occurs at the canister
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upper end. A flux peak there could
be due to natural circulation ef-
fects within the canister, The
canister heat flux distributions of
Figure 3.5-3 improve canister and
soil temperature predictions as
shown in Figures 3.5-4 and 3.5-5.
It is therefore apparent that the
canister heat flux distribution has
an appreciable influence on drywell
and soil temperature predictions
and that the canister model should
include the appropriate heat flux
distribution.

ELECTRICALLY HEATED DRYWELL TEST
ELECTRIC HEATER POWER VARIATIONS

As previously noted, voltage var-
iations at the electric heater
terminals occurred during the warm
months of the year apparently 1in
response to the cycling air condi-
tioning load. The heater control-
ler setting was checked and ad-
justed (if necessary) during the
warm daytime hours but not after
working hours and resulted in a
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higher voltage across the terminals
at night. Heater controller input
voltage data records were analyzed
to determine the overall effect on
heater power level. The analysis
for the 1.0 and 2.0 kW periods in-
dicated that the integrated power
output by the heater was about 3
percent higher during the April to
September period but virtually
equal during the remaining months
of the year. This variable power
effect was included in the thermal
model accurately represent actual
test conditions.

HEAT TRANSFER MECHANISMS

Heat transfer between the electric
heater assembly (nodes 1 to 30) and
the canister is modeled by conduc-
tion. Heat transfer from the heater
to canister actually occurs by con-
vection and radiation (primarily by
radiation at high temperatures).
Since TAP-A has no mass flow cap-
ability and therefore cannot model

convection effects, a simplifying
assumption was made to calculate
canister temperatures. An arbi-

trary conductivity value was chosen
to represent the radiation, con-
vection, and conduction heat trans-
fer., A temperature dependent con-
ductivity, calculated over the an-
ticipated range of canister tem-
peratures wusing a 1000°F peak
heater temperature, is used in the
model. To compensate for convec-
tion effects inside the canister,
the present model includes a non-
uniform axial heat generation rate
for the heater assembly as pre-
viously described. The  heater
assembly heat capacity which is
small compared to that for other
system components (canister, liner,
grout, etc.), is modeled accurately
to produce fairly accurate trans-
ient predictions for the entire
drywell system.
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Heat transfer from the canister to
the liner and shield plug occurs by
radiation, conduction and free
convection and the thermal model
includes all three modes. Con-
vection and conduction were treated
using the effective thermal con-
ductivity approach with appropriate
conductivity values in the r and z
directions. The radiation calcula-
tion for canister to liner heat
transfer uses the shape factor ex-
pression for concentric gray cylin-
ders as follows:

1
F =
12 Ay 1
e vt i &
1 2 2
where
€ = emissivity

surface area
canister outer surface
= liner inner surface

N>
it

Emissivity values for the canister
(0.45) and 1liner (0.60) were ob-
tained from References 15 (p. 475)
and 16 (p. 15 - 21), respectively,
for Type 304 stainless steel (can-
ister) and hot-rolled iron (liner).

Heat transfer from the shield plug
sides to the wupper liner occurs
primarily by radiation and free
convection., Heat transfer from the
shield plug upper surface to the
drywell cover plate occurs by con-
vection, For modeling purposes,
conduction through an air-filled
space 1is assumed in each direc-
tion. This approach is used since
TAP-A has no mass flow capabili-
ties. This simplifying assumption
is judged to be acceptable since,
due to the relatively small shield

plug heat transfer rates, even
large modeling 1inaccuracies in
these regions would have 1little
effect 'on canister temperature

predictions.



Heat transfer through the steel,
concrete, grout and soil is modeled
by conduction, Heat transfer
through porous materials such as
concrete, grout and soil can occur
by a combination of conduction,
radiation and convection., Conduc~
tion occurs at points of granular

contact, radiation occurs across
the voids between grains and
convection occurs throughout the

medium on both the microscopic and
macroscopic scales. However, 1in
compacted sandy soils with fines,

conduction is the dominant mech~
anism and in this analysis, heat
transfer in all solid materials,
including soil, is based upon that
mode.

The interface between two solid
materials in contact produces a
heat flow resistance across that
boundary. Since the extent of
actual contact is not known, inti-

mate contact is assumed between the
various material pairs (liner and
grout, grout and soil, concrete and
soil) and all contact resistances
are assigned zero values,

GROUND-TO-AMBIENT HEAT TRANSFER

The previous Electrically Heated
Drywell Test analyses, reported in
References 2 and 6, considered
solar effects at ground level as
well as convection to and from the
ambient air. Further work has con-
firmed, however, that the ground
level model can be simplified, with
satisfactory results, by equating
air and surface temperatures and
ignoring the solar effects. This
approach has been applied through-
out the drywell analyses presented
in this report. The air tempera-
tures used are the monthly temper-
ature averages taken from E-MAD
site weather data provided in Table
3.4-1. The model predicts seasonal
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soil temperature variations with
good accuracy confirming this
approach.

MATERIAL PROPERTIES

The various materials used in the
Electrically Heated Drywell Test
and the thermal properties input to
the thermal model are identified in
Table 3.5-3. Thermal conductivi-
ties of the grout and soil were de-
termined experimentally since they
are specific to the E-MAD area.
The thermal conductivity of grout
(a two-to-one mixture by weight of
soil and cement) was measured as a
function of temperature in labora-
tory tests performed by Holmes and

Narver, 1Inc. Grout samples were

poured during drywell installation

for use 1in the laboratory tests.

The results are shown in Figure

3.5-60
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Figure 3.5-6. Laboratory Measured Grout
Thermal Conductivity



TABLE 3.5-3
MATERIAL THERMAL PROPERTIES USED IN DRYWELL ANALYSIS

Thermal
DensiSy Heat Capacity Conductivity
Material (1b/ft™) (Btu/1b-~°F) (Btu/hr-ft-°F) Source

Concrete 142.0 0.2 1.05 Ref. 17, pp. 4-9, 4~97
Stainless Steel 490.0 0.11 10.0 Ref. 18, p. 533

Carbon Steel 490.0 0.11 23.0 Ref. 18, p. 533

Grout 117.0 0.2* See Fig. 3.5-6

Soil 105.0 0.25%% See Fig. 3.5-9

*Value based on dry soil, dry concrete heat capacity values

**Dry soil plus 5 percent moisture assumed

Since soil thermal conductivity 1is
an important parameter in the ana-
lysis of drywell thermal perfor-
mance, the conductivity value or
relationship used must be selected
carefully. To illustrate its in-
fluence, steady-state predictions
of temperature versus radius at
canister mid-plane are plotted in

Figure 3.5-7 for three typical
values of soil conductivity with
all other parameters held con-
stant. These conductivity values

obtained from Reference 19 apply to
a variety of soils with a range of

moisture contents and densities.
Generally, 1low conductivities are
associated with dry, lightweight
soils while moist, high density
soils exhibit higher conductivi-
ties. It 1is apparent from Figure
3.5-7 that the drywell temperature

field in general and the canister
temperature in particular are
sensitive to soil conductivity

variations.
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For the Electrically Heated Drywell
Test, E-MAD soil density and ther-
mal conductivity were measured by
Holmes and Narver, Inc. in labora-
tory tests using borehole samples.
The samples were taken at four
depths (5, 10, 15 and 20 feet) and
their moisture contents, densities
and compositions determined. At a
later date, the dried samples were
recombined with the correct mois-
ture (typically 5.0 to 5.2 percent
by weight at each level) and com-
pacted to the correct density to
form cylinders (2,8 inch diameter
by 5.6 inch length) on which con-
ductivity tests were performed.
The tests employed the transient
line source method described in
References 20 and 21. By placing
the samples in an electrically
heated furnace, the thermal con-
ductivity versus temperature mea-~
surements were obtained (tabulated
in Table 3.,5-4 and graphed in
Figure 3.5-8).
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As noted above, the soil samples
contained 5 percent moisture at the
test start, However, nearly 20
hours elapsed between tests at each
temperature and since the furnace
was not air-tight, it is virtually
certain the samples quickly 1lost
their initial moisture, Above
200°F, all moisture would have va-
porized and the data obtained apply
to dry soil conditions. However,
during the tests below 200°F, the
samples could have contained some
moisture but at levels 1less than
the original moisture content due
to evaporation during the stabili-
zation period. Therefore, the
measured thermal conductivities at
70 and 100°F are expected to be
lower than conductivities at the
same temperature with 5 percent
moisture.

Predicted drywell temperatures were
significantly higher than the test
data when the E-MAD soil sample
thermal conductivity data were used
as input to the model. An assess-
ment of the potential thermal con-
ductivity discrepancy in the tem-
perature range of 70 to 200°F was
done by comparing the E-MAD soil
data with published soil data and
conductivity correlations. A cor-
relation described in Reference 22
developed for sandy soils compar-
able to that at E-MAD was used.
The E-MAD samples contained approx-
imately 70 percent sand (SiO3).
Although the correlation assumed
the other main soil component 1is
clay (E-MAD samples showed no
clay), the correlation has been
used in this study primarily to
illustrate the influence of mois-
ture on soil thermal conductivity.
Figure 3.,5-9 compares the corre-
lation conductivity predictions
with E-MAD soil test data. The
correlation as published in Ref-
erence 22 only covers a temperature



TABLE 3.5-4
MEASURED THERMAL CONDUCTIVITY OF SOIL INSIDE E-MAD FACILITY COMPOUND

Temperature Depth (Feet)

_¢n 5 10 15 20
70 0.466% 0.520 0.513 0.479
100 0.374 0.350 0.525 0.517
200 0.248 0.246 0.349 0.321
300 0.253 0.257 0.269 0.295
400 0.243 0.255 0.265 0.298
500 0.247 0.258 0.266 0.287
600 0.250 0.244 0.274 0.261
700 0.231 0.231 0.262 0.343%%*

*Thermal conductivity measured in Btu/hr-ft-°F

**Reading was judged erroneous due to problem with potentiometer

range of 40 to 100°F. For a fixed compared with 0.5 Btu/hr-ft-°F mea-
moisture content, the correlation surements from the E-MAD soil sam-
shows a weak dependency on temper- ples. Third, the measured E-MAD
ature; and therefore, the correla- soil conductivity continued to fall
tion can probably be safely extra- between 70 and 200°F instead of
polated between 100 and 200°F, as following the slight rising trend
done in Figure 3.5-9. predicted by the correlation.
These three observations support
Several observations can be made the contention that the E-MAD test
concerning Figure 3,5-9. First, samples, after being mixed and
the 1low moisture predictions are molded with the correct moisture
similar to the high temperature content, lost moisture by evapora-
(above 200°F) conductivities mea- tion even before the room tempera-
sured for the E-MAD soil samples. ture tests were performed.
Since the samples tested were dry ‘
above 200°F, the reasonable agree- A time and temperature dependent
ment at high temperatures supports soil thermal conductivity was deve-
the use of this correlation for the loped which conservatively repre-
high sand content soil at E-MAD. sents the soil drying out near the
Second, the correlation predicts drywell. All soil nodes in the
low temperature conductivities of model are assigned unique thermal
about 0.85 Btu/hr-ft-°F for mois- conductivities dependent on their
ture levels of 5 ©percent as temperature history. The soil 1in
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Figure 3.5-9. E-MAD Soil Thermal
Conductivity Test Data and
Predictions

the model is assumed to begin at 5
percent moisture level with a
corresponding thermal conductivity
of 0.85 Btu/hr-ft-°¥. When the
soil reaches 100°F, drying out
begins, and the thermal conduc~
tivity decreases with time, fol-
lowing the normalized curve shown
in Figure 3.5-10. This relation-
ship was developed from Phase I
Isolated Drywell Test  results.
During most of the Phase I test,
the temperature difference between
the liner and soil at a 5 foot
radius remained constant whereas
the fuel assembly decay heat de-
creased nearly 40 percent. Assum-
ing the rate of soil thermal con-
ductivity decrease with time match-
ed that of the decay heat (result-
ing in no change in the noted
temperature difference), the nor-
malized curve in Figure 3.5-10 was
developed from the decay heat curve
for fuel assembly B03 (see Figure
2.3-3). If the soil reaches 200°F,
the soil is assumed to be totally
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Figure 3.5-10. Soil Thermal Conductivity
Dryout Model Derived From
Drywell Data

dry and is given a thermal conduc-

tivity of 0.25 Btu/hr-ft-°F. A
drywell soil thermal conductivity
parameter study was done and is

described in Section 3.5.3.

3.5.1.2 FUELED DRYWELLS

MODEL SIZE AND BOUNDARY CONDITIONS
The TAP-A nodal model applied to

the Fueled Drywell Test is depicted
in Figures 3.5-11 and 3.5-12, and

the nodes representing each test
component are identified in Table
3.5-5, The model 1is two-dimen-
sional in the r and z directions
(radius and depth, respectively)
with no variations circumferen-
tially. With several minor excep-

tions, it is identical to the Elec-
trically Heated Drywell Test ther-
mal model described in Section
3.5.1.1. The exceptions pertain to









TABLE 3.5-5
TAP-A DRYWELL MODEL NODE DESCRIPTION

Nodes

1-30
31-50
51-52
53-57
58-72
73-717
78-92
93-97
98-106

107-110
111-112
113
114-115
116-118
122-139
140-242
243-246
247-250
251-272

radius of 60 feet, which is given
an adiabatic boundary condition.
The model lower boundary is located
at a depth of 1000 feet where a
constant 65°F boundary condition is
applied.

FUEL ASSEMBLY HEAT GENERATION RATE

The fueled drywell analysis applies
the transient spent fuel decay heat
curves shown in Figure 2.3-3 for
fuel assemblies B0O3, B4l and B43
and Figure 2.3-6 for fuel assembly
D22. All heat is assumed to be
produced in the fuel zone (Nodes 1
to 30). The volumetric heat gener-
ation rate is distributed uniformly
over the entire fuel zone creating

Test Components

Fuel

Assembly

Canister

Shield Plug Skirt

Shield Plug Bottom Plate

Liner Lower Section

Grout at Bottom of Liner

Concrete in Shield Plug

Shield Plug Top Plate

Drywell Cover Plate

Liner Upper Section

Concrete Pad

Grout

Concrete Pad

Soil

Grout Between Liner and Soil

Soil

Canister

Liner Lower Section

Soil
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a cosine shaped heat flux distri-
bution at the canister wall similar
to that deduced from canister and
liner temperature data.

HEAT TRANSFER MECHANISMS

The Fueled Drywell heat transfer is
modeled in the same way as in the
Electrically Heated Drywell Test
(see Section 3.5.1.1). However,
the effective heat transfer proper-
ties of the fuel zone are differ-
ent. This effective conductivity
versus temperature was calculated
to produce reasonable fuel assembly
temperatures in the 300 to 800°F
range (see Figure 4.5-2). This was



necessary for proper drywell trans-
ient response. The fuel assembly
heat capacity is modeled accurately
to produce a proper transient re-
sponse. The model was supplied
with an accurate estimate of the
fuel assembly mass of 1450 pounds
and a specific heat capacity of
0.066 Btu/lb-°F representing, in
proper proportions, the heat cap-

acities of the Zircaloy clad, the
U0y fuel and the stainless steel
nozzle plates,

MATERIAL PROPERTIES

Thermal properties wused 1in the

analysis of the fueled drywells are
identical to those applied in the

Electrically Heated Drywell Test
identified in Table 3,5-3.

For the fueled drywells, soil
temperatures were never greater
than about 160°F. Therefore, the
soil was considered to never
totally dry out and the dry soil
thermal conductivity of 0.25
Btu/hr-ft-°F had 1little or no
effect., The normalized soil ther-

mal conductivity versus time rela-
tionship in Figure 3.5-10 represen-
ted the dryout of any soil exceed-
ing 100°F. A soil conductivity
parameter study discussed in Sec-
tion 3.5.3 shows that the percen-
tage of moisture initially in the
soil was between 2 and 5 percent
(soil thermal conductivities of
0.60 and 0.85 Btu/hr-ft-°F, res-
pectively).

3.5.2 COMPARISON OF MODEL PREDIC-
TIONS WITH TEST DATA

drywell
produce

input, the
should

With proper
thermal models
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accurate temperature predictions
for the canister, liner, and near-
field soil zone. Accurate canister
temperatures are important as input
to independent fuel assembly stud-
ies while accurate soil tempera-
tures are important for drywell ar-
ray and thermal interaction analy-
ses. The most important model
evaluation criteria is that it must
correctly predict temperature
trends and relationships over a
range of power 1levels and as the
seasons  vary. Satisfying this
third criteria will demonstrate
that the thermal model correctly
simulates the  appropriate heat
transfer mechanisms and maintains
the proper relationships as system
forcing functions and boundary con-
ditions change. When this criteria
is satisfied, small differences be-
tween predicted and measured tem-

peratures should not be of con-
cern. In most cases, the differ-
ences can be recognized and ex-~

plained based upon inaccuracies in
model input, actual test configur-
ation uncertainties and/or heat
transfer mechanism uncertainties.

ELECTRICALLY HEATED DRYWELL TEST
MODEL/DATA COMPARISONS

Predicted axial temperature pro-
files for the Electrically Heated
Drywell Test canister and liner are
compared with test data in Figures
3.5-13 to 3.5-16, These figures
show the comparison at the end of
the 3 kW accelerated heatup period
on May 1, 1978, during 1 kW oper-
ation on September 1, 1978, during

2 kW operation on September 1,
1979, and during 3 kW operation on
October 1, 1980. In each figure,

the peak predicted canister temper-
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ature is conservative when compared
to the test data.

the predicted relation-
ship between canister and liner
temperatures agree well with the
data. However, the predicted axial
profiles themselves vary in shape
from those of the data in every
case, For the two comparisons at a
3 kW power level, the model signi-
ficantly overpredicts the canister

Generally,

and liner temperatures. These dis-
crepancies are attributed to the
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Figure 3.5-15. Electrically Heated Drywell
Test Data and Predictions
Comparison of Canister and
Liner Axial Temperature
Profiles for 2 kW Operation,
September 1, 1979



differences in axial heat transfer
within the canister and in soil
thermal conductivity differences
between the drywell and model. The
differences and their effects on
all predictions are discussed later
in this section.

Canister and soil temperature data
at about 11 feet deep are compared
with predictions in Figures 3.5-17
to 3.5-19. Figure 3.5-17 compares
canigter and soil at a 3 foot rad-
ius for the accelerated heatup and
1 kW power operation phases. For
most of these periods, the pre-
dicted canister temperatures are
conservative, The model prediction
for the initial drywell heatup
exceeds the recorded temperatures
by about 80°F. Following the rapid
cooldown from a 3 to 1 kW power
level, the predicted relationships
between canister and soil at a 3
foot radius is similar to that of
the data. Figures 3,5-18 and
3.5-19 compare canister and 3 foot
radius soil for power operation at
2 and 3 kW, respectively. For both
of these test phases, the canister
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Figure 3.5-16. Electrically Heated Drywell
Test Data and Predictions
Comparison of Canister and
Liner Axial Temperature
Profiles for 3 kW Operation,
October 1, 1980
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predictions were conservative (by
as much as 60°F at 3 kW); however,
the soil predictions were noncon-
servative. The difference between
the predicted canister and soil
temperatures was greater than that
for the actual drywell, The dis-
crepancies between the predictions
and data at the 11 foot depth can
again be attributed to differences

between modeled and actual soil
thermal conductivities.

860
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Figure 3.5-19. Electrically Heated Drywell
Test Data and Predictions
Comparison for the 11 Foot
Depth During 3 kW Operation
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Axial temperature profile compar-
isons for the grout and for soil at
21 and 60 inch radii are shown in
Figures 3.5-20 to 3.5-23. These
comparisons are for the same times
as those for the canister and liner
axial profile comparisons (Figures
3.5-13 to 3.5-16). These four fig-
ures show a similar overprediction
of peak temperatures close to the
drywell, ©For several comparisons,
the soil temperatures were under-
predicted in the region of drywell
heated length and overpredicted in
the region beneath the drywell.

CONCLUSIONS FROM ELECTRICALLY
HEATED DRYWELL TEST MODEL/DATA
COMPARISON

The Electrically Heated
model

Drywell

Test thermal described in
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TEMPERATURE (°F) £15671-154A

Figure 3.5-20. Electrically Heated Drywell
Test Data and Predictions
Comparison of Grout and Soil
Axial Temperature Profiles at
End of 3 kW (Accelerated
Heatup) Operation, May 1,
1978
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Axial Temperature Profiles for
1 kW Operation, September 1,
1978
this report does a fairly good job
of predicting conservative peak
canister temperatures for the air
filled canister. The relationship
predicted between canister and
liner temperatures shows reasonable
agreement with the test data show-
ing satisfactory simultation.

However, the accuracy of canister
and liner temperature predictions
was found to be influenced by the
modeling of heat transfer mechan-
isms inside the drywell and out in
the soil. The two areas where
model refinement is needed are the
free convection and radiation ef-
fects inside the canister and be-
tween canister and liner, and the
effects of in-situ soil thermal
conductivity changes with tem-
perature. Test data and prediction
evaluations show canister and liner
temperature predictions both above
and below the midplane level are
sensitive to these effects and the
skewed canister heat flux and the
soil thermal conductivity change

$18871-14AR
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with time included in the model do
not provide accurate representa-
tions of these effects.

Free convection effects of air in-
side the test canister were assumed
to have caused a nonuniform axial
heat flux profile peaking near the

canister upper end. Due to com-
puter code limitations, free con-
vection effects were modeled by

imposing a skewed axial heat gen-
eration rate rather than using mass
flow dependent temperature calcu-
lations between heater and canis-
ter. In addition, the tendency of
radiation to be the dominant heat
transfer mechanism at higher tem-
peratures was not included in the

model. A more accurate modeling
method should be developed to
include both free convection and

radiation effects over the entire
range of heater power output and
canister temperatures, In this
way, model prediction agreement
with test data for the entire
drywell could be improved.

The relationship of soil conduc-
tivity to temperature and time in
the thermal model had a significant
effect on drywell and soil temper-~
ature prediction agreement with
test data., The soil conductivity
values in the model were based on
correlations from literature for
comparable soils and from an analy-
tical evaluation of soil tempera-
ture data rather than the soil
properties test data conducted at
E-MAD. Model analyses wusing the
measured thermal conductivity data
grossly overpredict test canister
temperatures (see Section 3.5.3).
Moisture variations in the soil
samples tested and in the soil it-
self are judged to cause the dif-
ferences in soil thermal conduc-
tivity.



The relationship between soil ther-
mal conductivity, temperature, and
time appears to be a function of
the instantaneous moisture content
of the soil. An adequate model
should incorporate experimental and
theoretical relationships for soil
thermal conductivity as a function
of temperature and moisture con-
tent. Additional investigations
are needed to properly evaluate the
transport mechanisms 1involved 1in
drying the soil at various depths.
These mechanisms would include the
flow and possible recondensation of
vapor in the soil and the flow of
liquid toward a heated zone.

FUELED DRYWELL MODEL/DATA
COMPARISONS

Predicted canister and liner axial
temperature profiles for Drywells 5
and 3 at various times during test-
ing are compared with test data in
Figures 3.5-24 to 3.5-28., For Dry-
well 5, the comparisons are made on
August 15, 1979, October 15, 1980
and September 1, 1981 (Figures
3.5-24 to 3.5-26). For Drywell 3,
the comparisons are made on
September 2, 1980 and September 1,
1981 (Figures 3.5-27 and 3.5-28).
These dates correspond to the times
when peak canister temperatures
occurred during each year, For
both drywells, the predicted axial
temperature profiles were lower

than those from the test data. The
predicted profiles also diverged
from the data at lower depths. The

divergence can be attributed to the
choice of the initial soil thermal
conductivity. The soil tempera-
tures did not exceed 200°F in the
analysis and very little soil ex-
ceeded 100°F. Therefore, the tem-
perature and time dependent soil
conductivity model did not affect
the predicted temperatures while
the initial soil thermal conduc-
tivity (based on an assumed 5
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Figure 3.5-22. Electrically Heated Drywell
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Comparison of Grout and Soil
Axial Temperature Profiles for
2 kW Operation, September 1,

1979
percent moisture level) greatly
influenced the predictions. The
effect of different soil thermal

conductivities on model predictions

is further discussed 1in Section
3.5.3.
Canister, liner and soil temper-

ature data at a depth of about 145
inches are compared with prediction
in Figures 3.5-29 and 3.5-30 for
Drywells 5 and 3 over the entire

test period. The initial soil
moisture level is assumed to be 5
percent for both drywells, The
thermal model wunderpredicts the
canister and liner temperatures
except during periods of rapidly
using temperatures when the pre-
dicted temperatures rise more

rapidly and tend to overshoot the
measured values. This discrepancy
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may be due to heat capacity pre-
diction 1innaccuracy (most likely
caused by soil and grout moisture
levels) and the 1inability of the
thermal model to accurately treat
moisture evaporation. For Dboth
drywells, the predicted response to
seasonal temperature changes tends
to lag that shown by the data for
canister, liner and soil at a 5
foot radius. This may be due to
use of average monthly temperatures
for ambient air in the model.

CONCLUSIONS FROM FUELED DRWELL
MODEL/DATA COMPARISON

In general, the predicted tempera-
tures for Drywells 5 and 3 are
fairly good except that they are
nonconservative (except for the
peak temperature for fuel assembly
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Figure 3.5-24. Drywell 5 (F/A B03) Test Data
and Predictions Comparison of
Canister and Liner Axial
Temperature Profiles, August

15, 1979
D22 in Drywell 5). The prediction
accuracy for the fueled drywell

model described in this report was
also influenced by the modeling of
the heat transfer mechanisms inside
the drywell and the soil thermal
conductivity changes with temper-
ature.

The model tends to overpredict the
temperature differental between
canister and liner. This is attri-
buted to inaccuracies input to the
radiation and conduction/convection

models. The accuracy of the “ef-
fective conductivity" type of cor-
relation 1s typically no better

than about + 20 percent while emis-
sivities and reflectivities of sur-
faces are known with less accu-
racy. With relatively thin can-
ister walls providing a poor path
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for axial heat conduction and with
a uniform heat generation rate, the
canister temperature is constrained
to follow the 1liner temperature
profile. This is, in turn, deter-
mined by the response of the grout
and surrounding soil to the imposed
heat flux. The discrepancy in
shape and absolute value of the
liner temperature distribution 1is
due to an incomplete understanding
of the soil response to applied
heat, in particular, the effect on
moisture content on thermal con-
ductivity.

The discrepancies in the axial tem-
perature profiles indicate that
further refinement in the soil
thermal conductivity  model is
required. Because of the reason-
ably good agreement near the
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canister top and underprediction
near the canister bottom, it
appears that the thermal con-

ductivity model does not accurately

reflect the soil thermal conduc-
tivity.
It can be concluded from these

results that the E-MAD soil thermal
conductivity has not been accurate-
ly modeled by a simple function of
temperature and time. In order to
model soil properties accurately, a
knowledge of soil properties as a
function of molsture content 1is
necessary. An understanding of the
transport mechanisms involved for
water vapor released and liquid
water in the soil is needed. It is
expected that the actual equili-
brium moisture content reached at
any temperature represents a
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balance between vapor transport to

the surface and replenishment by
liquid water from the surrounding
soil. Once the moisture transport

mechanisms are investigated, it may
be possible to accurately represent
the soil thermal conductivity as a
function of temperature and soil
type, introducing a first order lag
representing the transport mechan-
ism, The time constant for the lag
is expected to be a function of
temperature level and depth below
the ground surface, as well as the
soil type.

3.5.3 EFFECT OF VARIABLES ON
DRYWELL TEMPERATURES

Parameter studies were conducted
using both drywell models to in-
vestigate the effects of variables
on predicted drywell temperatures.
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Specific  parameters investigated
include soil thermal conductivity,
power levels for the heat source
and the seasonal ambient air tem-
perature changes. Each parameter
was varied or maintained constant
while other parameters were varied
to determine overall impact each
had on drywell temperatures.

Figure 3.5-28.

SOIL THERMAL CONDUCTIVITY

Early in drywell analysis, it was
recognized that soil conductivity
had a large effect on temperature
predictions. The soil thermal con-
ductivity data generated from soil

sample testing (shown in Table
3.4-4) indicated a significant dif-
ference between dry soil (above
200°F) and soil with moisture.
Figures 3.5-31 and 3.5~32 show
canister temperature predictions
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About 145 Inches Below Ground Level, January 12, 1979 to March 31, 1982

for wet and dry soil thermal con-
ductivities using the Electrically
Heated Drywell Test model. The two
figures compare predictions for
both conductivities with test data
at about 11 feet deep for the acce-
lerated heatup and 1 kW operation

phase, and the 3 kW operation
phase. The dry soil is assumed to
have a constant thermal conduc-

tivity of 0.25 Btu/hr-ft-°F and wet
soil is assumed to have a 5 percent
moisture level with a thermal con-
ductivity of 0.85 Btu/hr-ft-°F,.
Throughout each transient period,
the dry soil predictions are ex-
cessively conservative, The wet
soil predictions are slightly non-
conservative during 1 kW operation
and very nonconservative during 3
kW operation.
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To further refine thermal model
predictions, a parameter study
using various combinations of wet

and dry soil thermal conductivities
was conducted. Two thermal conduc-
tivities were chosen for each soil
type. For the wet soil, thermal
conductivities of 1.1 and and 0.85
Btu/hr-ft-°F were chosen, which
represent 10 and 5 percent moisture

in the soil, respectively (see
Figure 3.5-9). For the dry soil,
thermal conductivities of 0.4 and

0.25 Btu/hr-ft-°F were chosen based
on results of the E~-MAD soil pro-
perties tests at different soil
depths (see Figure 3.5-8). Figure
3.5-33 compares predictions for the
four combinations of wet and dry
soil thermal conductivities with
test data using the Electrically
Heated Drywell Test model. The
comparisons are shown during the
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Figure 3.5-31. Electrically Heated Drywell
Test Comparison of Canister

Temperature Predictions for
Constant Wet and Dry Soil
During 1 kW Operation
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period June through December for 1
kW operation (lower curves) and for

3 kW operation (upper curves).
From these results, Case C with
conductivities of 0.25 and 0.85
Btu/hr-ft-°F for dry and wet soil
provided more conservative pre-
dictions than the other cases and

these values were therefore used in
both models.

As a result of previous model/test
data comparisons, the effect of
soil dryout due to the drywell heat
source was included in the two mo-
dels. Because TAP-A has no mass
flow capability, the effect of
moisture evaporation on soil ther-
mal conductivity 1is represented by

a time and temperature dependent
thermal conductivity model. Each
TAP-A soil node 1in the thermal



model 1is given a unique thermal
conductivity dependent on its
temperature history. The soil
nodes begin with a given moisture
level and are assigned a corres-
ponding wet soil thermal conduc-
tivity (Kwet). If a soil node
reaches 100°F, the soil starts
drying out and the soil thermal
conductivity decreases with time
from Kwet following the normalized
curve in Figure 3.5-10. If a soil
node exceeds 200°F, the soil be-
comes totally dry and is assigned a
corresponding dry soil conductivity
(Kdry). The effect of this model
is shown in Figure 3.5-34 which
compares canister and liner tem-
perature predictions from the
fueled drywell model for constant
and time dependent soil thermal
conductivities with Drywell 3 test
data, The divergence between the
constant and time dependent con-
ductivities 1is evident from the
figure. The time dependent con-
ductivity model tends to predict
temperatures closer to the data.
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Figure 3.5-32. Electrically Heated Drywell
Test Comparison of Canister
Temperature Predictions for
Constant Wet and Dry Soil
During 3 kW Operation
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The predictions wusing a constant
soil thermal conductivity are shown
in Figure 3.5-35. This figure com-
pares canister temperature predic-
tions for dry soil and for soils
with 2 and 5 percent moisture with
Drywell 3 test data. As with the
Electrically Heated Drywell Test
model predictions, the use of to-
tally dry soil results in temper-
atures with excessive conserva-
tism, For Drywell 3, the test data
is bounded by the predictions using
constant 2 and 5 percent moisture
levels for the soil. Further com-
parison of canister and liner tem-
perature predictions using thermal
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Figure 3.5-33. Electrically Heated Drywell
Test Comparison of Canister
Temperature Predictions for
Varied Soil Thermal
Conductivity During 3 kW
Operation (Top Curve) and 1
kW Operation (Bottom Curve)
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Figure 3.5-34. Drywell 3 (F/A B41 and B03) Comparison of Canister and Liner
Temperature Predictions for Constant Soil Thermal Conductivity and Time
Dependent Soil Thermal Conductivity

conductivities for 2 and 5 percent
soil moisture content with time and
temperature dependent soil thermal
conductivity model are shown in
Figures 3.5-36 and 3.5-37 for
Drywells 5 and 3, respectively.

POWER LEVEL VARIATIONS

The effect of power level varia-

tions on canister temperature
predictions can be seen in Figure
3.5-38. Canister temperature pre-

dictions for power levels of 1 and
2 kW are compared using the fueled
drywell thermal model for constant
power and the decay heat curve for
spent fuel assemblies (see Section
2.3). The decay heat curve predic-
tions show temperatures peak very
early in the transient, whereas the
constant power level cases do not
reach a peak over the duration of
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the transient. All curves exhibit
seasonal temperature variations.
The 2 and 1 kW decay heat curve
predictions converge towards the
end of the transient as do the
decay heat levels. All the pre-
dictions use an initial 2 percent
soil moisture level thermal con-
ductivity of 0.6 Btu/hr-ft-°F and a
dry soil thermal conductivity of
0.25 Btu/hr-ft-°F with time and
temperature dependence.

AMBIENT AIR TEMPERATURE CHANGES

Variation in seasonal ambient air
temperatures affects drywell can-
ister and liner temperature re-
sponse. This effect 1is shown in
Figure 3.5-39 which compares
canister and liner  temperature
predictions for a constant ambient

air temperature of 68°F to test
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Figure 3.5-37. Drywell 3 (F/A B41 and B03) Comparison of Canister and Liner
Temperature Predictions for 2 and 5 Percent Soil Moisture Content

data from Drywell 3, The tem

perature predictions follow a

sloping path which 1is dependent

only on the decay heat curve.

3.6 DRYWELL TEMPERATURE
EXTRAPOLATIONS

The peak fuel <clad temperatures

have been predicted from the test
data for all four fueled drywells
using the relationships developed
from Fuel Assembly Internal Temper—

ature Measurement Test data. Fig-
ures 3.6-1, 3.6-2, 3.6-3, and 3.6-4
show the peak measured canister

temperatures and the estimated peak
fuel clad temperatures for Drywells
5, 3, 2, and 1, respectively,

The peak fuel clad temperature
estimates were calculated using the
method described in Section 5.6.1.
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The peak measured canister temper-
atures and the predicted fuel as-
sembly decay heat levels (from
Figures 2.3-3 and 2.3-6) were used
to calculate the peak fuel clad to
canister temperature difference
from the relationship developed
from the helium backfill Fuel As-
sembly Internal Temperature Mea-
surement Test data (see Section
5.6.1). This difference was then
added to the peak measured canister
temperature to develop the peak
fuel clad temperatures.

Figure 3.6-1 shows the estimated
peak fuel clad temperatures for
Drywell 5 from January 12, 1979, to
March 31, 1982. The estimated peak
fuel clad temperatures for fuel as-
sembly B03 range from 321°F at em-
placement, to a 352°F maximum and
down to 309°F prior to assembly
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Figure 3.5-38. Comparison of Drywell Canister Temperature Predictions for Various Power
Level Conditions at About 145 Inches Below Ground Level

movement to Drywell 3., The esti-
mated peak fuel clad temperatures
for fuel assembly D22 range from
392°F at emplacement, to a 437°F
maximum and then decrease to 336°F
on March 31, 1982, Figure 3.6-2
shows the estimated peak fuel clad
temperatures for Drywell 3 from
January 24, 1979 to March 31, 1982,
The estimated peak fuel clad tem-
peratures for fuel assembly B4l
range from 319°F at emplacement, to
a maximum of 353°F and down to
309°F prior to assembly movement to
Drywell 2, Fuel assembly B03 tem-
peratures continued to show the
cycling response to seasonal am-
bient air temperature variations
ranging from 307°F at emplacement
in Drywell 3 to 258°F on March 31,
1982.
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Figures 3.6-3 and 3.6-4
estimated peak fuel clad temper-
atures for Drywells 2 and 1. These
two figures show similar tempera-
ture response with 1little differ-
ences. For fuel assembly B4l in
Drywell 2, the temperatures ranged
from 262°F at emplacement to a max-—
imum of 278°F, to 254°F on March
31, 1982. For fuel assembly B43 in
Drywell 1, the temperatures ranged
from 250°F at emplacement (about 38
days later than Drywell 2), to a
maximum of 274°F, to 253°F on March
31, 1982,

show the

The errors in these peak fuel clad
temperature predictions was deter-
mined from the temperature measure-
ment uncertainties and calculation-
al method inaccuracies (see Appen-
dix M, Section M.3). The following
are the estimated maximum errors in
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Figure 3.5-39. Drywell 3 (F/A B41 and B03) Comparison of Canister and Liner
Temperature Distributions with Predictions for Constant Ambient Air
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the peak fuel clad

noted above:

Fuel
Drywell Assembly

temperatures

Maximum
Errors (°F)

BO3
D22
B41
BO3
B4l
B4 3

A WwWw vk

-5.7
-5.7
=5.7
=5.7
=5.7
-5.7

to
to
to
to
to
to

+9.3

+14.0
+11.3
+10.0
+12.4
+13.6

3.7 APPLICABILITY OF TEST RESULTS

APPLICATION

The results from the Electrically

Heated Drywell Tests

Drywell Tests conducted

and
at

Fueled
E~MAD
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can be applied to drywell storage
cells of similar configuration and
soil thermal properties. The
thermal response of the air filled
electrically heated canister to the
various constant power levels test-
ed can be considered indicative of
air filled canisters in comparable
drywells. The thermal response of
the helium filled spent fuel canis-
ters to various decay heat levels
can be considered indicative of
helium filled canisters in compar-
able drywells. The overall drywell
response to the wvarious heat
sources 1is specifically configur-
ation and soil material property
related. Drywell liner and soil
temperatures reported herein have
been influenced by the configura-

‘tion of the drywell (concrete pad
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Figure 3.6-1. Drywell 5 (F/A B03 and D22) Estimated Peak Fuel Clad Temperature Distribution,

January 12, 1979 to March 31, 1982

at top, depth and size of liner,
depth of heat source, etc) and by
the effect of soil moisture level
changes on soil thermal properties.

The results of the computer thermal
model evaluations are considered to
be generally applicable to compar-
able drywell configurations. The
variables having the most impact on
drywell temperature predictions
(axial heat flow and temperature
dependent so0il thermal properties)
would be expected to influence any
drywell configuration model predic-—
tions.

TEST DATA ACCURACY

recorded
result of

the
a

Inaccuraciles in
test data could be
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thermocouple measurement inaccuracy
and thermocouple position uncer-
tainty. The accuracy of the un-
grounded Type K thermocouples used
is typically +2°F based on cali-
bration data.

attached
the

Since thermocouples are
directly to test components,
Electrically Heated Drywell Test
data recorded are judged to be
within +2°F of the actual temper-
atures.

For the fueled drywells, an examin-
ation of the Fuel Assembly Internal
Temperature Measurement Test data
was made to evaluate the effect of
having canister thermocouples in-
side the 0.75 inch by 0.75 inch
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Figure 3.6-3. Drywell 2 (F/A B41) Estimated

Peak Fuel Clad Temperature
Distribution, August 4, 1980 to
March 31, 1982
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diameter tube is expected to yield
a smaller inaccuracy than for the
canister thermocouples.



The Fueled Drywell Test data re-
corded are judged to be between -2
and +10.5°F of the actual canister
temperatures for the B series fuel
assemblies (between -2 and +16.2°F
for fuel assembly D22), and between
-2 and +4°F of the actual liner and
soil temperatures.
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Figure 3.6-4. Drywell 1 (F/A B43) Estimated
Peak Fuel Clad Temperature
Distribution, September 15,
1980 to March 31, 1982

In addition to measurement uncer-

tainty, drywell test data were
examined to determine daily tem-
perature variations relative to
test data presented, differences

between opposite side canister and
liner thermocouple readings, and
the thermocouple axial position
tolerance effect on measured tem-
perature.

Electrically Heated Drywell
data taken at one hour intervals
for two different periods were
examined for variations in daily
temperatures and for differences in
these temperatures from the dif-
ferent times of test data readings

Test
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in Appendix C. The results are
presented in Table M-6 and show
variations of up to 5°F for the
canister, up to 2.7°F for the liner
and as high as 28°F for soil near
the ground surface. These varia-
tions were recorded during 2 kW
power operation and are considered
as maximum values applicable to the
Fueled Drywell Test data.

Data from the Fueled Drywell Tests
were examined to determine the
differences in temperatures mea-
sured on both sides of the canis-
ters and liners. Table M-4 pre-
sents the results for all drywell
and fuel assembly combinations
tested. The differences ranged
from 0 to 12,9°F for the canister
thermocouples and from 0 to 8.7°F
for the liner thermocouples.

Thermocouples and heat source
(either electric heater or active
fuel) axial ©position tolerances
from both drywell tests are pro-
vided in Tables M-l and M-3, res-
pectively. The differences between
the thermocouple-measured temper-
ature and that at the axial eleva-
tion noted for thermocouple tips
for each drywell were calculated
using the slope of the axial tem~—
perature profiles and the axial
position tolerances. For the
Electrically Heated Drywell Test,

the canister, liner, grout, and
soil thermocouple readings are
within +0.3°F at elevations near

the canister center and +2°F at
elevations near the canister ends.
For the Fueled Drywell Tests with
the B series fuel assemblies, the
canister thermocouple readings are
within +0.2°F for all elevations
except the bottom (+1.2°F) and the
liner thermocouple readings are all
within +0.4°F. For Drywell 5 with
fuel assembly D22, the canister
thermocouple readings are within



+0.3°F near the center (as high as
+1.9°F at the bottom) and the liner
thermocouple readings are within
+0.5°F.

Other things also influenced the
test data presented. Heater power
variations for the Electrically
Heated Drywell Test (previously
discussed) are expected to have
affected the temperatures relative
to the power level of operation
(i.e., some test data may not be
representative of the indicated
power level). The accuracy of the
Fueled Drywell Test data presented
in Appendix D has also been affec-
ted by such anomolies as thermo-
couple position rearrangement,
thermocouple sheath cracking and
subsequent failure, and improper
positioning. The thermocouples
affected  have been previously
noted, Use of the noted data
should consider the period affected
by these anomolies.
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Azimuthal concrete silo temperature
variations at the 50 inch radius
near the fuel midplane are shown in
Figure 4.4-11 for the four day
period July 23 to July 27, 1979.
This figure illustrates the influ-
ence of insolation on temperatures
near the silo surface. Included on
the figure are the orientations of
the thermocouples and the ambient
air temperatures. During  this
period, skies were clear the entire
day. ’

120

TTTTTTETT

IR U R A N B SR

0 = 2259
4[\”/0 651)

8 = 3159
{T/C 663)

110

8 = 1352
{T/C 639}

@ = 45°
{T/C 627)

SN T
—

g

TEMPERATURE (“F)

|

7¥||yl|yry7{l

I U I |

.

80

1 2 3 L)

TIME (DAYS)
L il i i
7/241719 7/25/79 7021179
DATE

706534-87A

71T 11T 1P 7T

O T Y W B IS B

70

Figure 4.4-11. Concrete Silo (F/A B02)
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Temperature Distributions at
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Below the Silo Top, July 23,
1979 to July 27, 1979
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The response of each thermocouple
can be explained by 1its position
and the -effect of ambient air
temperature and insolation. The
thermocouple at 45° (T/C 627)
responded only to the ambient air
temperatures with the previously
noted four hour lag time. Since
the concrete silo 1is adjacent to
the E-MAD west wall, the 0 to 90°
silo quadrant was never in direct
sunlight. The other three thermo-
couples responded to the combina-
tion of ambient air temperature and
insolation. The 135° thermocouple
(T/C 639) responded to insolation
during the late morning and early
afternoon hours as noted by its
increase from about noon to 4:00
p.m. and then 1its slight decrease
until 8:00 p.m. The 225° thermo-
couple (T/C 651) responded similar-
ly, however, its peak temperature
was much higher since more silo
surface was in direct sunlight.
The thermocouple at 315° (T/C 663)
responded to insolation during the
afternoon and evening hours as
noted by its reaching a peak at
8:00 p.m. TFor all three of these
thermocouples, the temperatures
recorded responded to the insola-
tion with a four hour lag time.

4.5 CONCRETE SILO THERMAL ANALYSIS

The purpose of the Concrete Silo
Test thermal analysis is to estab-
lish a thermal model for the silo
configuration and to demonstrate
that the model can produce satis-
factory predictions of silo and
canister temperatures. Once that
goal is achieved, the model can be
used with increased confidence in
silo analyses involving higher
decay heat levels and silo design
alterations.

Concrete Silo Test predictions and
data analyses have been performed



using the TAP-A digital computer
program, Reference 13, which calcu-
lates steady-state and transient
temperature distributions in a
configuration of solid materials
utilizing the radiation, convection
and conduction modes of  heat
transfer.

4.5.1 THERMAL MODEL DESCRIPTION
MODEL SIZE AND BOUNDARY CONDITIONS

The TAP-A nodal model of the con-
crete silo 1is depicted in Figure
4.5-1 and the 204 nodes represen-
ting each component are identified
in Table 4.5-1. The model is two
dimensional in the r and 2z direc-
tions (radius and depth respec-
tively) with no variations circum-
ferentially.

HEAT TRANSFER MECHANISMS

Heat transfer ©between the fuel
assembly (nodes 1 to 30) and the
canister is modeled by conduction,
Heat transfer from the fuel to can-
ister occurs by convection and
radiation (primarily by radiation
at high temperatures). Since TAP-A
has no mass flow capability and
therefore cannot model convection
effects, a simplifying assumption
was made to calculate canister
temperatures. An arbitrarily
chosen conductivity value repre-
sents the combination of radia-
tion, convection, and conduction
heat transfer. A temperature de-
pendent conductivity (Figure
4,5-2), calculated over the antici-

pated range of canister tempera-
tures 1is used in the model. The
fuel assembly heat capacity 1is

modeled accurately to produce fair-
ly precise transient predictions,

Heat transfer from the canister to
the liner and shield plug occurs by
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radiation, conduction and free con-
vection with the thermal model
considering all three modes. Con-
vection and conduction calculations
use the "effective thermal conduc-
tivity" approach while the radia-
tion calculation for canister to
liner heat transfer uses the same
shape factor expression for con-
centric cylinders and emissivity
values as the drywell model (see
Section 3.5.1.,1).

The free convection heat transfer
between the canister and liner 1is

modeled per Reference 23 by heat
transfer in enclosed spaces. The
function:
hb -1
ne = 22 = 0,065 ort/3 (&0
k b
where:
Nu = Average Nusselt number
h = Average heat transfer
coefficient
k = Thermal conductivity
b = Width of enclosed space
Gr = Grashof number
L = Heated length

is wused to determine the heat
transfer coefficient due to natural
convection between the canister and
liner. From the silo parameters,
the heat transfer coefficient 1is
0.35 Btu/hr-ft2-°F,

Heat transfer from the shield plug
sides to the wupper 1liner occurs
primarily by radiation and free
convection and by convection from
the wupper surface of the shield
plug to the silo cover plate. For
modeling purposes, conduction
through an air-filled space is
assumed in each direction since
TAP-A has no mass flow capabili-
ties. This simplifying assumption
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Figure 4.5-1. Concrete Silo Thermal Model
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TABLE 4.5-1
TAP-A CONCRETE SILO MODEL NODE DESCRIPTION

Nodes

1-30
31-50
51-52
53-57

58
59-72
73-77
78-92
93-97

98-104
105-108
109-125

126
127-129
130-165

166
167-202
203-204

is acceptable since, due to the
relatively small shield plug heat
transfer rates, even large modeling
inaccuracies in these regions would

have 1little effect on canister
temperature predictions.
The 1interface between two solid

materials in contact will produce a
certain resistance to the heat flow
across the Dboundary. In this
analysis, however, intimate contact
is assumed between the liner and
concrete and the contact resistance
was assigned a zero value.

FUEL ASSEMBLY

The fuel assembly is modeled as a
uniform axial and radial heat gen-
erating medium with a power decay

Test Components
Fuel Assembly

Canister

Shield Plug Extension

Shield Plug Bottom Plate

Liner Transition Ring

Liner Center Section

Liner Lower Section

Shield Plug Concrete
Shield Plug Top Plate

Silo Cover

Liner Upper Section

Concrete

Liner Lower Section

Concrete Pad

Concrete

Concrete Pad

Concrete

Concrete Pad
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shown in Figure 2.3-3. The heat
source 1is modeled as a right cir-
cular cylinder 144 inch long and 12
inch diameter with a thermal con-
ductivity as shown in Figure 4,5-2.
No modeling of the individual fuel
pins was done. An attempt was made

to maintain the fuel region heat
capacity to more closely predict
the canister and fuel temperature
during transient heatup and for

ambient temperature changes.
SILO OUTSIDE SURFACE

On the outside silo surface, sev-
eral heat transfer processes occur:
solar insolation, solar reflection,
radiation back to the sky and con-
vection to and from the ambient
air, 0f these processes, solar
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Modeled Fuel Assembly

effects are not considered. Test
data has shown that the daytime
solar effects (on the south side of
the silo) are damped out in the
first 15 inches of concrete. Heat
transfer by convection at the con-
crete/air interface is modeled by
applying a convective heat transfer
coefficient at the interface and
monthly air temperature averages at

E-MAD (see Table 3.4-1). The heat
transfer coefficient is assigned
a constant value of 2.0 Btu/hr-
ft2-°F (obtained from Reference

23) and applies to a wind speed of
5 to 10 miles/hour for a direction
perpendicular to the silo surface.

Radiative heat transfer to the sky
from the concrete silo and the silo
cover plate 1is calculated |wusing
emissivity values from Reference 24
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(p. 699) of 0.95 for the coverplate
and 0.9 for the concrete.

MATERIAL PROPERTIES

The wvarious materials and their
thermal properties input to the
thermal model are identified 1in
Table 4.5-2. The physical and

thermal properties of concrete were
measured as a function of temper-
ature in laboratory tests performed
by Holmes and Narver, Inc. These
results are shown in Table 4.5-3.

An effective thermal conductivity
of the concrete must take into
account the reinforcing bar, A

thermal conductivity value of 1.6
Btu/hr-ft-°F was determined by the
calculational methods described 1in
Reference 4.

4.5.2 COMPARISON OF MODEL
PREDICTIONS WITH TEST DATA

The concrete silo model predicted
temperatures over the three vyear
period of the Concrete Silo Test.
Figure 4.5-3 compares test data and
predictions of monthly canister and
liner maximum temperatures at the

128 1inch elevation. From Figure
4.5-3, it can be concluded that the
model predicts canister and liner
temperatures conservatively over
the complete 1life of the test.
Therefore, using the monthly aver-

aged air temperature approach for
boundary condition 1is reasonable
when analyzing a silo. The data
shows that the solar heating effect
on the south side of the silo does

not ' greatly influence the liner
temperature. Hence, solar effects
can be 1ignored when determining

liner and canister temperatures,

Figures 4.,5-4 and 4.5-5 compare
predicted canister and liner axial
temperature profiles and test data
on August 1, 1979 and August 1,



TABLE 4.5-2
MATERIAL THERMAL PROPERTIES USED IN CONCRETE SILO ANALYSIS

Thermal
Densisy Heat Capacity Conductivity
Material (lb/in”) (Btu/1b-°F) (Btu/hr-ft-°F) Emissivity
Fuel Assembly 0.170 0.10 See Fig. 4.5-2 -
Stainless Steel 0.289 0.12 9.9 45
Carbon Steel 0.283 0.12 23.0 .60
Concrete 0.083 0.21 1.6 .90

1981. These dates represent peak
temperature times, The earlier
predicted profile is slightly more
conservative than the later pro-
file, but both profiles show excel-
lent agreement.

A comparison of predicted radial
temperature profiles with test data

are shown in Figures 4.5-6 and
4.5-7 for August 1, 1979 and August
1, 1981. Both profiles show the

daily variation in ambient temper-
ature is damped out quickly since
the predicted canister and liner
temperatures and the test data are
in fairly good agreement.

4,5.3 EFFECT OF VARIABLES ON SILO
TEMPERATURES

CONCRETE THERMAL CONDUCTIVITY

Figure 4.5-8 shows a comparison of
canister temperature predictions
and test data using a measured
concrete thermal conductivity and a
derived concrete thermal conduc-
tivity. The measured concrete
thermal conductivity (as a function
of temperature) was experimentally
determined from samples taken dur-
ing concrete pouring., The measured
properties, listed in Table 4.5-3,
were averaged at different silo
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levels and used as input to the
TAP-A model. The derived concrete
thermal conductivity is based on an
evaluation of test data and the
decay heat curve as explained in
Reference 4,

the derived thermal
ductivity results 1in closer pre-
dictions to the test data. Since
the derived conductivity takes into
account the reinforcing bar in-
stalled in the silo concrete,
better agreement using the derived
thermal conductivity predictions
would be expected.

Use of con-

POWER LEVEL VARIATIONS

The effect of increasing the 1ini-
tial decay heat level from 1 kW to

2 kW 1is shown 1in Figure 4.5-9,
Shown in this figure are predicted
canister temperatures using the

decay heat curve from Figure 2.3-3
and test data from fuel assembly
BO2, Both predictions assume the
concrete has derived thermal con-
ductivities. The canister temper-
ature of the 2 kW case converges
towards the canister temperature of
the 1 kW case as do the decay heat

curves, Seasonal ambient tempera-
ture variations are seen 1in both
cases, but the effect of ambient



TABLE 4.5-3
CONCRETE SILO NO. 2 MEASURED CONCRETE PROPERTIES

Thermal Conductivity Temp. (°F) Bot tom Middle Top*

(Btu/hr-ft=-°F)
Room 1.29 1.23 1.37
100 wx 1.02 1.04
200 0.95 0.92 0.97
300 0.90 0.90 0.91
400 0.80 0.78 0.80
500 0.70 0.74 0.72
600 0.65 0.66 0.69
700 0.54 0.51 0.62

Specific Heat

(Btu/1b~°F)
100 0.213 0.215 0.213
200 0.222 0.224 0.222
300 0,232 0.234 0.232
400 0.241 0.244 0.241
500 0.251 0.253 0.251
600 0.260 0.263 0.260
700 0.270 0.272 0.270

Density (1b/ft3) 142 145 144

Coefficient of 6.0 6.0 6.2

Thermal Expansion

(1076/°F)

* Measurements taken from three batches of concrete used

*% No data
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Figure 4.5-3. Concrete Silo (F/A B02) Test Data and Predictions Comparison at 128 Inches
Below the Silo Top, January, 1979 to December, 1981

variation at the higher power level
is not as great.

AMBIENT AIR TEMPERATURE VARIATIONS

Variation in the seasonal ambient
air temperatures affects silo can-
ister and liner temperature re-
sponse, The effect of seasonal air
temperature variations on tem-
peratures at the 128 inch elevation
is shown in Figure 4.5-10. Where
the thermal model ambient tem-
perature is held constant at 70°F
and the temperature predictions are
plotted with test data. The tem-
perature predictions follow a slop-
ing path dependent only on the de-
cay heat curve. The predicted peak
canister temperature of 220°F for a
constant air temperature shows the
effect canister emplacement during
December, 1979 had on suppressing
the peak canister temperature.
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4.6 SILO TEMPERATURE EXTRAPOLATIONS

The peak fuel <c¢lad temperatures
have been predicted for fuel assem-
bly BO2 in the E-MAD concrete silo.
Figure 4.6-1 shows the peak mea-
sured canister temperatures and the
estimated peak fuel clad tempera-

tures from December 7, 1978 to
March 31, 1982, The peak fuel clad
temperature estimates were calcu-

lated using the method described in
Section 5.6.1. The peak measured
canister temperatures and the
predicted fuel assembly decay heat
levels (from Figure 2.3-3) were
used to calculate the peak fuel
clad to canister temperature dif-
ference from the relationship
developed from the helium backfill
Fuel Assembly Internal Temperature
Measurement Tests data (see Section
5.6.1). This difference was then
added to the peak measured canister
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temperatures. The estimated peak
fuel clad temperatures ranged from
315°F at emplacement, to a maximum
of 322°F, to a low of 208°F in
February, 1982. The peak fuel clad
temperatures follow the seasonal
ambient air temperature variations
showing yearly maximum values of
316, 274, and 251°F for the summer
months of 1979, 1980, and 1981,
respectively,
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1981
The error in these peak fuel clad

temperature predictions was deter-
mined from measurement uncertain-
ties and calculational method
inaccuracies (see Appendix M,

Section M.3). The estimated maxi-
mum errors in the peak fuel clad
temperatures noted above are =5.7
to +11.9°F.

4.7 APPLICABILITY OF TEST RESULTS
APPLICATION

The results from the Concrete Silo
Test conducted at E-MAD can be
applied to silos of comparable con-
figuration. The test canister tem-—
perature data is specific for the
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helium atmosphere encapsulation of
a single PWR spent fuel assembly
and the canister's enclosure in a
liner surrounded by 52 inches of
reinforced concrete. The location
of the concrete silo adjacent to
the E-MAD building west wall caused
a nontypical silo response to the
effects of day time insolation and
night time radiation cooling. The
results of the concrete silo ther-
mal model evaluations are consid-
ered to be generally applicable to
comparable silo configurations.

TEST DATA ACCURACY

Inaccuracies in the recorded test
data could be a result of thermo-
couple measurement 1inaccuracy and
thermocouple position uncertainty.,
The accuracy of the ungrounded Type
K thermocouples used 1s typically
+2°F based on calibration data.

An examination of the Fuel Assembly
Internal Temperature  Measurement
Test data was made to evaluate the
effect of having canister thermo-
couples 1inside the 0.75 inch by
0.75 inch angle instrumentation
tubes. Thermocouple data for fuel
assembly B43 showed temperatures
inside the tubes were lower than
those on the canister surface by a
maximum of 8.5°F. This is expected

to be the maximum inaccuracy in
canister temperature measurements
due to the 1instrumentation tubes.

Details of the position uncertainty
evaluation are contained in Section
M.l. TFor the liner thermocouples,
the close proximity of the thermo-
couple tube to the liner wall and
the geometry of a 0.062 inch ther-
mocouple diameter inside a 0.083
inch inside diameter tube is ex-
pected to yield a smaller inaccur-
acy than for the canister thermo-
couples.
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The Concrete Silo Test data record-
ed are judged to be between -2 and
+10.5°F of the actual canister tem-—
peratures, and -2 and +4°F of the
actual liner and concrete temper-
atures.

In addition to measurement uncer-
tainty, Concrete Silo Test data
were examined to determine daily
temperature variations relative to
test data presented, differences
between opposite side canister and
liner thermocouple readings, and
the thermocouple axial position
tolerance effect on measured tem-
peratures. Table M-7 provides the
range of daily temperatures and the
variation in temperatures from the
4:00 p.m. readings (same time as
readings provided in Appendix E).
Canister and liner temperatures
varied by less than 1.5°F during
the four periods when hourly tem-
peratures were recorded and by less
than 1,0°F from the 4:00 p.m. read-
ings. Concrete temperatures varied
by up to 4.3°F except at the 50
inch radius where up to 18°F var-
iations were noted. Table M-5
provides  temperature differences
between the canister and liner
opposite side  thermocouples at
three thermocouple levels., These
differences varied from 0 to 5.8°F.
Thermocouple and heat source (ac-
tive fuel) axial position toler-
ances are provided in Tables M-1
and M-3, respectively. The dif-
ference between the thermocouple-
measured temperature and that at
the elevation noted for the ther-
mocouple tip 1in Table E-1 was
evaluated using the slope of the
axial temperature profile on July
20, 1979 and the axial position
tolerances. The differences ranged
from +0.1 to +0.9°F for both
canister and liner thermocouples.
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5.0 FUEL ASSEMBLY INTERNAL
TEMPERATURE MEASUREMENT TESTING

The following section describes the
Fuel Assembly Internal Temperature
Measurement Test performed at E-MAD

for two PWR fuel assemblies. 1In-
cluded are the test objectives,
hardware descriptions, test opera-
tions, test results and thermal
analyses for both fuel assemblies
tested.

5.1 TEST OBJECTIVES

A primary objective of the Fuel
Assembly Internal Temperature
Measurement Test (as defined for

the SFHPP 1978 Demonstration) was:

® Objective 1 - To provide
spent fuel assembly internal
temperature data under simu-
lated dry storage cell con-
ditions to verify that spent
fuel assemblies with a decay

heat level of about 1.0 kW
could be stored in drywells
and concrete silos at the
Nevada Test Site without
exceeding design temperature
limits

It had been determined early in the
1978 Demonstration planning that a
test to obtain fuel assembly tem-
perature data should be conducted
inside an E-MAD facility hot cell

rather than to provide internal
canister instrumentation in the
actual storage canisters.

Other objectives were identified
for the Fuel Assembly Internal
Temperature Measurement Test test
assembly. These objectives were:

® Objective 2 - To use the test
assembly as a calorimeter to
determine spent fuel assembly
decay heat level by comparing
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canister temperatures with
electric heater induced
canister temperatures

e Objective 3 - To provide
spent fuel assembly internal
temperature data allowing
determination of axial and
radial temperature distri-
bution correlations between
canister and fuel cladding
and aiding in computer model
verification

® Objective 4 - To examine the
thermal effects of various
gaseous stabilizing media on
canister and spent fuel
assembly temperatures

® Objective 5 - To provide
spent fuel assembly internal

temperature data for differ-
ent temperature levels exper-

ienced in similar experi-
mental storage cells
As part of the CWSFP Program,
another objective was 1identified.

Since the results of the Phase 1II
Test for fuel assembly B43 (approx-
imately 1.0 kW) showed that peak
fuel cladding temperatures measured
for simulated storage cell condi-
tions were well below the design
limit, it was decided to evaluate
fuel assembly internal temperatures
for higher decay heat levels, The
objective was to provide temper-
ature data which could be used in
conjunction with Electrically
Heated Drywell Test and fueled
Drywell Test data to determine the
maximum decay heat level which
drywell storage cells at the Nevada
Test Site could accomodate.

5.2 HARDWARE DESCRIPTIONS
5.2.1 TEST ARRANGEMENT

The Fuel Assembly Internal Temper-
ature Measurement Test hardware



consists of a main test assembly
with a number of auxiliary systems
and components., The main test as-
sembly is illustrated in Figure
5.2-1. The test assembly consists
of: 1) a test stand which supports
a representative storage cell
liner, 2) a seismic restraint fix-
ture providing test stand lateral
support, 3) a test canister (repre-
sentative of a storage canister),

4) a

canister 1lid assembly con-
taining instrumented tubes which
are inserted into the spent fuel
assembly, and 5) a PWR spent fuel
assembly. Figures 5.2-2 and 5.2-3
show the relative dimensions, ele-
vations, and configuration of the
test assembly, The auxiliary
equipment includes: 1) an eva-
cuation and backfill system, 2) an

electric heater assembly for test
stand calibration, 3) a temporary
canister lid to interface with the
electric heater, 4) a test stand
electric heater control panel, 5)

two thermocouple and heater 1lead
connector panels for remote con-
nection, and 6) a data acquisition

system to record thermocouple data.
The test equipment arrangement 1in
the E-MAD facility West Process
Cell area is shown in Figure 5.2-4,
Additional photographs of the Fuel

Assembly Internal Temperature
Measurement Test equipment are
shown in Appendix B.

5.2.2 TEST STAND

The test stand for the  Fuel
Assembly Internal Temperature
Measurement Test consists of a
large tubular steel frame, a test
stand lifting fixture, a storage
cell 1liner, a series of band

heaters, an insulation sheath along
the length of the liner, an insu-
lation plug at the bottom of the
liner, thermal insulation, and a
set of thermocouples. Each of
these components is described below.
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The test stand frame is 48 inches
wide by 96 1inches 1long by 204
inches high and is made of struc-
tural carbon steel tubing, I-beams,
and angles. The outer frame mem-—
bers are 3 inch square by 0.25 inch
thick square tubing. Each side of
the stand has two sets of diagonal
cross members welded between adja-
cent vertical tubing sections. The
cross members are 3 inch by 3 inch

by 0.188 inch thick angles. At the
bottom of the frame, a series of
four 4 inch high I-beams, two 1in

each direction, are welded to the
top of the tubing to support the
liner.

A connector platform provides an
area where thermocouple and heater
leads and connectors are placed for
remote access in the West Process
Cell. The platform is 1located 3
feet above the test stand bottom
and consists of two carbon steel
angles and a plate. Two 1 inch by
1 inch angles are welded to the
frame tubing and diagonal cross
angles in the front and back of the
stand. A 0.25 inch thick plate, 48
inches wide by 28 inches long 1is
bolted to the two angles at four
locations on each side., The test
stand connector platform is visible
in photographs of the completed
test assembly, Figures B-67 and
B-68.

Attached to the
stand 1is the
fixture (not shown in Figure
5.2-1). The fixture consists of
two lifting arms bolted to the test
stand frame and a movable cross bar
assembly which interfaces with the
remote overhead cranes. The two
lifting arms are made of three
pieces of 5 inch square by 0.5 inch
thick structural carbon steel tub-
ing welded to form an inverted "V"
with a 5 inch wide flat section at

the test
lifting

top of
test stand



















































positions and secures an insulation
assembly (insulation cover, 0.5
inch thick insulation blanket, and
aluminized cloth cover). A lifting
bail, welded to the top of the
holddown bar assembly, allows
handling of the temporary 1lid in
the Hot Bay.

The temporary lid has four thermo-
couples, Two are attached to the
lid plate and two are attached to
the cover plate. The locations and
method of attachment are identical
to those on the closure lid assem-
bly. These thermocouples provide
temperature data during test stand
checkout and calibration for com-
parison with closure 1lid tempera-
ture data.

5.2.9 HEATERS AND HEATER CONTROL
PANEL

A total of 37 heaters are attached
to the test hardware. Thirty-four
band heaters are strapped to the
length of the liner and one tubular
heater each is attached to the top
of the liner lower insulation plug,
the canister support ring, and the
closure 1lid cover plate. High tem—
perature radiation resistant wire
connects these heaters to a set of
temperature controllers mounted on
the heater control panel in the
operator gallery (see Figure
5.2-4). Terminal strips attached
to the wires from the heaters and
to the heater connector panel
(described in Section 5.2.10) allow
for remote completion of the heater
power circuit. A grounding strap
on the test stand frame 1is con-
nected before any testing is done.

The liner band heaters each have a
500 watt capacity at 120 volts AC.
Mjacent pairs of band heaters are
wired together to an individual
controller so that a different
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temperature can be imposed on the
liner every 12 inches. This allows
input of any desired axial temper-
ature profile on the liner. The
band heaters maximum power output
is 17 kW. The canister lid tubular
heater and the 1insulation plug
tubular heater each have a 225 watt
capacity at 120 volts AC; the can-
ister support ring tubular heater
has a capacity of 450 watts at 120
volts AC. The total heater capa-
city for the tubular heaters is 0.9

kW. Each of these heaters is wired
separately to individual control-
lers.

The heaters are wired using # 12
AWG copper wire with a 600 volt,
1000°F and high radiation resis-
tance rating. Wire terminals are
crimped and brazed onto each end of
the wire, and these terminals are
brazed to the terminal stud nuts
installed on each heater. The
other wire end 1is attached to
standard terminal strips which
interface with strips on the heater
connector panel. All of the wire
from heaters installed on the liner
and canister are routed and wire
tied along the test stand tubular
frame to the test stand connector
platform where the wire 1is coiled
for remote handling and connec~
tion. The closure lid heater wire
hangs from the closure lid assem-
bly, and during 1lid installation
the wire 1is placed on the test
stand connector platform for remote
connection in the West Process Cell.

The heater control panel is a 72
inch high by 23 inch deep by 24
inch wide electrical cabinet on
which are mounted 24 heater tem-
perature controllers. Its position
is shown in Figure 5.2-4. ‘Twenty-
one of the 24 controllers operate
during testing. Table F-l provides
a listing of specific controllers



attached to heaters and control

thermocouples.

The heater temperature controllers
have a 200 to 600°F variable tem-—
perature control setting, a 10 amp
contact rating at 120 volts AC, a
control accuracy of +0.9°F, and are
designed for use with thermocouple
sensors. The ambient operating
temperature range for the con-
trollers is 30 to 130°F. A sensor
protector de-energizes the load
power 1if a control thermocouple
fails,

Power leads are routed from the
heater connector panel in the West
Process Cell through the shield
wall at window W-9 (see Figure
5.2-4). These wires are routed
into the rear of the heater control
cabinet and attached to terminal
strips on the inside. The heater
temperature controllers are con-
nected to the terminal strips, to
the input line voltage through a 10
amp fuse, and to the control (feed-
back) thermocouples. The control
thermocouples are routed from the
thermocouple connector panel in the
West Process Cell through the
shield wall at window W-8. These
wires are taken into the cabinet
top on the side opposite the heater
terminal strips, and to the heater
temperature controllers. Power
input to the cabinet is 3 phase 120
volt, 60 hertz.

Several modifications to the heater

controller circuit were made. A
redundant set of 22 solid state
temperature limiters was installed

in the heater control cabinet and
wired in parallel with the heater
temperature controllers. Each 1is
connected to the appropriate con-
trol thermocouple and is set at a
temperature slightly above the
heater temperature controller. An
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additional heater temperature con-
troller and solid state temperature
limiter were connected into the
controller power input line and use
a closure 1lid thermocouple (located
near the fuel assembly midplane) to
limit the fuel clad peak tempera-

ture. This controller and limiter
are set at 650°F, and an alarm
sounds 1if feedback exceeds that

limit and all three phases of power
into the cabinet are disconnected.
These extra control features met
test site personnel safety require-
ments and limited fuel clad temper-
atures to less than 700°F during
testing.

5.2.10 CONNECTOR PANELS

Two separate connector panels, one
for thermocouple extension leads
and one for heater power leads, are
mounted on the connector panel
table for remote attachment of
leads from the test stand. The
connector panel table, in the West
Process Cell, is located in front
of viewing window W-8 (see Figure
5.2-4) which 1is adjacent to the
test stand connector platform after
the test stand is positioned in the

cell. The connector panels are
mounted at an angle to simplify
remote attachment operations. The

two connector panels are shown in
Figures B-68 and B-69.

The thermocouple connector panel is
14 inches high by 26 inches wide
and is made of 0.12 inch thick 304
stainless steel. Mounted to this
connector panel are eighteen 24 pin
quick disconnect connectors. Each
connector has twelve 2 lead thermo-
couple extension wires soldered to
it. The extension wires are routed
through an existing West Process
Cell shield wall penetration at
window W-8 to the two multiplexer
units located in the operator

gallery (see Figure 5.2-4).



Matching quick disconnect connec-

tors are attached to the thermo-
couple leads on the test stand,
canister, and closure 1lid. After

the completed test stand 1is posi-
tioned in the West Process Cell,
all connectors from the stand are
remotely attached to the designated
panel connectors.

The heater connector panel is 18
inches high by 23.5 inches long and
is made of 0.12 inch thick 304
stainless steel, Six terminal
strips are attached to the panel;

one strip has two terminals, two
strips have eight terminals, and
three strips have ten terminals,
Heater power wires (identical to
those used on the test stand,
Section 5.2.9) are attached to the
heater connector panel terminals
via crimped-on wire terminals.
These wires are routed to the
heater control panel. Each heater
connector panel terminal has a
brass jumper strip to remotely
attach matching terminal strips
mounted on the test stand, can-
ister, and <closure 1lid  Theater
leads. The jumper strips are 2

inches long with a hole in one end
and a slot in the other end. The
slot allows the test stand heater
lead terminal strips to be placed
against the panel mounted strips
and the terminal screws tightened
to complete the installation.

After all the test stand terminal
strips are connected, a sheet of
plexiglass placed over the heater
connector panel prevents inadver-
tant contact with the jumper strips.

5.2.11 DATA ACQUISITION SYSTEM

The data acquisition system for the
Fuel Assembly Internal Temperature
Measurement Test consists of the
array of thermocouples, the E-MAD
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data logger, and two remote signal
conditioning/multiplexing units.
The thermocouples are attached to
the test components as described
earlier. Remote  attachment of
thermocouples and extension wire is
made in the West Process Cell to
route the thermocouples through the

shield wall to the multiplexer
units located in the operator
gallery. Multiplexer signal cables

are routed through overhead cable

trays to the data logger.
THERMOCOUPLES

All thermocouples consist of a Type
K, chromel-alumel thermocouple with
ungrounded junction enclosed in a
0.062 inch diameter 304 stainless
steel sheath. Two 24 gage Type K
extension wires are brazed to the
thermocouple wires and are enclosed
in a 0,187 inch diameter by 0.028
inch thick by 2.75 inch long stain-
less steel transition boot. The
transition boot is crimped onto the
end of the thermocouple cable
sheath and filled with epoxy. The
sheathed thermocouple wire 1is used
in areas where high temperatures
could exist during testing.

The thermocouple extension wires
are bundled together on the test
stand and on the closure 1lid
assembly and are soldered into 24
pin quick disconnect connectors
which match those on the thermo-
couple connector panel. Test stand
(and canister) thermocouple bundles
are routed and wire tied along the
test stand frame and are coiled on
the test stand connector platform.
The thermocouple bundles on the
closure 1lid assembly hang from the
lid cover plate during installation
and the connectors are positioned
on the test stand connector plat-
form as the lid is lowered into the
test stand.



5.3 OPERATIONS
5.3.1 TEST SEQUENCE

The Fuel Assembly Internal Temper-
ature Measurement Test operations
were divided into three separate
test phases. The ©Phase 1 test
consisted of test assembly elec-
trical checkout and calibration
using the calibration heater assem-
bly. The Phase II testing consis-
ted of imposing various canister
temperature profiles and canister
internal atmospheres on the test
assembly containing a PWR fuel
assembly  B43, Phase II test
planning included test runs with no

band heater power, imposing the
Electrically Heated Drywell Test
canister profile, imposing the

Concrete Silo No. 2 canister pro-
file, imposing the Drywell 5 can-
ister profile and imposing various
uniform canister temperature pro-
files ranging from 250 to 500°F.
The Phase III test consisted of
imposing various canister temper-
ature profiles and canister inter-
nal atmospheres on the test assem
bly containing PWR fuel assembly
D15. Phase III test planning in~-
cluded test runs with no band
heater power, imposing the Elec-
trically Heated Drywell Test can-
ister profile, imposing the Drywell
5 canister profile, imposing the
Spent Fuel Test at Climax (SFT-C)
canister profile and imposing var-
ious uniform canister temperature
profiles ranging from 350 to 600°F.

5.3.2 PHASE I TESTING (ELECTRICAL)

Phase I Fuel Assembly Internal Tem-
perature Measurement Test opera-
tions consisted of the checkout and
calibration of the test assembly
using the calibration heater assem-
bly and temporary canister lid.
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The electrical testing was per-
formed in the West Process Cell in
the same configuration to be used
for spent fuel testing.

Phase I operations began in June,
1979. The assembled test stand and
test canister were placed in the
E-MAD Hot Bay following thermo-
couple and heater continuity
checks, The calibration heater
assembly was installed into the
test canister and two electrical
leads attached to the heater
assembly tubular heater intercon-
nection wires. These leads were
routed through holes in the tem-
porary canister lid as the lid was
being 1installed. Installing the
holddown bar and nuts completed the
test assembly. The test assembly
was then lifted and transported to
the West Process Cell and lowered
through the cell ceiling plug hole.
It was moved into position for
testing, the seismic restraint
fixture latches rotated and pinned,
and the thermocouple and heater
connectors attached to the mating
connectors in the cell, The two
calibration heater assembly leads
were attached to two wunused ter-
minals on the heater connector
panel; and in the operator gallery,
a variable voltage transformer was
conneci:ed to wires leading to these
two terminals. A voltmeter and
ammeter connected to the trans-
former allowed accurate measurement
of calibration heater power levels.

A data logger printout of all test
thermocouples was obtained as an
ambient: reference temperature read-
ing. The Phase I checkout was then
performed with a 0.5 kW calibration
heater power level. Prior to this
however, the test assembly heater
controllers were set at their mini-
mum setting and a thermocouple data



printout was compared to the refer-
ence data printout to verify heater
operation. After this thermocouple
and heater functional check, the
calibration heater

level was raised to 1.0 kW to
evaluate test assembly capabil-
ities. The test assembly heater

controllers were set to predeter-
mined values to impose the drywell
canister profile on the test canis-
ter and the test assembly tempera-
tures were allowed to stabilize.
The resulting test canister temper-
atures were higher than those de-
sired. Subsequently, the insula-
tion blanket and cloth cover were
removed from the top half of the
test stand liner. With the insu-
lation removed and no band heater
power, another set of test canister
profile data was compared to the
desired drywell canister profile.
In this case the temperatures were
found to be lower along the entire
canister length, This minimum test
assembly canister profile capabil-
ity for a 1.0 kW heat source meant
that the Concrete Silo No. 2 tem—
perature profile could not be im-
posed without major modification to
the test stand, Therefore, the
Concrete Silo Canister Profile
Tests were eliminated.

Test assembly calibration opera-
tions followed the checkout proce-

dures. With no band heater power,
calibration heater power levels
were set at 0.5, 1.0, 1.5, 2.0, 2.5
and 3.0 kW. The test assembly was

allowed to reach thermal stabiliza-
tion between each power level,
Stabilization criteria for cali-
bration operations required that 90
percent of the test thermocouple
data readings fall within +1°F in a
30 minute period. Data logger
printouts were made every 30 min-
utes during test assembly calibra-
tion, Once the test assembly

assembly power °
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temperatures had stabilized, the
thermocouple readings were recorded
and the calibration heater power
level was changed. Test assembly
calibration activities started on
June 4, 1979 and ended on June 29,
1979.

Upon completion of Phase I, the
thermocouple and heater connectors
in the West Process Cell were dis-

connected and the test assembly
returned to the Hot Bay. The hold-
down nuts and bar, the temporary
canister 1lid, and the calibration

heater assembly were removed from
the test stand, An electrical
check of the thermocouples was
performed which revealed that seven
data thermocouples and two heater

control thermocouples had low
internal resistance readings.
Since improper data feedback could
result, the two heater control
thermocouples (TC-9 and TC-11l) were
disconnected and two data
thermocouples 1located at approxi-

mately the same position (T/C's 452

and 460) attached to the heater
controllers in their places. The
low 1internal resistance readings
for the seven data thermocouples
(t/c's 328, 357, 383, 387, 389, 428
and 454) have Dbeen noted. The
temperatures recorded by these

thermocouples (provided in Appendix
F) may be in error and therefore
were not used in evaluating the
test results.

5.3.3 PHASE II TESTING (FUEL
ASSEMBLY B43)

Phase 1II Fuel Assembly Internal
Temperature Measurement Test opera-
tions consisted of installing the
spent fuel assembly into the test
stand canister, placing the test
assembly in the West Process Cell,
conducting a fuel assembly calori-
metry test, and conducting a series



of simulated storage cell thermal
tests and uniform canister temper-
ature tests with either air, helium
or a vacuum inside the test canis-
ter. Fuel assembly installation
and test assembly completion were
performed remotely in the Hot Bay.
All testing was performed in the
West Process Cell.

Following the Phase 1 testing,
test stand was placed in the Hot
Bay calorimeter pit (shielded
storage pit). The installation and
assembly procedures are described
in greater detail in  Section
B.2.4. On July 18, 1979, remote
handling operations commenced. PWR
spent fuel assembly B43 was taken

the

from its storage canister assem—
bly. The fuel assembly was slowly
lowered into place and installed

with the serial number side of the
top nozzle facing test stand 6=0°.

The completed test assembly was
moved to the West Process Cell and
installed as described in Appendix
B. Finally, an operational check
of the heaters and thermocouples
ensured proper operation.

Phase II tests were begun in late
July, 1979. The planned testing
sequence was: 1) perform the fuel
calorimetry check with the band
heaters off, 2) impose the drywell
canister profile, 3) impose the
Electrically Heated Drywell Test
canister profile, and 4) impose
uniform canister temperatures of
250, 300, 400 and 500°F, respec-
tively. Each storage cell canister
profile was based on a decay heat

level comparable to yet slightly
different from that of the fuel
assembly being tested. For the

Electrically Heated Drywell Test,
the axial canister and liner
profiles shown in Figure 5.3-1 for
a 1.0 kW heater power level were
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Figure 5.3-1. Electrically Heated Drywell Test
Canister and Liner Temperature
Profiles for the Fuel Assembly
Internal Temperature
Measurement Test (1.0 kW
Operation, November 29, 1979)

originally planned to be wused.
However, the actual set point
temperatures used are given in

Table 5.3-1., The Concrete Silo No,
2 canister and liner profiles shown
in Figure 5.3-2 were taken from
test data onm March 4, 1979 for a
fuel assembly decay heat level
estimated to be about 0,97 kW. The
axial canister profile shown in
Figure 5.3-3 was obtained from Dry-
well 5 on July 1, 1979 when the
fuel assembly decay heat level was

estimated to be about 0.87 kW. For
each test profile, three tests
would be run with an air, vacuum
and helium backfill, The actual

order in which all the tests were

run is identified in Table 5.4-1.
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for the Fuel Assembly Internal
Temperature Measurement Test
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For each backfill media, the heater
controllers were set to provide a
predetermined liner temperature
profile (except for the no band
heater tests). Once the test
assembly temperatures stabilized,
the heater controllers were
adjusted to impose the desired
canister temperature profile. The
test assembly was allowed to reach
thermal stabilization, and a final
printout recorded. Thermal stabil-
ization was determined by examining
the center thermowell midplane
thermocouple temperature (T/C 304)
and six canister thermocouple
temperature (T/C's 417, 421, 425,
431, 435 and 437) readings versus

173

time. The stabilization criteria
was that these seven temperatures
not vary by more than +l°F in a 30
minute period. Data logger print-
outs during the tests were made
every four hours.

The evacuation and backfill system
affected the canister backfill
media changes. For the air back-
fill tests, the vent valve was left
open to the West Process Cell
atmosphere. The helium backfill
was maintained at 1.0 + 0.5 psig
during each of the helium tests by
the preset helium bottle supply
pressure and relieved overpressure
by opening the vent valve. For
either of these two backfills, the
test canister was evacuated prior
to filling. The vacuum tests were
conducted with the vacuum pump
running constantly, The system
pressure was maintained at about
-24 inches of mercury for all
vacuum testing.

The testing order varied from the

original plan so that different
profiles could be run with the same
backfill wmedia, shortening the

overall testing time., In addition,
several problems experienced in the
performance of the tests resulted
in rerunning several tests. After
the first three No Band Heater
Tests had been completed in early
August, procedural problems pre-
vented continuation with the im~-
posed canister  profile tests.
Testing resumed in early September
with the rerunning of the helium
filled No Band Heater Test. The
drywell canister profile test fol-
lowed; however, on September 14
during the vacuum backfill test, a
heater controller contact failed in
the closed position prior to test

stabilization. Further canister
profile tests were subsequently
halted until new solid state



TABLE 5.3-1

SET POINT TEMPERATURES FOR ELECTRICALLY HEATED DRYWELL
TEST CANISTER PROFILES

Initial Tests

Rerun Tests

T/C No. Temp. (°F) T/C No. Temp. (°F)
417 235 417 244
421 270 421 276
425 275 425 270
431 252 431 250
435 207 435 195
437 180 437 157
£, ] installed, The two additional No
gg T v T ' Band Heater Tests were then rerun.
3r \ \
— (I \ \\ 4= Testing began again in mid-November
\ with the rerunning of the one com-
| cmsren |40 pleted Drywell Cani.ster I.’rofile
£ g Test. For each canister imposed
g+ | & temperature test, the heater con-
2 ( ”g troller safety shutdown circuit
2 & limiter was set at 650°F to prevent
2 s [ LeR Y- fuel assembly clad temperatures
2,' & from exceeding the design limit.
% B Lo & All of the 18 planned canister
; '§' prof%le tests were run in suc-
< = cessicn between November 14, 1979
g pe - {120,5_ and February 8, 1980. The test
z g data for the Phase II fuel assembly
] L _m;.' tests are provided in Appendix F.
2
a3 | ;o tio Following an evaluation of t':he
\__J // / results from the vacuum and helium
backfill Electrically Heated Dry-
— 180 well Test Canister Profile Tests,
’ it was determined that the canister
"E SE— e %%oo profile had been inadvertantly

TEMPERATURE (°F)
705395144

Figure 5.3-3. Drywell 5 (F/A B03) Canister
and Liner Temperature Profiles
for the Fuel Assembly Internal
Temperature Measurement Test
(July 1, 1979)

controller contacts, a new set of
redundant temperature limiters and
a safety alarm and heater control-
ler shutdown circuit could be
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transposed. The decision to rerun
all three backfill tests with the
Electrically Heated Drywell Test
Canister profile was made. Testing
resumed in June, 1980; however,
prior to completing the third test

(helium backfill), a leak in the
evacuation and backfill system
prevented stabilization., Since

system examination and repair acti-
vities in the West Process Cell



were limited to remote operations,
this final test rerun was discon-
tinued.

A set of gas samples was taken from
the test canister before the rerun
tests were performed., The opera-
tions for the gas sampling and the
results are described in Appendix
L. Prior to taking the gas sam-
ples, the test stand band heaters
were turned on and adjusted to
maintain a uniform canister temper-
ature profile of about 500°F. The
heatup began on May 30, 1980, and
continued through June 4, 1980,
when the samples were taken.
Following gas sampling, the band
heaters were turned off. Appendix
L provides temperature data for the
canister and thermowells during the
gas sampling heated period.

5.3.4 PHASE III TESTING (FUEL
ASSEMBLY D15)

Phase III test operations consisted
of installing the spent fuel assem—
bly into the test stand canister,
placing the test assembly in the
West Process Cell for testing,
conducting a fuel assembly calori-
metry test, and conducting a series
of simulated storage cell thermal
tests and uniform canister temper-
ature tests with either air, helium
or a vacuum inside the test canis-
ter. Fuel assembly installation
and test assembly completion were
performed remotely in the Hot Bay.
All testing was performed in the
West Process Cell. 1In addition to
the Fuel Assembly Internal Temper-
ature Measurement Test operations,
calorimetry of the spent fuel as-
sembly was performed prior to and
after test operations using the
Boiler Water Calorimeter located in
the Hot Bay (see Appendix K).

Phase III
September,

began in
the

operations
1980. Prior to

175

start of testing, a printout of all

test assembly thermocouples was
made with the test assembly in-
stalled in the West Process Cell,

Data thermocouple 452 was found to
be defective and disconnected. The
test stand was then moved to the
Hot Bay. On September 22, 1980,
remote handling operations com-
menced. PWR fuel assembly D15 was
taken from its storage canister as-
sembly in which it had been tempor-
arily stored in the Lag Storage
Pit. The fuel assembly was in-
stalled with the serial number side
of the top nozzle facing test stand
0=0°., The 1installation procedure
is described in detail in Appendix
B.

The completed test assembly was
moved to and installed in the West
Process Cell wusing the same pro-
cedures as those followed in Phase
II.

Phase III tests
September, 1980.

began in late
The planned test-
ing sequence was: 1) perform the
fuel calorimetry check with the
band heaters off, 2) impose an
Electrically Heated Drywell Test
canister profile, 3) impose the
Drywell 5 canister profile, 4) im-
pose the SFT-C canister profile,
5) impose uniform canister temper-
atures of 350, 400, 450, 500, 550
and 600°F, respectively, and
6) repeat the fuel calorimetry
check with band heaters off. As in

Phase II, for each test profile, a
test would be run with an air,
vacuum or helium backfill. Each

storage cell canister profile was
based on a decay heat level com-
parable to, yet slightly different

from, that of the fuel assembly
being tested. For the Electrically
Heated Drywell Test, the axial

canister and liner profiles shown
in Figure 5.3-4 were developed by a
linear interpolation for a power
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level of 1.4 kW using the test data
from 1.0 kW and 2.0 kW power level
tests on April 1, 1979 and April 1,
1980, respectively. The Drywell 5
axial canister and 1liner profiles
shown in Figure 5.3-5 were taken
from test data for fuel assembly
D22 on October 15, 1980 when the
fuel assembly decay heat level was
estimated at about 1.22 kW. The
Spent Fuel Test at C(Climax axial
canister profile shown in Figure
5.3-6 was provided by Lawrence
Livermore National Laboratory based
on a best-fit evaluation of canis-
ter temperatures from data about 90
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days after canister emplacement for
fuel assemblies identical in decay
heat to fuel assembly D15. It was

also planned that the 550 and 600°F
uniform canister temperature tests
would be conducted only if the peak

fuel clad temperature remained
below 715°F.

Twenty-five of the 31 planned
canister profile tests were run
between  September 26, 1980 and

January 5, 198l. Several problems
experienced in the performance of
the tests and the desired shipment
date for fuel assembly D15 from
E-MAD to the Climax test site re-
sulted in eliminating six of the
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test runs. In addition, the avail-

ability of the three storage cell
canister axial profiles was delayed

until near the end of October which
altered the order in which the
tests were run. Table 5.4-2 sum-
marizes, in chronological order,
the tests which were run and the
appropriate data table for data
from each test.

After the first three WNo Band
Heater Tests had been completed,
the 350°F Uniform Canister Temper-
ature Profile Test with air back-
fill was run. During the test, it
was found that a wuniform 350°F
profile «could not ©be achieved.
Temperatures in the canister center
portion were about 15°F higher than
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the desired value. Temperatures on
the lower end were 5 to 10°F lower
than the desired value. This dif-
ference was caused by the convec-
tion-induced axial transfer of the
heat applied to the canister lower
portion by the liner band heaters
needed to raise the canister lower

end temperatures to 350°F. Because
the exact 350°F uniform canister
temperature profile could not be

achieved for air, the helium and
vacuum backfill tests at 350°F were
deleted. Later (following the
550°F Uniform Canister Temperature
Profile Tests), an evaluation of
the canister to center thermowell
temperature difference indicated
that for the 600°F Uniform Canister
Temperature Profile Test the fuel
clad temperature limit of 715°F
would be exceeded for the air and
vacuum backfills. For this reason,
these two tests were also deleted,

Two problems were experienced
during the storage cell profile
tests., The SFT-C canister axial
profile was found to be slightly
lower than the canister profiles
for the No Band Heater Tests.
Since the exact canister profile
could not be achieved, it was
determined that imposing canister

temperatures 100°F above the noted
profile would meet Lawrence Liver-
more National Laboratory needs.
This higher temperature profile was
used for the SFT-C Canister Profile
Tests. To allow for the encapsula-
tion and shipment of fuel assembly
D15 to the C(Climax test site in
early January, 1981, the last two
planned air backfill tests for the
Electrically Heated Drywell Test
and the SFT-C canister profiles
could not be run. However, prior
to test assembly disassembly and
transfer to the Hot Bay, a second
calibration test (with band heaters
off and an air Dbackfill) was



performed., Following test stand
return to the Hot Bay and 1lid
removal, the fuel assembly was
removed and placed in the Boiling
Water Calorimeter on January 6,
1981 for a second calorimeter
reading. A previous calorimetry

had been performed on fuel assembly
D15 on July 8, 1980 wusing the
Boiling Water Calorimeter.

For each backfill media, the heater
controllers were set to provide a
predetermined liner temperature
profile (except for the No Band
Heater Tests). Once the test
assembly temperatures stabilized,
the heater controllers were ad-
justed to impose the desired can-
ister temperature profile within
+5°F for the canister profile tests
and within +10°F for the uniform
canister tests. The test assembly
was allowed to reach thermal stabi-
lization, and a final printout re-
corded. Thermal stabilization was
determined by examining the center
thermowell fuel midplane thermo-
couple (T/C 304) temperature read-
ings versus time. The stabiliza-
tion criterion was that tempera-
tures not vary by more than +1°F in
a 24 hour period. Data logger
printouts during the tests were
made every four hours.

The evacuation and backfill system
affected the canister backfill
media changes in the same manner as
it was used in the Phase II tests.
The system maintained pressure be-
tween -22 and -24 inches of mercury
for all vacuum tests.

5.4 TEST RESULTS

This section presents the test
results from the Fuel Assembly
Internal Temperature Measurement
Tests. The results are presented
as figures and tables 1in this
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section, in Appendix F (thermo-
couple data tables) and in Appendix

J (additional data curves). A re-
sults discussion of each set of
tests (same canister profile con-

dition with three backfill media)
is presented. The temperatures
measured in the center thermowell
are considered representative of
the peak fuel clad temperatures.
This is based on an estimated 5 to
7°F maximum difference between fuel
clad and measured temperature (see
Appendix M). The results of spent
fuel assembly calorimetry and the
application of the test results to
storage cell tests are also
included.

5.4.1 PHASE I TEST RESULTS

The results of the Phase
trical calibration heater tests
performed with air in the test
canister at power levels of 0.5,
1.0, 1.5, 2.0, 2.5, and 3.0 kW are
presented 1in Figure 5.4-1, The
axial canister profiles provided
data points wused in evaluating
spent fuel assembly decay heat
levels. Complete data from the six
test runs are provided in Appendix
F, Tables F=-2 to F-4, For each
test run, the test stand was in the
same configuration wused for the
spent fuel assembly tests except
for thes temporary lid which approx-
imated the actual closure 1lid's
thermal resistance.

I elec-

5.4.2 PHASE II TEST RESULTS (FUEL
ASSEMBLY B43)

Table 5.4-1 presents the actual
test c¢rder for Phase II tests and
identifies the data table in
Appendix F for each test.
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TABLE 5.4-1
FUEL ASSEMBLY B43 TEMPERATURE TEST SUMMARY

Test Condition

Band Heaters Off

Band Heaters Off

Band Heaters Off

Band Heaters Off (Rerun)

Drywell Canister Profile

Band Heaters Off (Rerun)

Band Heaters Off (Rerun)

Drywell Canister Profile

Drywell Canister Profile (Rerun)
Drywell Canister Profile

Electrically Heated Drywell Canister Profile
Electrically Heated Drywell Canister Profile

250°F Uniform Canister Profile
300°F Uniform Canister Profile
400°F Uniform Canister Profile
SO00°F Uniform Canister Profile
S00°F Uniform Canister Profile
250°F Uniform Canister Profile

Electrically Heated Drywell Canister Profile Air

300°F Uniform Canister Profile
400°F Uniform Canister Profile
500°F Uniform Canister Profile
400°F Uniform Canister Profile
250°F Uniform Canister Profile

300°F Uniform Canister Profile

Electrically Heated Drywell Canister Profile Air

(Rerun)

Electrically Heated Drywell Canister Profile

(Rerun)

5.4.2.1 SPENT FUEL ASSEMBLY

CALIBRATION RESULTS

Data gathered during testing with

air in the canister and no band
heater power were used in deter-
mining spent fuel assembly decay
heat levels. The No Band Heater

Test run completed on September 20,
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Date Data
Backfill Completed Table
Air 7/23/79 F-7
Vacuun. 7/25/79 F=5
He lium 8/5/79 F-6
Heliunm 9/11/79 F-11
Belium 9/13/79 F-17
Vacuun. 9/18/79 F-8
Alr 9/20/79 F-10
Air 11/14/79 F-19
Helium 11/27/79 F-18
Vacuum 11/28/79 F-16
Vacuum 11/29/79 F-11
Helium 11/30/79 F-12
He lium 12/6/79 F-21
Helium 12/7/79 F-24
Helium 12/11/79 F-27
Helium 12/17/79 F-30
Vacuum 12/20/79 F-29
Alir 1/4/80 F-22

1/10/80 F-13
Air 1/14/80 F-25
Alr 1/17/80 F-28
Alr 1/24/80 F-31
Vacuum 1/30/80 F~26
Vacuum 2/8/80 F-20
Vacuum 2/11/80 F-23

6/17/80 F-15
Vacuum 6/25/80 F-14

1979 provided a set of data at the
beginning of the Phase II testing.
Data acquisition continued during
the delay from September to Novem-
ber and the data available just
prior to testing resumption on
November 11 provided a second set
of no band heater power temper-
atures. After the scheduled



testing was completed and prior to

rerunning the Electrically Heated
Drywell Test Canister Profile
Tests, a third data set was gather-
ed in April, 1980. These three
canister axial temperature profiles
are shown in Figure 5.4-2 along
with the Phase I 0.5 and 1.0 kW
canister axial temperature pro-
files. The profiles shown are
normalized so all five data sets
have a common West Process Cell
ambient temperature of 80°F (am-

bient temperatures ranged from 71
to 82°F).

]
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Figure 5.4-2. Fuel Assembly B43 Calibration:
Canister Temperature Profiles

To determine the relative spent
fuel assembly decay heat levels,
the calibration heater and spent

fuel assembly canister temperatures
at the three elevations nearest the
fuel assembly midplane (51, 86, and
120 inches below top of canister)

were compared. These three data
sets were judged to be least
affected by canister thermal end
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effects. A set of canister
temperature  versus power level
curves was established for the
average thermocouple readings for
each elevation using the 0.5 and
1.0 kW calibration heater test
results. A straight line approx-

imation between data points at each
power level was assumed. The aver-
aged canister temperatures for the
three data sets were plotted on the
curves to establish the relative
power levels., Table 5.4-2 summar-
izes the fuel assembly decay heat
levels determined by this method.

The above method of spent fuel
assembly decay heat determination

does not account for the differ-
ences 1in assembly heated lengths
(152 1inches for the <calibration

heater and 144 inches for the fuel
assembly) and the nonuniform decay

heat distribution in the fuel
assembly. A second method of decay
heat determination compares the

heat fluxes to the canister (mea-
sured as the difference between the
canister and ambient temperature)
to account for these differences.
The heated length differences
effect was considered by ratioing
the two lengths. The nonuniform
heat distribution effect was exa-
mined wusing the gamma activity
measurement profile obtained during
the spent fuel assembly nonde-
structive examination., The gamma
activity measured along the fuel
assembly center 6 feet was 17.4
percent higher than the gamma
activity for the entire fuel as-
sembly. The combined effect of
heated length difference and non-
uniformity caused the canister
spent fuel assembly heat flux to be
25 percent higher than the cali-
bration heater flux. This factor
applied to the canister temperature
data from the 0.5 and 1.0 kW
calibration heater tests resulted



TABLE 5.4-2

FUEL ASSEMBLY B43 DECAY HEAT LEVEL DETERMINED
FROM TEST DATA VERSUS CALIBRATION DATA

I. Canister Temperature Comparison Method

T/C Elevation (Inches
Below Top of Canister)

51
86
120

Average

II. Canister/Ambient Temperature Difference Method

T/C Elevation (Inches
Below Top of Canister)

51
86
120

Average

I111. Predicted Decay Heat

in an adjusted set of canister/
ambient temperature difference
versus power level curves. Again,
a straight line approximation
between data points was assumed.
Table 5.4~2 summarizes the fuel
assembly decay heat levels deter-
mined by this method.

The decay heat levels predicted
from TFuel Assembly Internal Tem~
perature Measurement Test calor-
imetry data by the previous two

methods were compared to the decay
heat curve predicted wusing the

Date
9/20/79 11/11/79 4/15/80
0.912 kW 0.870 kW 0.790 kW
0.920 kW 0.870 kW 0.780 kW
0.915 kW ¢.850 kW 0.768 kW
0.916 kW €.863 kW 0.779 kW
Date
9/20/79 11/11/79 4/15/80
0.682 kW 0.640 kW 0.581 kW
0.691 kW 0.651 kW 0.585 kW
0.685 kW 0.642 kW 0.575 kW
0.686 kW 0.644 kW 0.580 kW
Date
9/20/79 11/11/79 4/15/80
0.807 kW 0.778 kW 0.698 kW
ORIGEN 2 code. Figure 5.4-3 shows
the predicted nominal decay heat
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and the data points from the two
previcus methods. The three calor-
imetry data points determined by
the canister temperature comparison
are 12 percent higher than the
nominal predicted decay heat
level. The three calorimetry data
points determined by the adjusted
canister/ambient temperature com-
parison are 16 percent lower than
the rnominal predicted decay heat
level, The differences 1in the
decay heat levels may be attributed
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to heat transfer inside an air on the other hand, all the heat
filled canister and the two decay from the fuel assembly or cali-
heat determination methods handling bration heater is transferred
of these heat transfer effects. radially to the canister by con-

If all the heat from the fuel
assembly or calibration heater is
transferred to the canister by
convection, the canister tempera-

ture comparison method would yield
fairly accurate results. 1In this
case the heated length differences
and nonuniformity would not in-
fluence canister temperatures. If,
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duction and radiation, the adjusted
canister/ambient temperature dif-
ference comparison method would
yield fairly accurate results.
However, heat transfer occurs by a
combination of convection, con-
duction, and radiation. The Phase
II test results show that convec-
tion dominates the transfer modes
for air in the canister, but the



exact proportion could not be
determined. Since some heat 1is
transferred radially by conduction
and radiation, an exact decay heat
determination method has mnot been
developed. The proportions of heat
transferred axially and radially
must be known to properly account
for the heated length and nonuni-
form heat distribution differences
between the two assemblies. How-
ever, the two methods used can be
assumed to have provided a range
encompassing the actual decay heat
levels.

It can then be concluded that spent
fuel assembly calibration using the
Fuel Assembly Internal Temperature
Measurement Test provides only a
rough estimate of the spent fuel
decay heat level, For this reason,
the nominal predicted decay heat
levels determined from Figure 5.4-3
provide a measure of relative decay
heat lavels for the various fuel
assembly tests performed over a six
month period.

5.4.2.2 NO BAND HEATER TESTS
RESULTS

Two sets of tests were run without
band heater power, each set with an

air, vacuum and helium backfill,
The first set of No Band Heater
Tests was run in late July and

early August, 1979. The second set
of No Band Heater Tests was perfor-
med in September, 1979. Test data
for the first set of vacuum, helium
and air test runs are provided in
Tables F-5, F-6 and F-7, respec-
tively and the data for the second
set are provided in Tables F-8, F-9
and F-10, respectively. The second
set of test runs provided a better
reference point for the imposed
canister profile tests.,
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The results from the first set of
No Band Heater Tests are shown in
Figure 5.4-4. The figure shows the
center thermowell axial temperature
and canister axial temperature pro-
files for air, helium and vacuum
backfill conditionms. The tests
were performed 1in succession with
the only test condition change
being the gas medium. The test
results provide significant infor-
mation relative to heat transfer
mechanisms present. In addition,
since there is no imposed liner
temperature with these test re-
sults, the effects of canister,
liner and closure 1lid thermowell
configurations on fuel assembly
temperatures can be evaluated.

canister
profiles in the can-

and bottom sections
the vacuum backfill canister

A comparison of the
temperature
ister middle

shows
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produced the highest canister
temperatures, the helium backfill
produced the next highest, and the
air backfill produced the lowest.
Near the canister top however, the
order of temperatures was reversed,
i.e., air, helium and vacuum back-
fills produced the highest to low-
est  temperatures. The maximum
variation between the highest and
lowest temperatures was only 20°F.

Comparing the center thermowell
temperature profiles shows the
helium backfill produced the lowest

temperatures (except at the lowest
thermocouple). In the lower and
middle sections, the air backfill
produced the next higher temper-
ature and the wvacuum Dbackfill
produced the highest, The air
backfill temperatures in the top
section were again the highest.

The variation between highest and
lowest temperatures ranged between
70 and 80°F.

These results can be explained by
evaluating the heat transfer
occurring in each backfill medium.
With a vacuum, radiation should be
the only means of transferring heat
to the test canister. At the low
temperatures (less than 400°F), the
amount of heat transferred radially
by radiation to the canister 1is
less than that for either air or
helium. Heat transfer at the can-
ister top end was significantly
different from the bottom end.
This was due to test canister
configuration (a long vertical
cylindrical tube with a flat upper
lid and an ellipsoidal bottom end)
and 15 1long thermowells inserted
into the fuel assembly top.

If both canister ends were the same
configuration, if the canister was
horizontal rather than vertical,
and assuming uniform fuel assembly
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decay heat distribution, both can-
ister and center thermowell pro-
files should be symmetrical about
the fuel assembly midplane.  The
two different canister end config-
urations and the air convection
effects between the canister and
liner cause the canister temper-
ature profile for the vacuum
backfill to be skewed towards the
canister top.

The fuel rod temperatures should
follow the canister temperatures
for a vacuum except near the ends.
However, the temperatures recorded
near the fuel assembly top decrease
below the temperatures at the fuel
assembly bottom. This indicates a
greater amount of heat is conducted
into the canister lid. Since only
radiation heat transfer is
available, axial heat conduction
along the 15 thermowell tubes 1is a
plausible explanation.

A comparison of the relative radial
heat flow to the canister with the
relative gamma activity measured
during the nondestructive testing
was made. This investigated
whether the drop-off in center
thermowell temperature was due to a
nonuniform fuel assembly decay heat
profile., The gamma activity mea-
surements made in the center in-
strumentation tube at 13 elevations
along the fuel assembly length were

averaged and normalized to the
average. The normalized gamma
activity data were plotted and

showed a decrease in gamma activity

at both fuel assembly ends. The
plot 1is shown 1in Figure 5.4-5.
Temperature data at five axial

locations generated during the vac-
uum backfill No Band Heater Test
(as well as the vacuum backfill
Uniform Canister Temperature Pro-
file Tests) were used to calculate
relative heat flows along the



The absolute
thermowell and canister temper-
atures were raised to the fourth
power and the differences averaged
and normalized to the average.
This provided relative heat flow
values comparable to the normalized
gamma activity data. These data
points are included in Figure 5.4-5,

canister. center

®NORMALIZED GAMMA ACTIVITY
MEASUREMENTS

RATIO OF MEASUREMENT TO AVERAGE
E)
T

2+ &NORMALIZED HEAT FLUX FOR
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705395334

Figure 5.4-5. Comparison of Normalized Fuel
Assembly Center Instrument
Tube Gamma Activity
Measurements with Normalized
Vacuum Backfill Test Results
(F/A B43)

The normalized gamma activity and
heat flow comparisons at elevations

30, 52, 79, and 112 inches above
the bottom of the active fuel
agreed within five percent. At the

top fuel assembly thermocouple (140
inches above the ©bottom of the
active fuel), the normalized heat
flow value was 51 percent of the
normalized gamma value, This indi-
cates that the spent fuel assembly
temperature decrease at the fuel
top is due to canister thermal end

effects rather than to the non-
uniform decay heat profile,
With helium and air 1inside the

canister, radial heat transfer by
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conduction and axial heat transfer

by convection are available. For
heliur. backfill, the amount of
radial heat conduction 1is higher
than that for air. This 1is evi-
denced by the lowest temperature
gradient between the center ther-
mowell and canister for helium,
For the air backfill case, the
amount of axial heat convection 1is

greater than that for helium. This
is evidenced by the divergence of
the two center thermowell temper-
ature profiles, A comparison of
the relative amount of convection
within the canister was made using
the di.fference between canister and
ambient temperature as a measure of
heat flux at the canister bottom
and top. At the canister bottom,
the canister/ambient temperature
difference is lower by eight per-
cent and 17 percent for helium and

air backfills respectively when
compared to the vacuum backfill.
At the canister top, the canis-

ter/ambient temperature differences
for helium and air backfills are
seven percent and 21 percent higher
than the vacuum backfill, respec-
tively. It can be concluded that
the air backfill is twice as effec-~
tive as an axial heat convector
than the helium backfill.

As with the vacuum backfill, both
the helium and air backfill center

thermcwell temperature profiles
decreased at the fuel assembly
top. This 1indicates axial heat

transfer through the 15 thermowells
to the canister lid., This effect
is greater for the helium backfill
than for the air backfill as shown
by the larger Thelium backfill
temperature  decrease. Since a
greater amount of axial heat
transfers to the upper end of the
canister with the air backfill,
additional heat transfer by
thermowell conduction has only a



slight effect on the air backfill
thermowell temperatures.

5.4.3.3 ELECTRICALLY HEATED
DRYWELL TEST CANISTER
PROFILE TESTS RESULTS

Two sets of tests were

the Electrically Heated
Test canister profile, each set
with an air, vacuum and helium
backfill. The first set of tests
was run 1in November, 1979 with
vacuum and helium backfills and in
January, 1980 with air backfill.
An evaluation of the imposed canis-
ter profiles revealed that the
vacuum and helium backfill tests
had been run wusing an inverted
canister temperature profile. All
three tests were then rerun 1in
June, 1980. A 1leak 1in the test
backfill system prevented the
second helium backfill test from
being completed. Test data for the
first set of vacuum, helium and air
test runs are provided in Tables
F-11, F-12 and F-13, respectively.
Test data for the rerun vacuum and
air test runs are provided 1in
Tables F-14 and F-15, respectively.

run using
Drywell

Figures 5.4-6 and 5.4-7 show the
axial temperature profiles imposed
on the test canister, the actual
canister temperature data points
from the Electrically Heated Dry-
well Test, and the center thermo-
well temperatures for the initial

tests and the rerun of two tests.
Although the three canister pro-
files are slightly different, the

center thermowell axial temperature
profiles for each exhibit the same
relationships described previously
for the No Band Heater Tests. For
example, the helium backfill pro-
duced the 1lowest center thermowell
temperatures, the air  Dbackfill
produced the next higher (except in
the top region) and the vacuum
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backfill produced the
(except in the top region).

highest

Since the five test runs were per-
formed during three time periods,

the relative fuel assembly decay
heat level 1is important for any
comparison. The relative decay

heat levels can be determined from
the decay heat curve in Figure
5.4-3. For the initial vacuum and
helium tests, the decay heat level
was 0.77 kW; for the initial air
test, the decay heat level was 0.75
kW; and for the air and vacuum test
reruns, the decay heat level was
0.67 kW, The center thermowell and
canister temperature differences
for the two air backfill tests can
be compared to the decay heat
levels change. The temperature
differences along the entire axial
profile were nine percent lower for
the rerun test. This compares to
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an estimated 12 percent decrease in
decay heat level based on the nom-
inal predicted decay heat curve.

The initial set of canister pro-
files for helium and vacuum back-
fill differed slightly from the air

backfill test and the desired
profile. However, the canister
temperatures at the elevation of

the peak center thermowell tempera-
ture were about the same for all
three backfills., Table 5.4-3 sum-
marizes the peak center thermowell
temperatures for the Electrically
Heated Drywell Test Canister Pro-
file Tests., In addition, a com—
plete cross sectional map of can-
ister and thermowell temperature
readings for the three backfill
media tests (at an elevation near
the active fuel midplane) are pro-
vided in Figure J-1 in Appendix J.
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5.4.2.4 DRYWELL 5 CANISTER PROFILE

TESTS RESULTS

Four tests were run using the
canister profile from Drywell 5. A
complete set of air, helium and
vacuum backfill tests was run in
succession in November, 1979 fol-
lowing an early helium backfill
test run in September, 1979. Test
data from these tests are provided
in Tables F-16 through F-19. The
relative spent fuel assembly decay
heat levels are estimated to be
0.81 kW for the early helium back-
fill test, 0.78 kW for the air
backfill test, and 0.77 kW for the
helium and vacuum backfill tests.

The results of the three sequential

Drywell Canister Profile Tests are
shown in Figures 5.4-8 and 5.4-9.
Figure 5.4-8 presents the axial

temperature profiles imposed on the

canister, the actual Drywell 5
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canister temperature data points,
and the center thermowell axial
temperatures for all three backfill
media. Figure 5.4-9 presents three
sets of radial and diagonal thermo-
well temperature curves for the
top, middle and bottom elevation
thermocouples. Table 5.4-3 sum—
marizes the maximum temperatures
recorded for each test. A complete
cross sectional map of canister and
thermowell temperature readings for

the three backfill media (at an
elevation near the active fuel
midplane) are provided in Figure

J-2 and in Appendix J.

The axial temperature profiles in
Figure 5.4-8 are similar to those
in Figure 5.4-5 for the No Band
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Heater Tests. The helium backfill
test center thermowell temperatures
are the lowest, showing a higher
helium thermal conductivity. The
air backfill test center thermowell
temperatures are skewed toward the
fuel assembly top, showing air to
be a better convector than helium.
The vacuum backfill test center
thermowell temperatures are the
highest, (except mnear the top)
showing that radiation alone is the
least effective heat transfer
method. The maximum thermowell
temperatures occurred at the ele-
vation slightly above the active
fuel midplane for the helium and
air backfill tests. They occurred
at a slightly lower elevation for
the vacuum backfill test (due most
likely to the higher than desired
temperature profile).

Comparing the three sets of curves
shown in Figure 5.4-9 confirms the
heat transfer mechanisms present
for each backfill. The three sets
of curves show thermowell data for
the center position, for two rad-
ially opposite positions, and for a
pair of diagonally opposite posi-
tions at elevations 30, 79 (near
midplane) and 140 inches above the
bottom of the active fuel, For the
vacuum backfill, where radiation
alone transfers heat from the fuel
rods to the canister, the radial
and diagonal profiles are expected
to be the steepest (from center to
outer row). In addition, the pro-
files would not be expected to vary
along the fuel assembly 1length
(neglecting end effects). The
bottom and midplane elevation pro-
files in Figure 5.4-9 show the
vacuum backfill to be the steepest
and nearly constant. However, the
top elevation profiles show a very
flat vacuum backfill profile with a
shape similar to the helium back-
fill profile. This indicates that



TABLE 5.4-3
SUMMARY OF STORAGE CELL CANISTER PROFILE TIZSTS FOR FUEL ASSEMBLY B43

Predicted Canister Center Thermowell

Profile and Decay Heat Level Temperature Temperature
Canister Backfill (kW) (°F) (°F)
Electrically Heated

Drywell Test
Helium 0.766 276 363
Vacuum 0.767 276 412
Air 0.745 279 393
Vacuum 0.667 271 402
Air 0.670 274 378
Drywell 5
Helium 0.812 248 345
Helium 0.768 247 341
Vacuum 0.767 247 399
Air 0.775 244 377

heat transfer occurs by more than
just radiation in the radial direc-
tion {(probably by axial conduction
along the 15 thermowell tubes).

For the helium backfill, the radial
and diagonal profiles are expected
to be the flattest since the pri-
mary heat transfer mode is by comn-
duction 1in the radial direction.
At all three elevations, the helium
backfill profile 1is 1indeed the
flattest. The profiles at the
bottom and midplane elevations are
nearly identical whereas the top
elevation profile 1is much flatter,
The top elevation profile shows a
more uniform heat transfer across
the fuel assembly width due to
axial conduction to the flat can-
ister closure 1lid. Axial conduc-
tion would be by the helium itself
and by the 15 thermowell tubes;
however, the exact effect of the
tubes has not been evaluated.
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With air as the canister backfill,
the primary heat transfer modes are
convection in the axial direction
and conduction and radiation in the
radial direction. The radial and
diagonal profiles are expected to
be somewhat flatter than those for
the vacuum and yet steeper than
those for the helium since the
thermal conductivity of air is less
than helium. The lower and mid-
plane elevation profiles in Figure
5.4~9 show this to be the case.
The to» elevation air backfill pro-
files are very similar to helium's
at the midplane elevation,

They differ from the vacuum and
helium backfill profiles at higher
temperatures. This is due to the
dominance of convection. The air
backfill convects heat from the
lower end of the fuel assembly to
the top raising the top fuel rod
temperatures (as measured by the



thermowell thermocouples). Being
such a good convector, air trans-
fers the majority of fuel rod heat
upward as it rises through the fuel
assembly. There it is lost to the
canister body as it falls in the
annulus between the fuel assembly
and canister, The top elevation
air backfill profiles are nearly
identical to the vacuum backfill
profiles at the 1lower two eleva-
tions. This 1indicates there 1is
some radial heat transfer (assumed
to be radiation) across the fuel
rod bundle.

5.4.2.5 UNIFORM CANISTER TEMPER-
ATURE PROFILE TESTS RESULTS

Uniform Canister Temperature Pro-
file Tests were run using imposed
canister temperatures of 250, 300,
400 and 500°F for the vacuum, hel~
ium and air backfills. These tests
were performed from December, 1979
through February, 1980. Test data
from these 12 tests are provided in
Appendix F, Tables F-20 through
F-31 with the three backfill tests
for each canister temperature pro-
file grouped together. The fuel
assembly decay heat level decreased
from an estimated 0.76 kW for the
first test to 0.73 kW for the last
test.

The Uniform Canister Temperature
Profile Test results are presented
in Figures 5.4-10 to 5.4-13 which
show the axial canister and center
thermowell temperature profiles for
all three backfills for the 250,
300, 400 and 500°F tests, respec-
tively. Table 5.4-4 summarizes the
peak temperatures recorded for each
test. Cross sectional maps of can-
ister and thermowell temperature
readings for the 500°F Uniform
Canister Temperature Profile Tests
at an elevation near the active
fuel midplane are provided in
Figure J-3 in Appendix J.
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The axial center thermowell tem-
perature profiles of Figures 5.4-10
to 5.4-13 show the same basic rela-
tionships between the effects of
backfill media as do the No Band
Heater Tests and storage cell
canister profile tests. From each
figure, it is seen that air is a
better axial heat convector but a
poorer radial heat conductor than
helium. At the fuel assembly top,
the center thermowell temperatures
are higher for the air backfill
than for helium and vacuum back-
fills. This indicates that con-
vection transported heat from the
fuel assembly lower section to the
top section. As the canister tem-
perature increased, the difference
between the three backfill media
center thermowell temperatures de-
creased. The air Dbackfill and
vacuum backfill profiles are nearly
identical at the 500°F wuniform
canister temperature (the variation
being less than 5°F). For an air
filled canister, as the canister
and fuel rod temperatures increase,
radiation transfers more heat from
the fuel rods radially to the can-
ister with less convection occur-
ring. The helium backfill shows a
lower center thermowell temperature
profile than the air and vacuum
backfills indicating heat transfer
by radiation and conduction.

Figure 5.4-14 presents the rela-
tionship of center thermowell/can-
ister temperature difference versus
canister temperature near the ac-
tive fuel midplane for all three
backfills, This relationship was
used to determine the applicability
of the Uniform Canister Temperature
Profile Test data. Data from the
canister and center thermowell
thermocouples 1located 7 and 40
inches above the active fuel mid-
plane (where thermocouple eleva-
tions corresponded) were used.
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were mnormalized to

fuel assembly decay
of 0.85 kW by multi-
plying the measured temperature
difference by the ratio of this
decay heat level and that for each
test (see Tables 5.4-3 and 5.4-4).
The curves shown were either drawn
through the uniform canister tem-
perature profile data (solid line)
or were developed from a curve fit
of the nonuniform canister temper-
ature profile and data (dashed
line). The nonuniform profile data
for air and vacuum show a smaller
center thermowell/canister temper-
ature difference than the uniform
data whereas those for helium show
very little difference. The axial
convection and/or conduction of
heat being applied to the canister
lower end to make the profile
uniform can explain this pheno-
menon. In air, some of the extra

These data
represent a
heat level
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heat convected upward is transfer-
red to the fuel rods. For the
vacuum, some of the extra heat is
conducted axially up the fuel rods.

The relationship of center thermo-
well /canister temperature differ-
ence versus canister temperature
for each of the three backfills at
five different elevations 1s pro-
vided in Figure J-4, These illu-
strations also show the difference
between uniform profile data (solid
lines) and nonuniform profile data
(dashed lines). Also included are
centerline curves which show the
recorded data range. Since the
measured data (not normalized) 1is
presented, the relationships shown
are slightly different from those
on Figure 5.4-14. This 1s a result
of the range of test decay heat
levels (0.85 to 0.67 kW). Because
of this, the relationships pre-
sented in Figure 5.4-14 are consid-
ered to be more representative than
those in Figure J-4.

5.4.3 PHASE III TEST RESULTS (FUEL
ASSEMBLY D15)

Table 5.4-5 presents the actual
test order for Phase III tests and
identifies the data table in
Appendix F for each test.

5.4.3.1 SPENT FUEL ASSEMBLY
CALIBRATION RESULTS

Data gathered during Phase III
testing for the conditions of air
in the canister and no band heater
power were used to determine fuel
assembly D15 decay heat levels.
The No Band Heater Test run,
completed on September 26, 1980,
provided the first data set. After
the scheduled testing was completed
another set of No Band Heater Test
data was gathered on January 3,
1981. Canister axial temperature



TABLE 5.4-4
SUMMARY OF UNIFORM CANISTER TEMPERATURE PROFILE TESTS FOR FUEL ASSEMBLY B43

Predicted Canister Center Thermowell
Profile and Decay Heat Level Temperature Temperature

Canister Backfill (kW) (°F) (°F)

250°F Canister Temp

Vacuum 0.730 254 402

Helium 0.762 259 343

Air 0.748 256 388

300°F Canister Temp

Vacuum 0.728 305 432

Helium 0.762 298 378

Alr 0.743 299 419

400°F canister_ Temp

Vacuum 0.734 398 502

Helium 0.761 410 476

Air 0.741 396 495

500°F Canister Temp

Vacuum 0.756 491 570

Helium 0.757 489 551

Air 0.738 493 575
profiles derived from these data elevations nearest the fuel
are shown in Figure 5.4-15 with the assembly midplane (51, 86, and 120
Phase I 1.0 and 1.5 kW canister inches below canister top). The
axial temperature profiles, The data sets were judged to be least
profiles have been normalized so affected by canister thermal end
that all five data sets have a effects. The two Fuel Assembly
common West Process Cell ambient Internal Temperature Measurement
temperature of 80°F (ambient Test methods of determining spent
temperatures ranged from 76 to fuel assembly decay heat were dis-
85°F). cussed in Section 5.4.2. Table

5.4-6 summarizes the fuel assembly

To determine the relative spent decay heat levels determined by
fuel assembly decay heat levels, both methods.
the calibration heater and spent
fuel assembly canister temperatures The decay heat levels predicted
were compared, These two compar- from these methods were compared to

isons were made at the three
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TABLE 5.4-5
FUEL ASSEMBLY D15 TEMPERATURE TEST SUMMARY

Test Condition

Band Heaters Off

Band Heaters Off

Band Heaters Off

350°F Uniform Canister Profile
400°F Uniform Canister Profile
500°F Uniform Canister Profile
500°F Uniform Canister Profile
500°F Uniform Canister Profile
400°F Uniform Canister Profile
400°F Uniform Canister Profile
450°F Uniform Canister Profile
450°F Uniform Canister Profile
450°F Uniform Canister Profile
550°F Uniform Canister Profile
550°F Uniform Canister Profile
550°F Uniform Canister Profile
600°F Uniform Canister Profile
Drywell Canister Profile
Drywell Canister Profile
Drywell Canister Profile

Electrically Heated Drywell Canister Profile

SFT-C Canister Profile
SFT-C Canister Profile

Electrically Heated Drywell Canister Profile

Band Heaters Off

Date Data

Backfill Completed Table
Air 9/26/80 F-34
Vacuum 9/30/80 F-32
He lium 10/3/80 F-33
Air 10/8/80 F-43
Air 10/10/80 F-45
Air 10/17/80 F-50
Vacuum 10/20/80 F-48
Helium 10/22/80 F-49
Helium 10/27/80 F-44
Vacuum¥ 10/31/80 *
Vacuum* 11/3/80 *
Helium 11/5/80 F-46
Air 11/7/80 F-47
Air 11/12/80 F-53
Vacuum 11/14/80 F-51
Helium 11/17/80 F-52
Helium 11/20/80 F-54
Air 12/8/80 F-40
Vacuum 12/10/80 F-38
Helium 12/14/80 F-39
Helium 12/19/80 F-37
Helium 12/22/80 F-42
Vacuum 12/27/80 F~-4l
Vacuum 12/31/80 F-36
Air 1/5/81 F-35

*Test backfill was not vacuum; data therefore not included

the predicted decay heat curve and
to the Boiling Water Calorimeter
data. Figure 5.4-16 shows the
predicted nominal decay heat, the
data points from the two methods of
Fuel Assembly Internal Temperature
Measurement Test decay heat
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.determination,

and the data points
from the two Boiling Water Calor-
imeter tests. The two calorimetry
data points determined by the can-
ister temperature comparison are
six percent higher than the nominal
predicted decay heat 1level. The
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two calorimetry data points deter-
mined by the adjusted canister/
ambient temperature comparison are
17 percent lower than the nominal
predicted decay heat 1level. The
differences in the decay heat
levels may be attributed to heat
transfer actually inside an air
filled canister and the two decay
heat determination methods handling
of these heat transfer effects.

As in the Phase II results, Phase
ITI tests show that convection
dominates the other two heat trans-
fer modes for air in the canister.
A comparison of the Fuel Assembly

Internal Temperature Measurement
Test calorimetry data can be made
with the data from the Boiling
Water Calorimeter. Results from

the Boiling Water Calorimeter tests
are a decay heat value of 1.423 kW
on July 8, 1980 and a decay heat
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value of 1,125 kW on January 6,
1981 with a measurement uncertainty
of +5 percent. Both Calorimeter
data points are six percent lower
than fhe nominal predicted decay
heat curve. The January 6, 1981
Calorimeter data points fall half-
way between the predicted data
points from the two Phase III Fuel
Assembly Internal Temperature Mea-
surement Tests done on January 5.
By using a curve between the two
Calorimeter data points parallel to
the predicted nominal decay heat
curve, comparing data for September
26, 1980 shows the Calorimeter data
curve falls half-way between the
Fuel Assembly Internal Temperature
Measurement Test data. It can then
be assumed that an average value of
decay heat determined by above two

methods closely approximates the
actual fuel assembly decay heat
level.

An exact decay heat curve for fuel
assembly D15 cannot be established

from the six calorimeter data
points. The predicted decay heat
levels determined from Figure

5.4~16 have been used to provide a

measure of relative decay heat

levels for the ©Phase III fuel

assembly tests.

5.4.3.2 NO BAND HEATER TESTS
RESULTS

Four tests were run without band

heater power, two with an air back-
fill and one each with vacuum and
helium backfill. The first set of
three No Band Heater Tests was run
in late September, 1980 immediately
following spent fuel assembly in-
stallation. The second air
backfill No Band Heater Test was
performed in January, 198l. Test
data for the first set of air,
vacuum, and helium test runs are
provided in Tables F-32, F-33 and



TABLE 5.4-6
FUEL ASSEMBLY D15 DECAY HEAT LEVEL DETERMINED
FROM TEST DATA VERSUS CALIBRATION DATA

I. Canister Temperature Comparison Method

T/C Elevation (Inches
Below Top of Canister)

51
86
120

Average

II. Canister/Ambient Temperature Difference Method

T/C Elevation (Inches
Below Top of Canister)

51
86
120

Average

III.

F-34, respectively and the data for
the second air test run is provided
in Table F-35.

The results from the first three No
Band Heater Tests are shown 1in
Figure 5.4-17. The figure shows
the center thermowell axial tem—
perature and canister axial tem-
perature profiles for air, helium
and vacuum backfill conditions. As
in Phase II, the tests were per-
formed in succession with the only
test condition change being the gas
medium,

Nominal Predicted Decay Heat
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Date
9/26/80 . 1/5/81
1.40 kW 1.29 kW
1.42 kW 1.31 kW
1.41 kW 1.29 kW
1.41 kW 1.30 kW
Date
9/26/80 1/5/81
1.095 kW 1,010 kW
1.125 kW 1.040 kW
1.135 kW 1.035 kW
1.118 kW 1.028 kW
Date
9/26[80 1/5/81
1.358 kW 1.221 kW

A comparison of the canister
temperature profiles and the center

thermowell temperature profiles
yield the same results as Phase
II. These results are explained in

Section 5.4.2 for the Phase II No
Band Heater Tests.

5.4.3.3 ELECTRICALLY HEATED DRY-
WELL TEST CANISTER PROFILE
TESTS RESULTS

Two tests were run using the
Electrically Heated Drywell Test
canister profile, one with a vacuum
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and one with a helium backfill. Figure 5.4-18 shows the axial
These tests were run in December, profiles of the temperatures
1980. The air backfill test was imposed on the test canister and
not conducted due to schedular the center thermowell tempera-
requirements for shipment of fuel tures. The two canister profiles
assembly D15 to the SFT-C test are nearly identical. The center
site, Test data for the vacuum and thermowell axial temperature pro-
helium test runs are provided in files for the helium and vacuum
Tables F-36 and F-37, respec- backfill conditions exhibit the
tively. The relative spent fuel same relationships described
assembly decay heat levels are previously for the No Band Heater
estimated to be 1.24 kW for the Tests, 1i.e., the helium backfill
helium backfill test and 1.23 kW produced the lowest center ther-
for the vacuum backfill test, mowell temperatures and the vacuum

198
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Figure 5.4-17. No Band Heater Test Temperature Profiles (F/A D15)

backfill produced the highest
temperatures., A summary of the
peak center thermowell temperatures
for the Electrically Heated Drywell
Test Canister Profile Tests is
provided in Table 5.4-7. 1In addi-
tion, a complete cross sectional
map of canister and thermowell
temperature readings for the two
backfill media tests (at an eleva-
tion near the active fuel midplane)
are provided in Figure J-5 in Ap-
pendix J.

5.4.3.4 DRYWELL 5 CANISTER PROFILE
TESTS RESULTS

Three tests were run using the can-
ister profile from Drywell 5. A
complete set of air, helium and

vacuum backfill tests was run in
succession in early December,
1980. Test data are provided in
Tables F-38, F-39 and F-40. The

relative spent fuel assembly decay
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heat levels are estimated to be
between 1.25 kW and 1.26 kW for all
three tests.

The results of the Drywell 5 Can-
ister Profile Tests are shown in
Figures 5.4-19 and 5.4-20. Figure
5.4-19 presents the axial temper-
ature profiles imposed on the
canister and the center thermowell
axial temperatures for all three
backfill media. Figure  5.4-20
presents three sets of radial and
diagonal thermowell temperature
curves for the top, middle and
bottom elevation thermocouples.
Table 5.4-~7 summarizes the maximum
temperatures recorded for each
test. A complete cross sectional
map of canister and thermowell
temperature readings for the three
backfill media (at an elevation
near the active fuel midplane) are
provided in Figure J-7 in Appendix
J.
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The axial temperature profiles in
Figure 5.4-19 are similar to those
in Figure 5.4-17 for the No Band
Heater Tests and those in Figure
5.4~8 for the Drywell 5 Canister
Profile Tests for fuel assembly
B43. The helium backfill test
center thermowell temperatures are
the 1lowest, showing the higher
helium thermal conductivity. The
air backfill test center thermowell
temperatures are skewed toward the
fuel assembly top, showing air to
be a better convector than helium.
The vacuum backfill test center
thermowell temperatures are the
highest, showing that radiation
alone is the least effective heat
transfer method. The maximum
thermowell temperatures occurred at
the elevation slightly above the
active fuel midplane for all three
backfill tests. The air backfill
test canister temperatures near the
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top of the canister are higher than
the Drywell 5 canister temperatures
due to the axial heat convection
within the canister.

Comparing the three sets of curves
shown in Figure 5.4-20 confirms the
heat transfer mechanisms present
for each backfill as previously
discussed for Phase II. The bottom
and mnidplane elevation profiles
show the vacuum backfill to be the

steepest and nearly constant. With
air as the canister backfill, the
primary transfer heat modes are

convection in the axial direction
and conduction and radiation in the
radial direction. The radial and
diagonal profiles are expected to
be somewhat flatter than those for
the vacuum and yet steeper than
those for the helium since air
thermal conductivity 1is less than
helium, The 1lower and midplane
elevation profiles in Figure 5.4-20
show this to be the case.

5.4.3.5 SPENT FUEL TEST AT CLIMAX
(SFT-C) CANISTER PROFILE
TEST RESULTS

Two tests were run using the SFT-C
canister profile, one with vacuum
and one with helium backfill.
These two tests were run 1in late
December, 1980. As  previously
noted, the air backfill test was
not conducted due to schedular
requirements for shipment of fuel
assembly D15 to the SFT-C test
site. Test data for the vacuum and
helium test runs are provided in
Tables F-41 and F-42, respec-
tively.

Figure 5.4-21 shows the axial
profiles of the temperatures
imposed on the test canister, the
actual canister temperature data
points from the SFT-C canister, and



TABLE 5.4-7
SUMMARY OF STORAGE CELL CANISTER PROFILE TESTS FOR FUEL ASSEMBLY D15

Predicted Canister Center Thermowell

Profile and Decay Heat Level Temperature Temperature
Canister Backfill (kW) (°F) (°F)
Electrically Heated

Drywell Test
Helium 1.242 353 464
Vacuum 1.228 348 527
Drzwell 5
Helium 1.250 319 439
Vacuum 1.254 318 511
Alr 1.262 321 491
SFT~C Canister
He lium 1.239 390% 494
Vacuum 1.232 392% 553

* 100°F above SFT-C canister temperatures

the center
tures. The

thermowell tempera-
canister temperature
profile used for the two tests was
100°F higher than the SFT-C canis-
ter temperatures. The center ther-
mowell axial temperature profiles
for the helium and vacuum backfill
conditions exhibit the same rela-
tionships noted previously for the
No Band Heater Tests and the other
two storage cell profile tests.
The SFT-C Canister Profile Tests
thermowell temperatures are nearly
100°F higher than those experienced
by the Climax test fuel assemblies.

A summary of the peak center ther-
mowell temperatures for the SFT-C
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Canister Profile Tests is included
in Table 5.4-7. Cross sectional
maps of canister and thermowell
temperature readings for the helium
and vacuum backfill tests (at an
elevation near the active fuel
midplane) are provided in Figure
J-6 in Appendix J.

5.4.3.6 UNIFORM CANISTER TEMPER-
ATURE PROFILE TESTS RESULTS

Fourteen Uniform Canister Tempera~-
ture Profile Tests were run using
imposed canister temperatures of
350, 400, 450, 500, 550 and 600°F
for vacuum, helium and/or air in
the canister. The vacuum and
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Figure 5.4-19. Drywell 5 Canister Profile Test
Temperature Profiles (F/A D15)

helium backfill tests for the 350°F
canister temperature and the vacuum
and air backfill tests for the
600°F canister temperature were not
run because of the 1inability to
achieve a uniform profile at 350°F
and the potential for violating the

fuel clad temperature 1limit of
650°F. The 14 tests were performed
from October through  November,
1980. The specific test order is
shown in Table 5.4-5, The fuel
assembly decay heat level decreased

from an estimated 1.34 kW for the
first test to 1.28 kW for the last
test.

Test data for 12 of the 14 tests
are provided in Tables F-43 through

F-54 with the backfill tests for
each  canister profile grouped
together. A comparison of the
center thermowell temperatures for

the wvacuum backfill tests with the
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helium and air backfill test
temperatures at 400 and 450°F was
made. This comparison indicated
that the actual canister backfill
was nct a vacuum. For both tests,
the data were nearly identical to
that of the helium backfill (within
5°F) which was not the case for any
of the other profile or wuniform
canister temperature tests. Since
the test results were not valid for

a vacuum in the canister, these
data were not included.
The TUniform Canister Temperature

Profile Test results are presented
in Figures 5.4-22 to 5.4-27 which
show the axial canister and center
thermowell temperature profiles for
the 350, 400, 450, 500, 550 and
600°F tests, respectively. Table
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Profile Test Temperature Profiles (F/A

D15)

5.4-8 summarizes the peak temper-
atures recorded for each test. A
cross sectional map of canister and
thermowell temperature readings for
the three 550°F backfill tests, the
350°F air backfill test and, the
600°F helium backfill test at an
elevation near the active fuel
midplane are provided in Figures
J-8, J~9 and J~10, respectively.

center thermowell
profiles of Figures
5.4-22 to 5.4~27 show the same
basic relationships Dbetween the
effects of backfill media as do the
No Band Heater Tests and storage
cell canister profile tests. It is
seen that air is better axial heat
convector but a poorer radial heat
conductor than helium. At the fuel
assembly top, the center thermowell
temperatures are higher for the air
backfill than for helium and vacuum

The axial
temperature
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backfills. This 1indicates that
convection transported heat from
the fuel assembly lower section to
the top section. As the canister
temperature 1increased, the dif-
ference between the three backfill
media center thermowell tempera-
tures decreased. The air backfill
and vacuum backfill profiles are
nearly identical for the 500 and
550°F uniform canister temperatures
(the variation being 1less than
10°F). For an air filled canister,
as the canister and fuel rod tem~
peratures increase, radiation
transfers more heat from the fuel
rods radially to the canister with

less convection occurring. The
helium Dbackfill shows a lower
center thermowell temperature
profile than the air and vacuum
backfills indicating radial heat
transfer is by radiation and
conduction.
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Figure 5.4-23. 400°F Uniform Canister
Temperature Profile Test
Temperature Profiles (F/A D15)

The relationship between canister
temperature and the difference
between canister and center thermo-
well temperatures shown in Figure
5.4-28 illustrates the difference
between results from the uniform
canister profile tests and the
nonuniform canister profile tests,
Data from canister and center
thermowell thermocouples located 7
and 40 inches above the active fuel
midplane were wused. These data
were normalized to represent a fuel
assembly decay heat level of 1.4 kW
by multiplying the measured temper-
ature difference by the ratio of
this decay heat level and that for

each test (see Tables 5.4-7 and
5.4-8). The curves shown were
either drawn through the wuniform
canister temperature profile data
(solid line) or were developed from
a curve fit of the nonuniform
canister temperature profile data
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(dashed
profile
show a

line). The nonuniform
data for helium and air
smaller center thermowell/
canister temperature difference
than the wuniform profile data.
Although only two vacuum backfill

tests were run for fuel assembly
D15 (insufficient to base any
conclusion), it is expected that
this relationship would hold true
based on the results from fuel
assembly B43 (see Section
5.4.2.5). As previously noted for
fuel assembly  B43, the axial
convection and/or conduction of

heat bteing applied to the canister
lower end to make the profile
uniform can explain this phenomenon.

Figure J-11 provides the relation-
ship of center thermowell/canister
temperature difference versus
canister temperature for each of
the three  backfills at five
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Figure 5.4-25. 500°F Uniform Canister
Temperature Profile Test
Temperature Profiles (F/A D15)

elevations. These illustrations
also show the difference between
uniform profile data and nonuniform
profile data. Also 1included are
centerline curves which show the
recorded data range.

5.5 COMPARISON OF TEST RESULTS
WITH ANALYTICAL PREDICTIONS

Computer  analyses performed by
Westinghouse AESD and by the
Pacific Northwest Laboratory (PNL)
can be compared to the results of
the Fuel Assembly Internal Temper-
ature Measurement Tests. In each
analysis, the model calculated fuel
rod temperatures for a typical PWR
fuel assembly using variable can-~
ister temperatures and fuel assem—

bly decay heat levels. The two
models are briefly described, and
the results from analyses using
each model are presented in the
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following sections. Comparisons
with Fuel Assembly Internal Tem~
perature Measurement Test data are
also presented.

5.5.1 CANISTER/FUEL ROD TWO-DIMEN-
SIONAL ANALYSIS

A radiation heat transfer code
developed by Oak Ridge National
Laboratory (ORNL) (Reference 25) to
evaluate fuel rod  temperatures
inside shipping casks was used by
AESD to evaluate fuel clad tem—
peratures 1inside a storage cell
canister, These analyses provided
a conservative estimate of the fuel
clad temperatures for preliminary
evaluation of drywell and concrete
silo spent fuel storage perfor-
mance, The fuel rod bundle model
used 1is two-dimensional and 1is
shown in Figure 5.5-1. The ORNL
code considers heat transfer by
radiation only at one elevation.
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The model consisted of a 45° sym-
metric cross-sectional represen-
tation of fuel rods and canister.
Eight rows of 0.422 inch diameter
fuel rods spaced 0.563 inches apart
in a square pattern representing
the 15 by 15 rod array PWR fuel
assembly were included. Six
control rod guide thimble tubes
were included to accurately
represent the spent fuel assembly.
The canister was modeled by two
rows of stainless steel rods at the
outside of the fuel rods. The
support cage was not modeled in
this analysis.

The radiation heat transfer view
factors for the rod bundle were
calculated based on the square
pitch geometry. The view factors
are 0.1197 for adjacent rods,
0.0835 for diagonal rods, and
0.0234 for secondary rods, The
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emissivity factor for fuel rods,

control rods, and canister rods was

assumed to be 0.40. The rod tem-

peratures are also assumed to be

uniform around their circumference.

The
ter
1.0

predicted peak fuel clad/canis-
temperature relationships for
and 2.0 kW decay heat levels
are shown in Figure 5.5-2. Data
points established by the center
thermowell and average canister
temperature readings at the fuel
midplane elevation are included for
the Phase II and Phase III tests.
The data points for the Phase III
tests (fuel assembly D15) are from
the vacuum runs of the Drywell
Canister Profile Test, the SFT-C
Canister Profile Test and the 500
and 550°F Uniform Canister Tem-
perature Profile Tests. For these
four tests, the average spent fuel



assembly decay heat level is 1,27
kW. The data points for the Phase
ITI tests (fuel assembly B43) are
from the 250, 300, 400 and 500°F
Uniform Canister Temperature Pro-
file Test runs with a vacuum in the
canister, The estimated average
spent fuel assembly decay heat
level for these four tests is 0.74
kW. The position and shape of the
curve drawn through the four test
data points shows good agreement
with the predicted peak fuel clad/
canister temperature relationship.

5.5.2 CANISTER/FUEL ASSEMBLY
THREE-DIMENSIONAL ANALYSTIS

A finite difference computer code,
HYDRA-I (Reference 26), was deve-
loped by PNL to simulate the three-
dimensional performance of a spent
fuel assembly contained within a
canister, The code accounts for
the coupled heat transfer modes of
conduction, convection, and radia-
tion., The contribution of convec-
tion 1is determined by calculating

the velocity and pressure fields
consistent with the laws of con-
servation of mass and momentum.

Radiation exchange within the fuel
assembly 1is between nearest and
next-nearest neighbor rods. Radia-
tion exchange between the fuel
assembly and support structure and
canister are also included. The
code permits spatially varying
boundary conditions, thermo-
physical properties, and power
generation rates. Analyses were
performed by PNL in support of the
Fuel Assembly Internal Temperature
Measurement Test.

A single PWR fuel assembly enclosed
in a storage canister was used as

the model for simulation. A
cross-sectional view of the model
is shown 1in Figure 5.5-3, which
shows the fuel assembly, internal
support cage, and canister,
Thermowell locations in the Fuel
Assembly Internal Temperature

Measurement Test are indicated by
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the solid circles. These locations
correspond to most of the control
rod guide thimbles. Computational
cells in the model were distributed
vertically as well as horizontally
to model the essential features of
the support cage, fuel assembly top
and bottom nozzles, and fuel rods.
A separate computational cell was

allocated to each fuel rod and
guide thimble in the horizontal
plane. ©Power generation rate per

unit length was assumed to be a
constant over the active fuel
length with no power generation in
the guide thimbles. A constant
power generation rate throughout
the entire active region was used
to conservatively approximate a
real spent fuel assembly.

Table 5.5-1 defines the relevant
physical parameters of the system.

All thermophysical properties used
are based on the recommended values
found in Reference 27. The effec-
tive conductivity of composite
materials (i.e., fuel rods, noz-
zles, etc.) were calculated
according to the approach outlined
in Reference 28, The largest
uncertainties in thermophysical

[~ CANISTER



TABLE 5.4-8
SUMMARY OF UNIFORM CANISTER TEMPERATURE PROFILE TESTS FOR FUEL ASSEMBLY D15

Predicted Canister Center Thermowell
Profile and Decay Heat Level Temperature Temperature

Canister Backfill (kW) (°F) (°F)
350°F Canister Temp

Air 1.340 352 530
400°F Canister Temp

Helium 1.313 345 514
Air 1.337 394 557
450°F Canister Temp

Helium 1.300 441 546
Air 1.298 439 586
500°F Canister Temp

Vacuum 1.323 497 633
Helium 1.320 487 587
Air 1.327 493 629
550°F Canister Temp

Vacuum 1.288 540 664
Helium 1.285 546 637
Air 1.293 542 661
600°F Canister Temp

Helium 1.281 595 680

TABLE 5.5-1
FUEL ASSEMBLY/CANISTER MODEL PARAMETERS

Number of Rods (including fuel rods and control rod 225 (15 x 15 array)
guide thimbles)
Rod Diameter 0.422 in.
Cladding Thickness 0.0243 in.
Pitch to Diameter Ratio 1.334
Active Length (includes swelling) 145.5 in.
Overall Length (including nozzles) 159.7 in.
Emissivity of Rods 0.4
Canister Inside Diameter 13.25 in.
Canister Inside Length 161.5 in.
Emissivity of Canister and Support Cage 0.45
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atmospheres for canister tempera-
tures above 450°F. Since the 2.0
kW Electrically Heated Drywell Test
canister profile is above 450°F for
the upper 70 percent of the canis-
ter, the approximation of center
thermowell temperatures shown 1is
expected to be fairly accurate.

Comparing the two air filled
drywell canister prediction curves
with the test data curves shows
that the code conservatively over-
predicts the center thermowell
temperatures by as much as 50°F for
the 0.85 kW case and by as much as
100°F for the 2.0 kW case. Several
explanations are possible for these
discrepancies. Comparison of test
data temperatures at the canister
top end (for the first two curves)
shows the effects of the nonuniform
heat generation rate in the spent
fuel assembly and the heat transfer
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effects of the test canister
and thermowells. Additionally,
decay heat level difference for
first two curves (0.67 kW for
test data run and 0.85 kW for
the computer calculation) may ex-
plain the overprediction. The
discrepancy at the higher power
levels cannot be explained at this
time,

end
lid
the
the
the

The two analyses provided addi-
tional information on flow rates
inside the fuel assembly and on the
temperature differences between the
fuel rods and thermowells. For the
helium backfill analyses, the max-
imum calculated vertical flow velo-~
cities were less than 0.5 inches/

second, For the air backfill
analysis, the maximum calculated
vertical flow velocities were 7
inches/second illustrating the
greater amount of convection pre-
sent 1in the air Dbackfill, The
calculated fuel rod temperatures

differed from those calculated for
the thermowells by less than 5 and
2°F for the air and helium back-
fills, respectively. This sub-
stantiates the conservative analy-
sis of fuel rod clad versus mea-
sured temperature difference
provided in Appendix M.

For the air backfill computer code
predictions, the code experienced
temperature convergence calculation
problems in the region at the can-

ister upper end. Also, fluctua-
tions in air flow direction near
the canister top were predicted.
These computer code instabilities

indicate that the convection heat
transfer model or the thermal pro-
perties for the air backfill may be
in error.

5.6 APPLICABILITY OF TEST RESULTS

The fuel assembly temperature data
gathered during the Fuel Assembly



Internal Temperature Measurement
Tests can be applied to the spent
fuel storage cell tests at E-MAD
(drywells, concrete silo and air-
cooled vault), deep geologic dry-
wells in SFT-C granite, and to
storage cells of similar configur-

ations at different temperature
levels. Data gathered from all the
tests have been used to develop

peak fuel clad temperature versus
canister temperature relationships
from both test phases which can be
used to estimate spent fuel temper-
atures in dry storage. Based on
the results of the analysis pre-
sented in Appendix M, the temper-
ature data measured in the center
thermowell is considered represen-
tative of the peak fuel clad tem—
perature.

5.6.1 PEAK FUEL CLAD TO MEASURED
CANISTER TEMPERATURE RELA-
TIONSHIPS

Figure 5.6-1 presents the peak fuel
clad versus canister temperature
relationships from the ©Phase II
test data. The temperature data
shown was measured at 7 inches
above the active fuel midplane
elevation. The three curves drawn
through the air, helium, and vacuum
backfill data represent the inter-

polated peak fuel clad versus
canister temperature relationship
profiles for each backfill media

for an approximate 0.74 kW spent

fuel assembly decay heat level.
Extrapolations below the 250°F
temperature were determined from
center thermowell /canister tem-

perature difference versus canister
temperature curves in Figure J-4.
The spread in data points in the
temperature range from 230 to 300°F
is due to the differences in spent
fuel assembly decay heat level for
each test run.
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Figure 5.6-1. Peak Fuel Clad Versus Canister
Temperature Relationships
Developed From Phase II Test
Data (F/A B43)

Figure 5.6-2 presents the peak fuel
clad versus canister temperature
relationships from the Phase III
test data. The temperature data
shown were measured at 7 1inches
above the active fuel midplane
elevation. The three curves drawn
through the air, helium, and vacuum

backfill data represent the peak
fuel clad versus canister temper-
ature relationship profiles for

each backfill media for an approx-
imate 1,27 kW spent fuel assembly
decay heat level.

To accurately predict peak fuel
clad temperatures for spent fuel
storage 1in canisters, both the

canister temperature and spent fuel
decay heat level must be considered

since 2ach has an effect on fuel
clad temperature. The relation-
ships shown in Figures 5.6-1 and

5.6-2 represent data from various
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Figure 5.6-2. Peak Fuel Clad Versus Canister
Temperature Relationships
Developed From Phase III Test
Data (F/A D15)

each fuel
the test

decay heat 1levels for
assembly, In addition,
data recorded does mnot provide
sufficient information for the
range of measured canister temper-
atures (100 to 325°F) and fuel
assembly decay heat levels (1.25 to
0.5 kW) for the E-MAD spent fuel
dry storage testing to make accu-
rate predictions. For these rea-

sons, an evaluation of the test
data was made to determine the
relationships of decay heat level
and canister temperature to peak

fuel clad temperature.

The evaluation of the center ther-
mowell/canister temperature differ-
ence using data from the nonuniform
canister temperature profile tests
and the 400 and 500°F uniform can-
ister temperature profile tests for
both fuel assemblies yielded mean-
ingful relationships for both decay
heat levels and canister tempera-
ture. The center thermowell/can-
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ister temperature difference was
found to be linearly proportional
to the decay heat level for the
helium and air backfills over the
entire range of canister tempera-
tures. When the measured temper-
ature difference from each fuel
assembly was adjusted by the ratio
of the two fuel assembly decay heat
levels to predict the temperature
difference for the other fuel as-
sembly, the difference between pre-
dicted and measured center thermo-
well/canister temperature differ-
ence was less than 5 percent for a
helium backfill and 1less than 10
percent for an air backfill. Since
the relationship of center thermo-
well/canister temperature differ-
ence to decay heat level was lin-
ear, the measured temperature dif-
ferences for the tests were normal-
ized to either a 0.85 kW decay heat
level (fuel assembly B43 tests) or
to a l.4 kW decay heat level (fuel

assembly D15 tests) so that the
relationship to canister tempera-
ture could be assessed. The nor-

malized temperature differences and
the canister temperatures from the
nonuniform canister profile tests
data and the 500°F uniform profile
tests at elevations 7 and 40 inches
above the active fuel midplane were

examined using the 1least squares
criterion to determine the rela-
tionship of <center thermowell/

canister temperature difference to
canister temperature. The rela-
tionships for the helium and air
backfills were found to fit a Tay-
lor series expansion and that for a
vacuum was found to fit an exponen-
tial function. Each of the rela-
tionships is defined below:

HELIUM BACKFILL

The relationship determined from a
curve fit of the normalized fuel



assembly D15 data was as follows:
AT = 340.56 — 0.9453 Tcap +
0.0009348 Teap 2

where AT = center thermowell/
canister temperature
difference, °F

= canister tempera-
ture, °F

Tcan

This relationship was adjusted to a
0.85 kW decay heat 1level and was
found to also fit the fuel assembly
B43 test data. On this basis, the
relationship of peak fuel clad tem-
perature (as determined from center
thermowell measured temperature) to
canister temperature and fuel as-
sembly decay heat 1level 1is as
follows:

Tfuel = Tcan *+ Q (243.26 - 0.6752 x
Tcan + 0.0006677 Tean 2)
where: Tgue1 = peak fuel clad
temperature, °F
= canister temper-
ature, °F

Q = fuel assembly decay heat
level, kW

Tcan

This relationship is considered to
be valid for a canister temperature
range of 100 to 600°F and fuel as-
sembly decay heat 1level range of
0.1 to 2.0 kW for fuel stored in 14
inch diameter stainless steel can-
isters.

AIR BACKFILL

The relationship of center thermo-

well/canister temperature differ-
ence to canister temperature was
determined (from a curve fit to

each set of normalized data) to be
slightly different as noted below:
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For fuel assembly B43 (0.85 kW):

AT = 264.62 = 0.6551 T,y +
0.000601 Tegp 2

For fuel assembly D15 (1.4 kW):

AT = 412,81 - 1.0220 T.,, +

0.0009376 T.an 2

These two relationships were found
to be fairly accurate for decay
heat levels close to the test data
range yet were beyond the 10 per-
cent difference previously noted
when each expression was adjusted
for the other fuel assembly decay

heat 1level and the predictions
compared to the mnormalized data.
For this reason, two different
relationships of peak fuel clad
temperature versus canister tem-
perature and fuel assembly decay
heat level were developed as
follows:

For fuel assembly B43:
Tfuel * Tean + Q (311.32 - 0.7707 x
Tean + 0.0007071 T,y 2)

For fuel assembly D15:

Tfuel = Tcan *+ Q (294.86 - 0.7157 x
Tean + 0.0006697 T..n 2)
These two relationships are con-

sidered to be valid for a canister
temperature range of 100 to 600°F
for fuel assembly decay heat levels
within about 30 percent of the nor-
malized decay heat for each expres-
sion (0.5 to 1.0 kW for the first
and 1.0 kW to 1.8 kW for the sec-
ond).



VACUUM BACKFILL

As for the air Dbackfill, two
relationships of center thermowell/
canister temperature difference to
canister temperature were developed
from a curve fit to each set of
normalized data. These two rela-
tionships were found to only apply
to decay heat levels close to those

of the normalized test data. The
resulting relationships of peak
fuel clad temperature versus can-

ister temperature and fuel assembly
decay heat level are as follows:

For fuel assembly B43:

Tfuel = Tean * Q (334.19 x
10-0.0009947T¢ 4 )

For fuel assembly DI15:

Tfyel = Tean *+ Q (310.72 x
10-0.0009947T¢ o )

where: peak fuel clad
temperature, °F
= canister tempera-
ture, °F
Q = fuel assembly decay heat
level

Tfuel =

TC an

These two relationships are consid-
ered to be valid for the same can-
ister temperature and decay heat
level ranges as the air backfill
relationships.

Curves for vacuum, helium, and air
backfills in Figure J-4 show the
relationships of center thermo-
well/canister temperature dif-

ference versus canister temperature
developed from fuel assembly B43
test data at five elevations along
the fuel assembly length. For each
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backfill, a single curve drawn
through data from the middle sec-
tion of the spent fuel assembly
(shown as the solid line with dash-
ed line encompassing the spread of
all data points) indicates that the
relationship of fuel clad tempera-
ture to canister temperature 1is
fairly constant in that region.
For all three backfills, a dif-
ferent temperature relationship
exists at the top of the active
fuel, and for the air backfill, a
separate relationship exists near
the bottom of the active fuel.
This indicates that test canister
thermal end effects have a signi-
ficant effect on the fuel clad/can-
ister temperature relationship at
the top of the fuel assembly and
that convection heat transfer with-
in the air filled canister affects
the fuel clad/canister temperature
relationship at the bottom of the
fuel assembly.

Center thermowell/canister tem-
perature difference versus canister
temperature relationships were also
evaluated for fuel assembly D15 at
elevations above and below the ele-
vation of peak thermowell tempera-
tures. Curves for vacuum, helium,
and air backfills are provided in
Figure J-11 for test data at five
elevations along the fuel assembly
length., For each backfill, a sin-
gle curve drawn through data from
the middle section of the spent
fuel assembly indicates that the
relationship of fuel clad tempera-

ture to canister temperature 1is
fairly constant in that region.
For all three backfills, a dif-
ferent temperature relationship
exists at the top of the active
fuel. This again indicates that

test canister thermal end effects
have a significant effect on the



fuel clad/canister temperature re-
lationship at the top of the fuel
assembly.

5.6.2 FUEL CLAD TEMPERATURE
ESTIMATES

The fuel clad temperatures in the
SFT-C spent fuel assemblies have
been estimated using the relation-
ship described in Section 5.6.1.
Since the SFT-C canister tempera-
ture profile was below the minimum
achievable using the existing test
stand, the results from the helium
filled test (run with a profile
100°F above actual temperatures)
were not applicable. The peak mea-
sured canister temperatures for
SFT-C storage of fuel assembly D40
(Reference 29) and the estimated
peak fuel clad temperature are
shown in Figure 5.,6-3 for the per-
iod of April 18, 1980 through Octo-
ber 19, 1980. The peak measured
canister temperatures and the pre-
dicted fuel assembly decay heat
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Figure 5.6-3. Spent Fuel Test at Climax
Estimated Peak Fuel Clad
Temperature Distribution for
Fuel Assembly D40
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levels (from Figure 2.3-4) were
used to calculate the peak fuel
clad to canister temperature dif-
ference from the relationship deve-
loped from the helium backfill
tests. This difference was then
added to the peak measured canister
temperatures, The maximum peak
fuel clad temperature is estimated
to have been about 451°F which oc-
curred about one month after em—
placement.

The maximum errors in the peak fuel
clad temperatures noted above are
-5 to +l12°F determined from mea-
surement uncertainies and calcu-
lational method 1inaccuracies (see
Appendix M, Section M.3).

5.6.3 TEST DATA ACCURACY

The accuracy of the ungrounded Type
K thermocouples used 1is typically
+2°F based on calibration data.

Differences between the actual tem~
perature of the fuel cladding and
the temperatures measured during
the Fuel Assembly Internal Temper-
ature Measurements Tests are due to
three factors: 1) the positional
and measurement accuracy of the
test thermocouples, 2) the effect
of test temperature measurement
configuration, and 3) the effects
of heat transfer mechanisms pre-
sent. Due to the test measurement
configuration, the temperature
measured by any thermowell ther-
mocouple 1is representative of an
average temperature of the eight
surrounding fuel rods and not of
any particular fuel rod. For the
center thermowell, all eight sur-
rounding fuel rods are expected to
be at about the same temperature.
For the other fourteen thermowells,
the fuel rod temperatures are ex-
pected to vary due to their dis-
tance from the centerline of the



fuel assembly. This is evidenced
by the test data as shown in the
radial and diagonal temperature
profiles in Figures 5.4-9 and
5.4-20. The extent of the dif-
ference between surrounding fuel
rod temperatures could not be eva-
luated wusing the TFuel Assembly
Internal Temperature Measurement
Test. The effects of heat transfer
mechanisms present for each back-
fill media have been evaluated
analytically. The details of the
analysis are provided in Appendix
M. The following paragraph sum-
marizes the results of the analysis.

The effect of convection in helium
and air backfills was evaluated to
determine the difference between
fuel cladding temperature and that
measured in the thermowell, The
axial convection of heat by air and
helium was found to produce a small
temperature difference since these
backfill gases can effectively heat
or cool the thermowell and instru-
ment or guide tube relative to the

fuel rod. The effect of the vacuum
backfill was not analyzed since
there is no axial convection pre-

sent. The results of the analysis
show that for the air backfill
tests, the measured temperatures

differ from the average surrounding
fuel rod temperatures by a maximum
of 6.5°F at the lowest thermocou-

ple. For the helium backfill
tests, the calculated temperature
differences were between 1.0 and
2.0°F.

The Fuel Assembly Internal Temper-

ature Measurement Test recorded
thermowell data are judged to be
between =-1.0 and +4,0°F of the

actual fuel clad temperatures for a
helium backfill and a vacuum and
between 3.0 and 8.5°F above the
actual fuel clad temperatures for
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an air backfill, The other record-
ed data from thermocouples attached
to test components are judged to be
within +2.0°F of the actual temper-
atures.

In addition to measurement uncer-
tainties, test hardware configura-
tions and test data were examined
for positional tolerance and other
effects on temperature measure-
ments. The test thermocouple and
fuel assembly active fuel position
tolerances are provided in Appendix
M, Tables M-1 and M-3, respective-
ly. An evaluation of the temper-
ature measurement variation due to
thermocouple position tolerance was
made wusing the axial temperature
profiles for both sets of imposed
drywell canister profile tests.
The differences in thermocouple-
measured temperature and that at
the elevation noted for the ther-
mocouple tip ranged from less than
+0.01 to +l.1°F with most of the
differences being less than +0.5°F.
An examination of temperature data
for the eight thermocouples spaced
45° apart around the canister cir-
cumference showed a consistent var-
iation from side to side (see tem-—
perature maps in Appendix J). This
canister circumferential tempera-
ture variation, the positioning of
four canister thermocouples in in-
strumentation tubes, and the 1low
internal resistances determined by
thermocouple electrical checks
(last two noted on Table F-1)
should also be taken into account
when using the test data presented
herein.
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TABLE C-1

ELECTRICALLY HEATED DRYWELL THERMOCOUPLE LOCATIONS

Distance

Data Below
Channel Ground

(t/cC) Level Radius Orientation

No. (In.) (In.) (Degrees) Location
001 -2.4% 0 - On Bottom of Drywell Cover Plate
002 0.0 0.7 180 On Top Plate of Plug
003 7.9 0.7 180 7.6" Below Top of Concrete, Inside Plug
004 20.0 0.7 180 19.7" Below Top of Concrete, Inside Plug
005 28.2 0.7 180 27.9" Below Top of Concrete, Inside Plug
006 0.0 9.7 135 On Plug Liner, At Top Plate
007 7.9 9.7 135 On Plug Liner, 7.6" Below Top of Concrete
008 20.0 9.7 135 On Plug Liner, 19.7" Below Top of Concrete
009 28.2 9.7 135 On Plug Liner, 27.9" Below Top of Concrete
010 34.3 8.0 135 On Outside of Plug, 36.4" Below Top of Plug
011 39.7 8.0 135 On Qutside of Plug, 41.8" Below Top of Plug
012 36.6 0 - Center of Canister Lid
013 36.6 6.8 135 - Top Rim of Canister
014 66.1 7.0 0 Side of Canister, 29.5" Below Top of Canister
015 66.1 7.0 135 Side of Canister, 29.5" Below Top of Canister
016 96.6 7.0 0 Side of Canister, 60.0" Below Top of Canister
017%* 96.6 7.0 90 Side of Canister, 60.0" Below Top of Canister
018%** 96.6 7.0 180 Side of Canister, 60.0" Below Top of Canister
019%x* 96.6 7.0 270 Side of Canister, 60.0" Below Top of Canister
020 127.0 7.0 0 Side of Canister, 90.4" Below Top of Canister
021 157.4 7.0 180 Side of Canister, 120.8" Below Top of Canister
022 187.8 7.0 180 Side of Canister, 151.2" Below Top of Canister
023%=* 187.8 7.0 315 Side of Canister, 151.2" Below Top of Canister
024 203.1 0 - Center of Canister Bottom Cap
025 -1,2% 10.4 30 On Liner, 1.2" Below Top of Liner
026 6.4 10.4 0 On Liner, 8.8" Below Top of Liner
027 19.8 10.4 0 On Liner, 22.2" Below Top of Liner
028 28.2 10.4 0 On Liner, 30.6" Below Top of Liner
029 39.7 9.0 0 On Liner, 42.1" Below Top of Liner
030 65.8 9.0 0 On Liner, 68.2" Below Top of Liner
031 96.3 9.0 0 On Liner, 98.7" Below Top of Liner
032%% 96.3 9.0 90 On Liner, 98.7" Below Top of Liner
033%* 96.3 9.0 180 On Liner, 98.7" Below Top of Liner
034%* 96.3 9.0 270 On Liner, 98.7" Below Top of Liner
035 126.7 9.0 0 On Liner, 129.1" Below Top of Liner

* Reference ground level is 2.4" below top rim of liner

%% Thermocouples at these locations disconnected from data logger on 2/6/79,
data channels were reconnected to Reference Well thermocouples
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TABLE C-1 (Cont'd)

Distance

Data Below

Channel Ground

(t/C) Level Radius Orientation

No. (In.) (In.) (Degrees)

036 157.1 9.0 0
037 187.5 9.0 0
038 207.2 9.0 0
039 212.3 8.0 0
040 212.3 0 -
041 6.4 15.5 315
042 19.8 15.5 315
043 30.2 15.5 315
044 39.7 10.8 315
045 65.8 10.8 315
046 96.3 10.8 315
047 126.7 10.8 315
048 157.1 10.8 315
049 187.5 10.8 315
050 207.2 10.8 315
051 1.0 21 240
052 7.6 21 240
053 19.8 21 240
054 40.9 21 240
055 68.2 21 240
056 98.6 21 240
057 129.0 21 240
058 159.4 21 240
059 189.8 21 240
060 213.2 21 240
061 229.7 21 240
062 253.7 21 240
063 301.7 21 240
064 1.0 33 210
065 7.6 33 210
066 30.2 33 210
067 40.9 33 210
068 68.2 33 210
069 98.6 33 210
070 129.0 33 210
071 159.4 33 210
072 189.8 33 210
073 219.2 33 210
074 1.5 60 180
075 12.1 60 180
076 34.9 60 180

Location

On Liner, 159.5" Below Top of Liner
On Liner, 189.9" Below Top of Liner
On Liner, 209.6" Below Top of Liner

On Liner Bottom Plate
Center of Liner Bottom Plate

In Concrete Pad
Below Pad
Below Pad

Supported Off Liner,
Supported Off Liner,
Supported Off Liner,
Supported Off Liner,
Supported Off Liner,
Supported Off Liner,
Supported Off Liner,

Instrumentation
Instrumentation
Instrumentation
Instrumentation
Instrumentation
Instrumentation
Instrumentation
Instrumentation
Instrumentation
Instrumentation
Instrumentation
Instrumentation
Instrumentation

Instrumentation
Instrumentation
Instrumentation
Instrumentation
Instrumentation
Instrumentation
Instrumentation
Instrumentation
Instrumentation
Instrumentation

Instrumentation

Instrumentation
Instrumentation

C-6

Well
Well
Well
Well
Well
Well
Well
Well
Well
Well
Well
Well
Well

Well
Well
Well
Well
Well
Well
Well
Well
Well
Well

Well
Well
Well

42,1" Below Top of Liner
68.2" Below Top of Liner
98.7" Below Top of Liner

129.1"
159.5"
189.9"
209.6"

NN NDNNDNDDN
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Below Top of Liner
Below Top of Liner
Below Top of Liner
Below Top of Liner



TABLE C-1 (Cont'd)

Distance

Data Below

Channel Ground

(T/C) Level Radius Orientation

No. (In.) (In.) (Degrees) Location

077 60.7 60 180 Instrumentation Well 4
078 91.1 60 180 Instrumentation Well 4
079 121.5 60 180 Instrumentation Well 4
080 151.9 60 180 Instrumentation Well 4
081 182.3 60 180 Instrumentation Well 4
082 219.2 60 180 Instrumentation Well 4
083 253.7 60 180 Instrumentation Well 4
084 301.7 60 180 Instrumentation Well 4
085 1.5 108 155 Instrumentation Well 5
086 12.1 108 155 Instrumentation Well 5
087 34.9 108 155 Instrumentation Well 5
088 60.7 108 155 Instrumentation Well 5
089 91.1 108 155 Instrumentation Well 5
090 121.5 108 155 Instrumentation Well 5
091 151.9 108 155 Instrumentation Well 5
092 200.1 108 155 Instrumentation Well 5
093 1.5 189 130 Instrumentation Well 6
094 12.1 189 130 Instrumentation Well 6
095 34.9 189 130 Instrumentation Well 6
096 60.7 189 130 Instrumentation Well 6
097 91.1 189 130 Instrumentation Well 6
098 121.5 189 130 Instrumentation Well 6
099 151.9 189 130 Instrumentation Well 6
101/000%* 6.0 720 30 Reference Well
102/017%% 18.0 720 30 Reference Well
103/018%=* 36.0 720 30 Reference Well
104/019%* 60.0 720 30 Reference Well
105/023%* 96.0 720 30 Reference Well
106/032%* 132.0 720 30 Reference Well
107/033*%* 192.0 720 30 Reference Well

108%* 252.0 720 30 Reference Well
109/034%% 312.0 720 30 Reference Well

*Thermocouple disconnected from data logger on 3/6/78 following failure of
thermocouple

**Thermocouples reconnected to these data channels on 2/6/79
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TABLE C-2  ELECTRICALLY HEATED DRYWELL THERMOCOUPLE DATA

DATE: 3/6/78 TIME: 3:51 p.m.
OPERATING HOURS: 0 POWER LEVEL: 1/2 ki (Heatup Check)
TOTAL OPERATING HOURS: N/A

T/C No.  Temp(°F) T/C No. Temp(°F) T/C No. Temp(°F) T/C No.  Temp(°F)
027 53.0 054 57.9 081 68.5 109 69.8
026 55.0 . 053 52.4 080 66.8 108
025 59.5 052 53.7 079 62.5 107 66.7
024 68.2 051 62.6 078 59.3 106 61.8
023 72.1 050 70.3 077 55.5 105 57.8
022 72.3 049 68.4 076 52.0 104 54.2
021 78.1 048 67.0 075 46.8 103 52.1
020 75.4 047 65.3 074 54.9 102 48.9
019 74.0 046 63.3 073 69.0 101 64.5
018 74.5 045 61.1 072 67.9 100
017 -74.0 044 57.4 071 66.3 099 63.3
016 73.6 043 54.2 070 64.4 098 60.6
015 73.2 042 52.7 069 63.5 097 57.1
014 n.7 041 52.9 068 60.0 096 54.0
013 59.4 040 69.3 067 56.5 095 51.4
012 51.7 039 68.8 066 54.2 094 48.0
on 59.4 038 68.9 065 55.3 093 58.1
010 57.7 037 " 68.5 064 69.8 092 67.1
009 55.8 036 67.1 063 70.9 091 64.0
008 54.7 035 . 65.6 062 72.0 090 61.2
007 56.8 034 - 64.0 061 71.5 089 58.3
006 61.3 033 64.3 060 70.9 088 55.1
005 55.2 032 64.3 059 70.3 087 52.3
004 54.2 031 63.9 058 69.3 086 48.4
003 58.6 030 61.9 057 66.9 085 54.8
002 62.5 029 57.1 056 64.4 084 70.3
001 83.5 028 54.4 055 61.5 083 70.8
000 082 70.1

DATE: 3/7/78 TIME: 10:57 a.m.

OPERATING HOURS: O POWER LEVEL: 3 kW

TOTAL OPERATING HOURS: O
T/C No. Temp(°F) T/C No. Temp(°F) T/C No. Temp(°F) T/C No.  Temp(°F)
027 58.8 054 59.7 081 68.6 109 69.8
026 55.9 053 55.0 080 68.7 108
025 61.3 052 51.6 079 62.5 107 66.6
024 85.3 051 56.4 078 59.1 106 61.6
023 93.9 050 71.8 077 55.5 105 57.8
022 94.3 049 741 076 51.8 104 54.1
o21 109.2 048 77.2 075 47.6 103 51.9
020 114.0 047 77.4 074 46.0 102 49 .4
019 115.2 046 76.3 073 69.1 101 57.7
018 116.4 045 75.0 072 67.9 100
017 116.4 044 68.7 071 66.2 099 63.3
016 116.3 043 57.8 070 64.3 098 60.6
015 117.7 042 55.4 069 63.4 097 57.2
014 117.6 041 51.6 068 59.9 096 53.9
013 101.6 040 71.5 067 56.3 095 51.3
012 114.3 039 71.3 066 54.5 094 48.4
on 91.9 038 71.9 065 50.5 093 48.3
010 85.1 037 76.4 064 58.6 092 67.1
009 73.5 036 80.4 063 70.8 091 64.2
008 63.5 . 035 81.3 062 7.6 090 61.4
007 59.4 034 80.7 061 71.3 089 58.5
006 64.0 033 81.7 060 70.5 088 55.0
005 67.0 032 81.4 059 70.7 087 52.2
004 60.5 031 80.7 058 70.2 086 48.9
003 60.0 030 79.2 057 68.5 085 47.5
002 67.2 029 71.5% 056 66.1 084 70.3
001 97.8 028 64.1 055 63.5 083 70.8
000 082 70.1

C-8



TABLE C-3  ELECTRICALLY HEATED DRYWELL THERMOCOUPLE DATA

DATE: 3/8/78 TIME: 11:07 a.m.
OPERATING HOURS: 24 POWER LEVEL: 3 kW-
TOTAL OPERATING HOURS: 24

T/C No. Temp(°F) T/C No. Temp(°F) T/C No. Temp(°F) T/C No, Temp(°F)
027 82.5 054 75.1 081 68.4 109 69.6
026 67.5 053 61.7 080 68.6 108
025 68.5 052 55.8 079 62.5 107 66.4
024 157.8 051 61.8 078 59.2 106 61.4
023 216.3 050 83.5 077 55.3 105 57.8
022 216.0 049 109.3 076 51.9 104 54.1
021 285.3 048 133.2 075 28.5 103 52.2
020 301.3 047 144.0 074 49.3 102 51.0
019 299.2 046 143.6 073 68.9 101 60.3
018 306.6 045 142.1 072 68.4 100
017 306.6 044 116.7 071 67.3 099 63.3
016 304.6 043 75.0 070 65.7 098 60.8
015 310.5 042 66.5 069 64.8 097 57.4
014 305.9 041 57.6 068 61.6 096 54.2
013 218.5 040 83.6 067 57.9 095 51.5
012 262.9 039 83.6 066 58.3 094 49.3
ol 198.7 038 89.4 065 52.1 093 51.1
010 173.3 037 122.7 064 60.8 092 67.1
009 132.1 036 151.2 063 70.7 091 64.2
008 98.8 035 164.7 062 71.5 090 61.4
007 77.7 034 165.5 061 71.0 089 58.5
006 75.7 033 168.4 060 71.5 088 55.2
005 119.0 032 167.7 059 77.3 087 52.2
004 94.5 031 165.5 058 83.8 086 49.3
003 80.3 030 160.8 057 85.5 085 49.9
002 80.1 029 130.0 056 84.0 084 70.3
001 102.1 028 102.0 055 81.5 083 70.6
000 082 70.0

DATE: 3/9/78 TIME: 11:07 a.m.

OPERATING HOURS: 48 POWER LEVEL: 3 kW

TOTAL OPERATING HOURS: 48
T/C No. Temp(°F) T/C No. Temp(°F) T/C No.  Temp{°F) T/C No. Temp(°F)
027 96.3 054 92.0 081 68.1 109 69.5
026 77.5 053 70.8 080 66.3 108
025 72.7 052 60.8 079 62.2 107 66.3
024 174.3 051 58.3 078 59.0 106 61.3
023 235.0 050 92.8 077 55.1 105 57.7
022 234.3 049 127.5 076 52.0 104 54.0
021 308.4 048 161.8 075 49.0 103 52.6
020 325.0 047 175.5 074 48.5 102 51.9
019 321.5 046 174.1 073 88.8 101 53.7
018 328.9 045 169.7 072 70.7 100
017 328.9 044 138.8 071 72.4 099 63.1
016 326.4 043 89.9 070 72.6 098 60.4
015 331.3 042 77.9 069 71.7- 097 57.0
014 326.1 041 64.5 068 68.2 096 53.8
013 238.9 040 92.8 067 83.2 095 51.5
012 281.7 039 92.9 066 60.3 094 50.2
on 220.8 038 100.4 065 54.2 093 50.4
010 194.5 037 141.8 064 57.0 092 66.9
009 153.1 036 179.7 063 70.4 091 63.9
008 118.2 035 194.6 062 71.0 090 61.2
007 92.1 034 194.8 061 7.1 089 58.4
006 84.8 033 198.1 060 74.1 088 55,0
005 143.2 032 197.5 059 87.6 087 52.1
004 115.5 031 194.8 058 102.2 086 49,8
003 94,6 030 187.1 057 109.3 085 49.7
002 87.7 029 151.1 056 107.7 084 70.1
001 76.0 028 120.7 055 104.2 083 70.2
000 082 69.6



TABLE C-4  ELECTRICALLY HEATED DRYWELL THERMOCOUPLE DATA

DATE: 3/10/78 TIME: 11:10 a.m.
OPERATING HOURS: 72 POWER LEVEL: 3 kW
TOTAL OPERATING HOURS: 72

T/C No. Temp(°F) T/C No. Temp(°F) T/C No. Temp(°F) T/C No. Temp(°F)
027 107.2 054 105.4 081 68.4 109 69.3
026 83.7 053 77.8 080 67.0 108
025 82.8 052 63.4 079 62.9 107 66.8
024 184.9 051 65.7 078 59.8 106 61.2
023 240.3 050 100.7 077 55.8 105 57.5
022 245.5 049 140.8 076 52.8 104 54.0
021 319.6 048 179.3 075 48.9 103 52.8
020 334.3 047 198.5 074 53.6 102 51.8
019 331.6 046 200.0 073 69.9 101 62.6
018 338.9 045 187.9 072 74.9 100
017 338.9 044 152.3 071 80.2 099 63.2
016 338.4 043 100.1 070 82.8 098 60.6
015 340.2 042 86.3 069 91.8 097 57.2
014 336.1 041 67.8 068 77.5 096 54.1
013 248.7 040 100.2 067 69.9 095 51.9
012 290.5 039 100.1 066 65.6 094 50.4
on 231.3 038 109.1 065 55.1 093 52.6
010 205.4 037 155.3 064 60.0 092 67.1
009 164.1 - 036 190.3 063 70.4 091 64.1
008 128.5 035 207.6 062 7.1 090 61.3
007 101.0 034 208.7 061 72.0 089 58.5
006 96.0 033 213.1 060 77.6 088 55.1
005 154.9 032 209.9 059 97.1 087 52.3
004 128.1 031 207.5 058 118.2 086 50.2
003 103.2 030 204.0 057 127.9 085 51.8
002 100.6 029 163.8 056 126.5 084 70.1
001 120.9 028 131.5 055 121.8 083 70.3
000 082 69.7

DATE: 3/11/78 TIME: 11:10 a.m.

OPERATING HOURS: 96 POWER LEVEL: 3 kW

TOTAL OPERATING HOURS: 96
T/C No. Temp(°F) T/C No.  Temp(°F) T/C No.  Temp(°F) T/C No. Temp(°F)
027 115.4 054 14.9 081 68.7 109 69.2
026 88.3 053 83.2 080 67.8 108
025 79.5 052 67.5 079 64.2 107 65.8
024 192.3 051 57.0 078 61.0 106 61.1
023 255.0 050 108.3 077 56.8 105 57.4
022 253.9 049 150.4 076 53.6 104 54.1
021 328.3 048 195.2 075 49.8 103 53.1
020 343.8 047 205.7 074 47.4 102 52.4
019 338.9 046 205.1 073 70.6 101 49.9
018 348.0 045 198.2 072 79.0 100
017 346.7 044 165.1 071 87.3 099 62.8
016 343.7 043 107.8 070 92.2 098 60.3
015 346.0 042 92.5 069 91.6 097 56.9
014 343.5 041 72.8 068 85.9 096 53.8
013 255.8 040 105.8 067 75.9 095 51.8
012 297.2 039 105.9 066 70.2 094 51.0
on 237.6 038 115.4 065 57.0 093 491
010 212.6 037 164.3 064 52.8 092 66.7
009 . 171.6 036 205.7 063 70.0 091 63.7
008 130.0 035 216.4 062 70.7 090 61.0
007 105.2 034 214.9 061 72.7 089 58.2
006 93.2 033 223.9 060 80.5 088 54.9
005 163.0 032 218.6 059 104.9 087 52.3
004 133.8 031 214.9 058 129.1 086 51.1
003 107.0 030 206.7 057 139.1 085 49.2
002 93.5 029 188.8 056 139.6 084 70.0
001 64.9 028 143.4 055 132.8 083 69.8
000 082 69.4

C-10



TABLE C-5  ELECTRICALLY HEATED DRYWELL THERMOCOUPLE DATA

DATE: 3/12/78 TIME: 11:10 a.m.
OPERATING HOURS: 120 POWER LEVEL: 3 kW
TOTAL OPERATING HOURS: 120

T/C No. Temp(°F) T/C No. Temp(°F) T/C No. Temp(°F) T/C No. Temp(°F)
027 118.6 054 122.2 081 69.6 109 69.2
026 85.0 053 83.6 080 69.5 108
025 75.2 052 62.0 079 66.4 107 65.9
024 197.1 051 50.1 078 63.2 106 61.2
023 261.0 050 111.8 077 58.7 105 57.4
022 259.7 049 160.0 076 54.8 104 54.2
021 331.2 048 204.4 075 46.6 103 52.4
020 350.4 047 205.5 074 44.5 102 44.3
019 344.2 046 205.2 073 72.1 101 45.2
018 354.4 045 202.5 072 83.4 100
017 351.4 044 171.1 071 94.3 099 62.8
016 348.1 043 113.5 070 100.4 098 60.3
015 348.4 042 95.7 069 101.4 097 56.9
014 345.6 041 68.5 068 94.3 096 53.8
013 256.7 040 111.0 067 81.6 095 51.9
012 294.1 039 1M11.0 066 73.6 094 47.6
o 240.3 038 121.0 065 52.3 093 45.8
010 213.3 037 172.8 064 47.3 092 66.6
009 176.0 036 206.4 063 70.0 091 63.6
008 139.5 035 227.1 062 70.7 090 60.9
007 104.8 034 225.4 061 73.8 089 58.2
006 91.1 033 234.1 060 83.6 088 54.9
005 170.7 032 227.7 059 1n1.9 087 52.3
004 136.8 031 225.0 058 137.7 086 47.8
003 105.0 030 207.5 057 147.6 085 44.9
002 93.5 029 193.2 056 150.1 084 69.9
001 63.9 028 149.7 055 141.2 083 69.6
000 ’ 082 69.5

DATE: 3/15/78 TIME: 11:10 a.m.

OPERATING HOURS: 192 POWER LEVEL: 3 kW

TOTAL OPERATING HOURS: 192

T/C No. Temp(°F) T/C No.  Temp(°F) T/C No. Temp(°F) T/C No. Temp(°F)

027 131.5 054 135.5 081 74.3 109 69.0
026 100.0 053 95.3 080 76.6 108
025 92.5 052 73.8 079 75.8 107 65.5
024 205.4 051 n.o 078 72.5 106 60.7
023 268.2 050 124.3 077 66.0 105 57.1
022 266.7 049 177.8 076 58.7 104 53.6
021 336.2 048 208.4 075 49.7 103 51.3
020 363.4 047 218.0 074 52.9 102 50.1
019 357.2 046 218.5 073 77.6 101 64.9
018 365.0 045 206.1 072 97.2 100
017 360.9 044 185.2 on 110.8 099 62.9
016 358.9 043 125.0 070 118.8 098 60.4
015 358.4 042 106.7 069 122.4 097 57.2
014 352.1 041 79.9 068 113.8 096 54.2
013 256.2 040 122.7 067 94.2 095 51.3
012 289.2 039 123.2 066 83.5 094 48.8
on 245.2 038 133.6 065 61.0 093 51.6
010 220.8 037 186.6 064 61.2 092 56.8
009 185.1 036 212.6 063 70.0 091 64.1
008 153.8 035 252.1 062 71.6 090 61.5
007 122.1 034 249.3 061 78.1 089 58.7
006 113.2 033 254.8 060 93.2 088 55.3
005 185.5 032 248.1 059 135.2 087 52.1
004 157.5 031 246.3 058 153.3 086 48.9
003 122.5 030 221.4 057 163.3 085 51.2
002 117.1 029 200.8 056 168.1 084 69.7
001 125.2 028 160.9 055 158.4 083 69.9
000 082 71.0
