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8. Objective/Purpose:

The third Advanced Graphite Creep (AGC-3) experiment was designed to irradiate various types of graphite
specimens at a temperature of 900°C. The specimens were irradiated in an instrumented leadout capsule
experiment in the east flux trap of the ATR during cycles 152B, 154B, 155A, and 155B. Temperature was
monitored using twelve thermocouples located at various elevations in the reactor core, and a helium-argon
gas mixture was used for gas gap temperature control of the specimens.

The purpose of this analysis is to calculate specimen temperature using measured data on reactor power
and helium-argon gas flows, and as-run calculations of heating rates and displacement per atom (DPA) in
graphite. The accuracy of the model is assessed by comparing measured and calculated thermocouple
temperatures. Uncertainty in gas gaps may preclude an accurate temperature calculation. In these cases,
adjustments are made to the thermal model in order to reconcile the measured and calculated thermocouple
temperature and to ensure the accuracy of the calculated specimen temperature.

9. Conclusions/Recommendations:

A finite element, steady-state heat transfer analysis of the entire AGC-3 test train was performed using
ABAQUS. The analysis was performed at three selected days during each cycle, using the measured east
source power, measured gas flows, as-run heating rates, and as-run graphite DPA, to obtain best-estimate
temperatures of the specimens and thermocouples. The accuracy of the model was assessed by comparing
the measured and calculated thermocouple temperatures. The difference between these temperature values
was used to estimate the mean and standard deviation of the error. Setting the uncertainty equal to the
mean + two standard deviations corresponding to a 95% confidence interval, the results indicate that the
maximum uncertainty in the calculated thermocouple temperature is £50°C.

The temperature of each creep specimen is desired to be maintained at 900°C +50°C. However, the results
of this analysis show that the temperature of the specimen stacks is outside the desired range at the top of
the test train where the temperature is less than the desired temperature due to lower gamma heating at this
location. In most cases, the temperature of the center specimen stack is approximately 900°C +50°C while
the temperature of the peripheral specimen stacks is approximately 850°C +50°C. Moreover, specimen
temperature varies with elevation because of the uncertainty in the variable gas gaps used to compensate
for the axial heating profile.
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SCOPE OF ANALYSIS AND BRIEF DESCRIPTION

The third Advanced Graphite Creep (AGC-3) experiment was designed to irradiate various types of
graphite specimens at a temperature of 900°C. The specimens were irradiated in an instrumented leadout
capsule experiment in the east flux trap of the ATR during cycles 152B, 154B, 155A, and 155B.
Temperature was monitored using thermocouples, and a helium-argon gas mixture was used for gas gap
temperature control of the specimens. A pneumatic piston was used to apply a maximum compressive
load of 3000 psi to approximately half the specimens, resulting in corresponding pairs of stressed and
unstressed specimens. The dimensional changes of corresponding specimen pairs will be used to
determine irradiation-induced creep by distinguishing the separate effects of shrinkage occurring in all
specimens and creep occurring in the stressed specimens only.

The purpose of this analysis is to calculate specimen temperature using measured data on reactor power
and helium-argon gas flows, and as-run calculations of heating rates and displacement per atom (DPA)
in graphite. The AGC-3 experiment contains twelve thermocouples located at various elevations in the
reactor core. The accuracy of the model is assessed by comparing measured and calculated
thermocouple temperatures. Uncertainty in gas gaps may preclude an accurate temperature calculation.
In these cases, adjustments are made to the thermal model in order to reconcile the measured and
calculated thermocouple temperature and to ensure the accuracy of the calculated specimen temperature.

DESIGN OR TECHNICAL PARAMETER INPUTS AND SOURCES

The technical and functional requirements for the AGC-3 experiment are given in TFR-791. The quality
level of the analysis is “2” (important to safety) per quality level determination RTC-000486.

EXPERIMENT DESCRIPTION AND OTHER BACKGROUND DATA

The AGC-3 experiment is the third in a series of irradiation experiments to obtain data on fine-grained
isotropic graphite used in the next generation very high temperature reactor (VHTR). The test train
consists of seven stacks of cylindrical graphite specimens 0.5 inches in diameter contained in a graphite
holder. The center stack contains unstressed specimens, while the peripheral stacks contain stressed
specimens above core mid-plane and unstressed specimens below core mid-plane. The holder is
contained in a stainless steel capsule, with a stainless steel heat shield placed between them. The holder
has a stepped outside diameter to provide an axially varying temperature control gas gap to compensate
for the axial variation in heating. The test train is divided into five temperature control gas zones
containing separate helium-argon gas mixtures used for gas gap temperature control of the specimens.
All specimens are desired to be irradiated at the same temperature, while corresponding stressed and
unstressed specimens are desired to be irradiated to the same DPA. Other capsule internal components
include tungsten heaters at the top and bottom of the test train, and a ceramic insulator at the top of the
test train. Thermocouples and gas tubing are located in holes and grooves in the holder. Design details
are from the drawings listed at the end of this document.

The thermal analysis was performed using a detailed finite element model of the experiment. Data on
material properties are obtained from the handbooks and databases listed in the references. Results are
given in Appendix A.1. The gas gaps between capsule components, accounting for the change in
diameter of the capsule components due to thermal expansion and the change in diameter of graphite
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due to irradiation-induced shrinkage, are calculated in Appendix A.2. The resulting heat transfer
coefficients for the fluence-dependent “hot” gas gaps are computed using various helium-argon gas
mixtures and various values of DPA. Results are given in Appendix A.3.

The thermal conductivity of graphite depends on temperature and neutron fluence. Experimental data for
NBG-25, 1G-110, and H-451 is shown in Fig. 1, along with the temperature and DPA-dependent profiles
assumed in this analysis. The calculated profiles show the correct trends observed in irradiated graphite:
increasing conductivity with increasing temperature due to annealing of defects, and decreasing
conductivity with increasing fluence due to generation of defects. The calculated profiles are the same as
those used in previous as-run analyses of AGC experiments (ECAR-2562, ECAR-2322), and are
consistent with the data reported in Vreeling, Wouters, and van der Lann, 2008, Maruyama and
Harayama, 1992, and Price, 1975.
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Figure 1. Effect of temperature and DPA on thermal conductivity of graphite.

The size of the temperature control gas gap between the graphite holder and stainless steel heat shield
depends on temperature and neutron fluence. The temperature dependence results from thermal
expansion, and the fluence dependence results from irradiation-induced shrinkage of graphite.
Experimental data for the change in diameter of graphite due to irradiation-induced shrinkage is shown
in Fig. 2, along with a linear regression of the data which provides a relation between diameter change
and DPA. The data was obtained from measurements of the dimensional change of NBG-25 specimens
irradiated in the AGC-1 experiment (Windes, 2012). The graphite in the AGC-3 experiment was
irradiated to a peak fast neutron (energy > 0.1 MeV) fluence of approximately 5.0x10?! neutrons/cm?
which corresponds to a peak DPA of approximately 3.6 (ECAR-3051). At this neutron fluence, the
diameter reduction is expected to be approximately 0.7%.
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Figure 2. Effect of DPA on diameter of graphite specimens.

The flow of primary coolant in the annular gap between the capsule and chopped dummy in-pile tube is
calculated for two-pump operation. Heat transfer coefficients for turbulent forced convection to the
primary coolant were obtained from an experimental correlation using the film temperature method to
account for fluid property variation. Details are given in Appendix A.4.

The heating rates of the experiment components in the east flux trap at 20.4 MW source power were
obtained from the reactor physics analysis (ECAR-3051). Heating rates for each component in the test
train were obtained as a function of position with respect to core mid-plane. For the capsule, heat shield,
graphite holder and specimens, thermocouples, and primary coolant, a cosine-shaped profile was used to
represent the axial variation in heating. The axial profile was split into separate profiles above and below
core mid-plane, producing an unsymmetrical profile that preserves total core heating. The
unsymmetrical heating profile improves temperature calculations as compared to using a symmetrical
profile. Heating rates at a different power are obtained by linear scaling using the nominal operating
heating rates provided in ECAR-3051 as a baseline. Details are given in Appendix A.5.

Reactor power, temperature control gas flows, and thermocouple temperatures are obtained from the
Nuclear Data Management and Analysis System (NDMAS). Spreadsheets containing data recorded at
10 minute intervals were downloaded from the NDMAS website (https://htgr.inl.gov). Reactor power,
temperature control gas flows, and thermocouple temperatures at selected days during each cycle are



TEM-10200-1

03/01/2012 ENGINEERING CALCULATIONS AND ANALYSIS Page 9 of 32
Rev. 06

Title: As-Run Thermal Analysis of the AGC-3 Experiment

ECAR No.: 3386 Rev. No.: 0 Project No.: 23747 Date: 10/11/2016

éomputed by averaging the data over the entire day. Peak DPA at those days was obtained from the as-
run reactor physics analysis (ECAR-3051). The data from NDMAS is given in Appendix A.6.

ASSUMPTIONS

One significant uncertainty is the gap between the heat shield and capsule which can vary from the case
where the dimples on the inside surface of the heat shield contact the holder to the case where the
dimples on the outside surface of the heat shield contact the capsule. In this analysis, the location of the
heat shield is calculated assuming the dimples on the outside surface of the heat shield contact the inside
surface of the capsule, leading to a 0.10 inch gap between heat shield and capsule. The resulting
temperature control gas gaps are calculated using the assumed location of the heat shield and accounting
for thermal expansion and shrinkage of the capsule and holder.

The gas gap between the heat shield and capsule is adjusted to account for uncertainty in the exact
location of the heat shield, the increased thermal conductance due to contact between the capsule and
dimples on the heat shield, and the uncertainty in the control gas composition due to gas leakage around
the rings separating adjacent gas zones. The variable gas gap between the heat shield and capsule was
adjusted in order to bring into agreement the measured and calculated thermocouple temperatures.
Moreover, the control gases in adjacent gas zones may mix since the seals are not gas-tight. In some
cases, an argon-rich mixture in one zone was assumed to mix with a helium-rich mixture in an adjacent
zone in order to bring into agreement the measured and calculated thermocouple temperatures. Details
are given in Appendix A.6.

Another uncertainty is the gas gap between the graphite specimens and graphite holder which increases
during irradiation due to graphite shrinkage. The bore diameter measurements of the irradiated holders
showed a significant difference in the dimensional changes occurring in the lower and upper holders
(INL/EXT-14-32060), suggesting that compressive loading of the lower holder had affected the
measured dimensional change. Moreover, the position of the specimens in the bore channels of the
graphite holder is not fixed and the diameter of the stressed specimens is also changing due to creep.
These uncertainties preclude an accurate calculation of the gas gap between the specimens and holder.
Therefore, the gas gap is set to its nominal design value of 0.010 inch and is assumed not to change
during irradiation. A previous analysis of temperature uncertainty in the AGC experiments reported that
the uncertainty in the gap between the specimens and holder will add approximately 12°C to the
uncertainty in the temperature of the center specimen stack (ECAR-3017).

An additional uncertainty is the gas gap between the thermocouples and graphite holder which may vary
due to the loose fit of the thermocouple inside the holder. The gas gap assumed in this analysis is based
on the experiments reported in ECAR-2429, and is discussed in the as-run analyses of the AGC-1 and
AGC-2 experiments (ECAR-2562, ECAR-2322).

The AGC-3 test train was rotated 180° after the first two cycles of irradiation. The effect of test train
rotation on the azimuthal position of the specimens and thermocouples was included in the analysis. For
the other components (capsule, heat shield and graphite holder), the heating rate at a particular elevation
in the core is computed by averaging the heating rates over azimuthal segments. Sensitivity studies show
that azimuthal variations in the heating rates of these components do not have a significant effect on
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temperature because conduction heat transfer between components tends to equalize the temperature
(ECAR-2562, ECAR-2322). Since the gas gaps surrounding the specimens and thermocouples provide
resistance to conduction in the azimuthal direction, the effect of test train rotation on the heating rates of
the specimens and thermocouples was included in the analysis.

The length of the specimen stacks under axial compression will change during irradiation due to
irradiation-induced creep. In this analysis, temperature is evaluated in the undeformed configuration.
Therefore, this analysis provides specimen temperature as a function of elevation. For a given specimen,
its temperature at a particular time during irradiation may be determined by estimating its location with
respect to core mid-plane, including the effect of axial compression, and then using the results of this
analysis to obtain the temperature at that location.

SOFTWARE VALIDATION

A finite element heat transfer analysis of the AGC-3 experiment was performed using ABAQUS version
6.14-2 on a SGI ICE X distributed memory cluster with 684 compute nodes (“falcon” on the INL
network). The operating system is SLES 11 SP 3, and each compute node has two 12-core 2.5 GHz Intel
Xenon (Haswell) processors. ABAQUS is listed in the INL Enterprise Architecture (EA) repository of
qualified scientific and engineering analysis software (EA Identifier 238858). ABAQUS has been
validated for thermal analysis of ATR experiments by solving several test problems and verifying the
results against analytical solutions provided in heat transfer textbooks. A complete description of the
validation test problems is given in ECAR-131. Scripts were developed to automate the execution, data
collection, and relative error calculation for each test problem. The scripts were run on computer
“falcon” and a report file containing the results of validation testing was automatically generated
(Appendix B). The test results meet the acceptance criterion that the relative error is less than 3%.
Calculations given in the appendices were performed using Mathcad version 15, and verification of the
computer-generated results was done during checking.
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ANALYSIS RESULTS

A finite element, steady-state heat transfer analysis of the AGC-3 test train, including the capsule and all
internal components, was performed using ABAQUS. The 8-node linear brick element was used to
model all solid components except the heat shield which was modeled using the 4-node linear shell
element. The 8-node forced convection brick element was used to model the primary coolant with a
prescribed mass flow rate. The model geometry and finite element mesh of the experiment cross-section
at the top of the test train where all thermocouples are visible is shown in Fig. 3. A 3-D cutaway view of
the experiment is shown in Fig. 4. In these figures, the capsule is blue, specimen holder is green,
specimens are red, and thermocouples are orange. The heat shield is modeled as a thin shell and is not
clearly visible in the figure. The primary coolant and chopped dummy in-pile tube are also not shown.

Capsule

Specimen

Thermocouple

Gas Tube

Specimen Holder

¥

ODB: AGC-3-test-152B-1.0db  Abaqus/Standard £.14-2  Tue Jun 28 09:45:29 Mountain Daylight Time 2016
Step: Step-1, AGC-3

” crement 0 Step Time = 0.000

Figure 3. Model geometry and finite element mesh (cross-sectional view of the experiment).
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Figure 4. Model geometry and finite element mesh (cutaway view of the experiment).
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A thermal analysis was performed at three selected days during each cycle, using the measured east
source power, measured gas flows, as-run heating rates, and as-run graphite DPA, to obtain best-
estimate temperatures of the test train components. Comparisons of the measured and calculated
temperatures (°C) of each thermocouple in the test train, during all irradiation cycles, are shown in Figs.
5 — 16. The difference between the measured and calculated thermocouple temperature was used to
estimate the mean and standard deviation of the error. Setting the uncertainty equal to the mean + two
standard deviations corresponding to a 95% confidence interval, the results indicate that the maximum
uncertainty in the calculated thermocouple temperature is +50°C.
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Figure 5. Measured and calculated temperature (°C) of TC-01 (18 inches above core mid-plane) during
all irradiation cycles.
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Figure 6. Measured and calculated temperature (°C) of TC-02 (13 inches above core mid-plane) during
all irradiation cycles.
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Figure 7. Measured and calculated temperature (°C) of TC-03 (13 inches above core mid-plane) during
all irradiation cycles.



TEM-10200-1

03/01/2012 ENGINEERING CALCULATIONS AND ANALYSIS Page 16 of 32
Rev. 06

Title: As-Run Thermal Analysis of the AGC-3 Experiment

ECAR No.: 3386 Rev. No.: 0 Project No.: 23747 Date: 10/11/2016
900 -

850 - J‘{W UM,U\

i "fL,\ AAAAA

800 -
750 -

700 -
e=T(C-04 measured, cycle 152B

e T(C-04 measured, cycle 154B

650 - e===TC-04 measured, cycle 155A

e T(C-04 measured, cycle 155B
A TC-04 calculated

Thermocouple Temperature (°C)

Figure 8. Measured and calculated temperature (°C) of TC-04 (6 inches above core mid-plane) during
all irradiation cycles.
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Figure 9. Measured and calculated temperature (°C) of TC-05 (6 inches above core mid-plane) during

all irradiation cycles.
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Figure 10. Measured and calculated temperature (°C) of TC-06 (2 inches above core mid-plane) during
all irradiation cycles.
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Figure 11. Measured and calculated temperature (°C) of TC-07 (6 inches below core mid-plane) during
all irradiation cycles.
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Figure 12. Measured and calculated temperature (°C) of TC-08 (6 inches below core mid-plane) during
all irradiation cycles.
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Figure 13. Measured and calculated temperature (°C) of TC-09 (11.25 inches below core mid-plane)

during all irradiation cycles.
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Figure 14. Measured and calculated temperature (°C) of TC-10 (18 inches below core mid-plane)
during all irradiation cycles.
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Figure 15. Measured and calculated temperature (°C) of TC-11 (18 inches below core mid-plane)

during all irradiation cycles.
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Figure 16. Measured and calculated temperature (°C) of TC-12 (11.25 inches below core mid-plane)
during all irradiation cycles.
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Plots of the axial distribution of volume-average temperature (°C) of each specimen stack, during a
selected day in each irradiation cycle, are shown in Figs. 17 — 20. Note that the highest temperature
occurs in the center specimen stack which is significantly hotter than the peripheral stacks. Moreover,
the specimen temperature varies with elevation because of the uncertainty in the variable gas gaps used
to compensate for the axial heating profile. An abrupt change in the temperature gradient occurs at the
top of the test train due to the presence of a tungsten heater that produces a localized hot spot at that
location. The volume-average temperature of each specimen, during three selected days in each
irradiation cycle, are stored in text files as described in the section entitled “Data Files.”
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Figure 17. Distribution of specimen temperature (°C) during a selected day in cycle 152B.
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Figure 18. Distribution of specimen temperature (°C) during a selected day in cycle 154B.



TEM-10200-1

03/01/2012 ENGINEERING CALCULATIONS AND ANALYSIS Page 27 of 32
Rev. 06

Title: As-Run Thermal Analysis of the AGC-3 Experiment

ECAR No.: 3386 Rev. No.: 0 Project No.: 23747 Date: 10/11/2016
1000 -

Cycle 155A 12/29/2013

950 -
900 -

850 4 0

e Channel 1
== Channel 2
800 -
=== Channel 3
= Channel 4
750 - == Channel 5
=== Channel 6

700 - Center Channel

Specimen Temperature (°C)

650 -

600

“ “ 9

Position from Core Mid-Plane (inches)

\2 5
s
25 |

Figure 19. Distribution of specimen temperature (°C) during a selected day in cycle 155A.
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Figure 20. Distribution of specimen temperature (°C) during a selected day in cycle 155B.
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CONCLUSIONS AND RECOMMENDATIONS

A finite element, steady-state heat transfer analysis of the entire AGC-3 test train was performed using
ABAQUS. The analysis was performed at three selected days during each cycle, using the measured east
source power, measured gas flows, as-run heating rates, and as-run graphite DPA, to obtain best-
estimate temperatures of the specimens and thermocouples. In order to compensate for uncertainty in the
gas gaps between heat shield and capsule, the model was adjusted in order to bring into agreement the
measured and calculated thermocouple temperatures. The difference between the measured and
calculated thermocouple temperature was used to estimate the mean and standard deviation of the error.
Setting the uncertainty equal to the mean + two standard deviations corresponding to a 95% confidence
interval, the results indicate that the maximum uncertainty in the calculated thermocouple temperature is
+50°C.

The experiment requirements on temperature control are that the volume-average and time-average
temperatures of each creep specimen shall be maintained at 900°C +50°C (TFR-791, Section 3.3.3).
However, the results of this analysis show that the temperature of the specimen stacks is outside the
desired range at the top of the test train where the temperature is less than the desired temperature due to
lower gamma heating at this location. In most cases, the temperature of the center specimen stack is
approximately 900°C £50°C while the temperature of the peripheral specimen stacks is approximately
850°C +50°C. Moreover, specimen temperature varies with elevation because of the uncertainty in the
variable gas gaps used to compensate for the axial heating profile.
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DATA FILES

The ABAQUS files containing the models created for this analysis are stored on the HPC file server in
directory “/projects/atr_exp/AGC-3.” The files created for each analysis case are listed in Table 1.
ABAQUS Python scripts were created to read an ABAQUS output file and calculate the thermocouple
temperature and volume average specimen temperature for each step in the analysis. The script
“AbaqusTCData.py” calculates thermocouple temperature and writes the results to a file having the
same name as the ABAQUS output file but with a “.txt” extension. The script “AbaqusSPData.py”
calculates volume average specimen temperature and writes the results to a file having the same name as
the ABAQUS output file but with a “.data” extension. The scripts and data files are stored in the same
directory as the ABAQUS files.

Table 1. ABAQUS/CAE model files and ABAQUS input and output files.

File name

Description

AGC-3.cae, AGC-3.jnl

Model files for all cycles

AGC-3-152B-1.inp, AGC-3-152B-1.f, AGC-3-152B-1.0db

Analysis files for cycle 152B step 1

AGC-3-152B-2.inp, AGC-3-152B-2.f, AGC-3-152B-2.0db

Analysis files for cycle 152B step 2

AGC-3-152B-3.inp, AGC-3-152B-3.f, AGC-3-152B-3.0db

Analysis files for cycle 152B step 3

AGC-3-154B-1.inp, AGC-3-154B-1.f, AGC-3-154B-1.0db

Analysis files for cycle 154B step 1

AGC-3-154B-2.inp, AGC-3-154B-2.f, AGC-3-154B-2.0db

Analysis files for cycle 154B step 2

AGC-3-154B-3.inp, AGC-3-154B-3.f, AGC-3-154B-3.0db

Analysis files for cycle 154B step 3

AGC-3-155A-1.inp, AGC-3-155A-1.f, AGC-3-155A-1.0db

Analysis files for cycle 155A step 1

AGC-3-155A-2.inp, AGC-3-155A-2.f, AGC-3-155A-2.0db

Analysis files for cycle 155A step 2

AGC-3-155A-3.inp, AGC-3-155A-3.f, AGC-3-155A-3.0db

Analysis files for cycle 155A step 3

AGC-3-155B-1.inp, AGC-3-155B-1.f, AGC-3-155B-1.0db

Analysis files for cycle 155B step 1

AGC-3-155B-2.inp, AGC-3-155B-2.f, AGC-3-155B-2.0db

Analysis files for cycle 155B step 2

AGC-3-155B-3.inp, AGC-3-155B-3.f, AGC-3-155B-3.0db

Analysis files for cycle 155B step 3
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Appendix A - Hydrodynamics, heat transfer, and nuclear heating

A.1 Thermophysical properties

Thermephysical properties of 304 and 304L austenitic stainless steel (Perry's Handbook,
7th edition, Table 2-375; Machinery's Handbook, 28th edition, p. 378):

. 22
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Thermophysical properties of aluminum 6061 (Machinery's Handbook, p. 377):
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Thermophysical properties of tungsten (ASM Metals Handbook Vol. 2,

Properties of Pure Metals - Tungsten, ASTM B777 Class 1):
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Thermophysical properties of Haynes 230 nickel alloy (ASM Metals Handbook Vol. 1,
Wrought Nickel Alloys):
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Thermophysical properties of nuclear-grade graphite:

— 180 20 T Density (Product Certification,
Pg= 2 Fy = MR NBG-25 graphite, SGL Group)
CIm in
565 A ‘pg 1) Specific heat at 900 C (Perry's
peT mole-K gm T bR Handbook, 7th edition, Table 2-194)
12—
mole

Thermal conductivity of unirradiated fine-grained isotropic graphite
(J. Nuclear Materials 381, p. 68-75, 2008):

300 572
400 752

T:=| 600 [°C T=|1112 |-°F
800 1472
1000 1832
95 4.574
85 4.093
k=172 e k, =|3467 | 2N

8 m-K E) inhrR
65 3.13
60 2.889

Experimental data on effect of neutron fluence on thermal conductivity of fine-grained
isotropic graphite (J. Nuclear Materials 381, p. 68-75, 2008; J. Nuclear Materials 195,
p. 44-50, 1992; Carbon 13, p. 201-204, 1975); data is given at various values of
temperature and dpa (displacemements per atom computed as a function of fast
neutron fluence with energy > 0.1 MeV):
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Thermophysical properties of compressed water (Perrys Handbook, Tables 2-355 and 2-356):
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Thermal conductivity of helium-argon gas mixtures (Physics of Fluids 3(3), p. 355-361,

1960; Journal of Engineering Physics and Thermophysics 28(6), p. 725-731, 1975):
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K 40Heg0Ar =

Ks0He50Ar =

KeoMed0Ar =

Ko0He30Ar =

K

0.0234

0.0494 |-

0.0590

0.0294

0.0622 |-

0.0700

0.0364

0.0772 |-

0.0880

0.0451
0.0957
0.106

0.0551
0.116
0.137

0.0667
0.140
0.167

0.0809
0.169
0.223

84
Tgas: 968 [-°F
1652

0.00088]

0.00231

K] 0He00AT =

Ko0He80AT =

k30He70Ar =

K 40He60Ar =

k50He50Ar =

keoted0Ar =

K70He30Ar =

BTU
J hrinR
0.00113
BTU
0.00238 |-——
hrin-R
0.00284
0.00142
BTU
0.00299 |.—
hrin-R
0.00337
0.00175
0.00372 |22
hranR
0.00424
0.00217
BTU
0.00461 |-—
hr-in-R
0.0051
0.00265
BTU
0.00559 |-——
hr-in-R
0.0066
0.00321
BTU
0.00674 |-=—
hrin-R
0.00804
0.0039
BTU
0.00814 |-—
hrin-R

0.01074
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0.0993 0.00478
k =] 0195 k - | 0.00039 | 222
80He20Ar = | U X 80He20Ar = | ¢ TR
0279 0.01343
0.124 0.00397
W BTU
k = 0250 | — k =] 0.01204 |-
90Hel 0Ar R 90Hel OAr TR
0.338 0.01627
0154 0.00741
k | 038 | — k ~ | co14ss | 22
100He = | & — 100He = | @ =
0397 0.01912

Thermal radiation properties of materials (for stainless steel and tungsten, Table A 11,
"Fundamentals of Heat and Mass Transfer," 5th ed., F. Incropera and D. DeWitt, 2002;
for graphite, Eurcpean Physical J. A 38, p. 167-171, 2008; for Inconel 600 (TC sheath)
and Haynes 230 (heat shield), CINDAS Thermophysical Properties of Matter Database;
for stainless steel coated with graphite powder, "Total Hemispherical Emissivity of VHTR
Candidate Materials," PhD Dissertation, 2011):

EqqT 1= 02 Emissivity of clean stainless steel
- (304, Inconel 600, and Haynes 230)

€SST hii= 04 Emissivity of stainless steel coated with graphite powder

ey =010 Emissivity of tungsten

€n=090 Emissivity of graphite

o= 5.670-10 L. oc=118% 10 e BN Stefan-Boltzmann constant
2

m -K4 h.r-in2-R4
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Calculate thermal expansion of capsule components:

- HEI0 2 L
OLg = 4.0 -K
Ty, = 800°C
T 055G

ATy = Tj) — T, = 775-A°C

Ty, HEE 0.5:2.081-1n

UO h = O(.g-ATh-l"O h= 0.0036-in

§p= 0.5-0.510-in

Ui = O‘g'ATh'riih = 0.0009-in
T, = 900°C

Rifiges T, - T, = B95.0C
Ty 0.5:0.491-in

Uy 5= (xg-ATS-rOJ = 0.001in

Uy Uy ¢ = —0.00008-in

Coefficient of thermal expansion of

graphite (Perry's Handbook, Table 28-29)

Irradiation temperature of graphite holder

Reference temperature

Temperature change of holder

Outside radius of holder
(Drawing 603521)

Radial thermal expansion at
outside surface of holder

Inside radius of channels in holder
(Drawing 603522)

Radial thermal expansion at inside
surface of channels in holder

Irradiation temperature of specimens

Temperature change of specimens

Outside radius of specimens
(Drawing 601501)

Radial thermal expansion at
outside surface of specimens

Differential expansion between holder
and specimens is negligible
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o 1= 17.3-10 6-i Ceefficient of thermal expansion of stainless
K steel (Perry's Handbook, Table 28-4)

T,=150°C Irradiation temperature of capsule

AT, =T, - T, =125A°C Temperature change of capsule

d;= 213:in Inside diameter of capsule (drawing 630434)

u; o= 0 AT 0.5.d, = 0.0023-in Radial thermal expansion at

inside surface of capsule

Calculate location of heat shield assuming dimples on heat shield
contact the inside surface of capsule:

hgipy = 0.010-in Height of dimple on heat shield
(drawing 603534)
Ty ps = 05di+u; —hg =10573n Cutside radius of heat shield after contact
- - with the inside surface of capsule

C

fe = 0.004in Thickness of heat shield (drawing 603534)

I g = Tg hg — thg = 1.0533-in Inside radius of heat shield

Calculate gas gaps between capsule and heat shield and between capsule
and nubs on holder:

dy=05d + vy~ To hs = 0.01-in Gas gap hetween capsule and heat shield

Outside diameter of nubs on holder

dg = 2121-in (drawing 603522)

Q

d, = 05.d; + B g O'S'doin = o = 0.0032.in  Gas gap hetween capsule and nubs

Rings on holder separate gas zones; contact between heat shield and rings is assumed.
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Calculate gas gaps between capsule and graphite insulator at top of holder,
and between heat shield and graphite insulator at top of holder:

do_m = 2.090-in

dIH = 05d1 ik lli7C

de = ri_hS - O.S'do_m - uo_h = 0.0047-in

- 0'5'd07m U = 0.019:in

Outside diameter of graphite insulator
at top of holder (drawings 630428)

Gas gap hetween capsule and
graphite insulator at top of helder

Gas gap between heat shield and
graphite insulator at top of holder

Calculate gas gaps between capsule and bottom end of holder,
and between heat shield and bottom end of holder:

dy = 1991-in
db = OSdl + ui ¢

d, = 5 ops - O.S-doib R 0.054-in

~ 0.5dg, , = Ug 1, = 0.068-in

Outside diameter of bottom end of
holder (drawing 603521)

Gas gap hetween capsule and
bottom end of holder

Gas gap between heat shield and
bottom end of holder

Calculate gas gaps between holder and specimens, holder and push rods,

and holder and spacers:
dj o= 0.510-in
di_t:: 0.144-1n
doﬁs = 0.491-mn
doﬁr = 0.482-in
doﬁt = 0.125-in

= 0.5-(diic = dois) = 0.0095-in

d = O.S-(d-

5 i o~ dg 4 = 0014-in

Inside diameter of specimen channels
in holder (drawing 603522)

Inside diameter of TC channels in
holder (drawing 603522)

Outside diameter of specimens
(drawing 601501)

Outside diameter of push rods and
spacers (drawing 603523)

Outside diameter of thermocouples
(drawing 603520)

Gas gaps between specimens and holder

Gas gaps between spacer rod and holder,
and push rod and holder
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Gas gap between thermocouples and holder is not known precisely due to the loose fit
between these components; the minimum gap is assumed to be equal to 5% cf the
nominal gap corresponding to the case where the thermocouple is centered (ECAR-2429).

{005 RS By = 0.0005 Y | Minimum and maximum gas gap between
£ 5 "= oogs ™ thermocouples and helder

Gas gap between heat shield and capsule is varied to account for uncertainty in the
location of the heat shield and uncertainty in the gas mixture due to gas leakage
around the rings separating gas zcnes; this gas gap is used to adjust the model in
order to bring into agreement the measured and calculated temperatures.

d,=0.0l-in Nominal gas gap between capsule
and heat shield

0.001
0.002
0.003 Variable gas gaps between capsule and
0.004 | heat shield to account for uncertainties
VI 0005 |
0.006
0.007
0.008

0.009
0.010
0,011
0012 | |
2= s |
0.014
0.015

0.016
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The following table shows the gas gaps between capsule and heat shield in each of five gas
zones during each irradiation cycle; zone elevations are given relative to core mid-plane.

Gas Gap Between HeatShield and

Zone Elevation {inches) Capsule (inches)
Cycle 152B  Cycle152B Cycle152B
Bottom Top Step 1 Step 2 Step 3
-24.36 -16.02 0.009 0.008 0.013
-15.99 -8.02 0.014 0.013 0.012
-7.99 489 0.012 0.012 0.011
8.02 15.09 0.013 0.014 0.012
16.02 25 0.003 0.003 0.003
Gas Gap Between Heat Shield and
Zone Elevation (inches) Capsule (inches)
Cycle 154B  Cycle 154B  Cycle 154B
Bottom Top Stepl Step 2 Step 3
-24.36 -16.02 0.013 0.016 0.016
=1 585 -8.02 0.010 0.011 0.011
<7289 7.99 0.011 0.010 0.009
8.02 15.99 0.011 0.013 0.0132
16.02 25 0.001 0.003 0.003
Gas Gap Between HeatShield and
Zone Elevation (inches) Capsule (inches)
Cycle 155A Cycle 155A Cycle 155A
Bottom Top Step 1 Step 2 Step 3
-24.36 -16.02 0.012 0.014 0.016
~15.85 -8.02 0.012 0.012 0.011
798 798 0011 0.011 0.010
8.02 15.99 0.008 0.008 0.010
16.02 25 0.002 0.002 0.002
Gas Gap Between HeatShield and
Zone Elevation (inches) Capsule (inches)
Cycle 155B  Cycle155B  Cycle 155B
Bottom Top Stepl Step 2 Step 3
-24.36 -16.02 0.016 0.016 0.016
-15.89 -8.02 0.010 0.010 0.010
#7298 4:88 0.009 0.009 0.008
8.02 15.99 0.010 0.011 0.011

16.02 25 0.0005 0.0005 0.002
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Calculate temperature control gas gaps accounting for thermal expansion
of heat shield, holder, and capsule:

1.991
2.032
2.039
dy, = i .in Outside diameter of holder
2.056 sections (drawing 603520)
2.064
2.073
2.081
0.054
0.034
0.03
dg =1 e - 05dp —ug = Wi \in Gas gaps between holder and heat shield
5 2 0.022 after expansion
0.018
0.013
0.009

Include effect of change in diameter of graphite due to irradiation-induced shrinkage.

Effect of neutron fluence on graphite dimensions (INL/EXT-12-26255, Appendix A, 2012):

dpa = f(®) Displacemements per atom as
a function of neutron fluence
B:= 0.00191
AD ) ) . )
— = B.dpa Diameter reduction, obtained from linear

D regression of data on NBG-25 specimens
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Evaluate temperature control gas gaps at 3 dpa (exceeds the highest graphite dpa

during irradiation):

1.991
2032
2.039
2.049
2056 |
2.064
2.073
2,081

0.054
0.034
0.03
0.025
& loo22|
0.018
0.013
0.009

dpa:=3.0

dgl = dg + 0.5-B-dpa-dy =

0.06
0.039
0.036
0.031
0.028
0.024
0.019
0.015

[in

Diameter of holder sections

Gas gaps between holder and heat shield
{unirradiated)

Gas gaps
(irradiated at 3 dpa)
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A.3 Heat transfer coefficients for conduction across gas gaps

Gas gaps (from Appendix A.2):

0.054
0.034
0.03
0.025 | Gas gaps between holder and heat shield at
d. = -1in 5 2 2
g 0.022 various segments of variable diameter holder
0.018
0.013
0.009
dy = 0.0095-in Gas gaps between specimens and holder
d . Gas gaps between spacer rod and helder,
=L and push rod and holder
0.001 0.009
0.002 0.01
0.003 0.011
0.004 0.012
dyp = .in dyo = .in Gas gaps between capsule and heat shield
0.005 0.013
0.006 0.014
0.007 0.015
0.008 0.016
0.0005
dy= -in Gas gaps between holder and thermocouple
0.0185
d,, = 0.0187-in Gas gap between capsule and upper graphite insulator
dy, = 0.0682-in Gas gap between capsule and bottom end of holder
d, = 0.0542-in Gas gap between heat shield and bottom end of holder
d,, = 0.0032-in Gas gap hetween capsule and nubs at bottom end of holder

d, = 0.0047-in Gas gap between heat shield and upper graphite insulator
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Evaluate gas gap conductance using 50% helium 50% argon for all gas gaps
other than temperature control gas gaps:

()

Toas = L 968J F

1652
1820052 m:=0.1 n:=0.7
kSOHeSOAri Q2o - kSOHeSOAri ey —
b, o= h, =| 0588 |- hy =——1 b =|a082 |
it d # 2 b, d b .2
$ 0.694 ) in"hrR b 0.097 ) in"-hrR
Ks0Hes0Ar (0'19) BTU ksomesoAr, 0.836 BTU
by = ———— hy=| 039 | h, = ———— h, =| 176 |———
! p L0_471J in2-hI-R ! dy 2078 in2-h.r-R
KSoHes0Ar, 2653 1.327 0884 0663 0.531 0442 0379 0332 -
hy =————  hy=|5585 2793 1862 1.396 1.117 0931 0798 0.698 |
i,n dvl .2
n 6596 3298 2199 1.649 1319 1.099 0942 0825/ i -hrR
KSHes0Ar, 0.295 0265 0241 0221 0204 019 0177 0166 -
hyy =———  h,=[0621 0559 0508 0465 043 0399 0372 0349 |
i,1 dv2 .2
n 0733 066 06 055 0507 0471 044 0412 ) i IR
k50Hes0AT; 0142 — k50Hes0Ar; 0.568 —
by = ———— iy =| 0299 | by = hg=|1195 |
' m 0.353 in” hr-R ' © 1.411 in*hr-R
k50He50Ar 0.049
i BTU
h, = ————— h_=|0103 | ——
8 d a 2
a 0122 ) m -hrR
Ks0Hes0Ar, 5585 0143 -
by = hy=|11759 0302 |-—
i,m .
by 13.887 0.356 ) in -hrR
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Evaluate temperature control gas gap conductance using various gas mixtures:

1652

[ |
i3=0.:2 ji=0.7 TgaS:L%S JF

Evaluate gas gap conductance using 100% helium:

k 0137 022 0246 0295 0342 042 0563 0808
IOOHe:i BTU
hg- = d_ hg =1 0274 044 0491 0589 0684 0839 1.126 1.616 2—
1.] :
& 0.353 0568 0.633 0759 0882 1.082 1451 2084/ in hrR

Evaluate gas gap conductance using 90% helium 10% argon:

k 011 0177 0198 0237 0275 0338 0453 0.651
90HelOAri BTU
hg- = d— hg = 0222 0357 0399 0478 0555 0681 0914 1312 |-
1,] .2
gj 03 0483 0539 0646 0751 0921 1235 1.774 ) in -hrR
Evaluate gas gap conductance using 80% helium 20% argon:
k 0088 0142 0158 019 0221 0271 0363 0521
80HeZOAri BTU
hg- = d— hg =|0173 0279 0311 0373 0433 0531 0713 1.023 2—
1.] I
gj 0.248 0399 0.445 0534 062 076 1.02 1464 ) m -hrR
Evaluate gas gap conductance using 70% helium 30% argon:
k 0072 0116 0.129 0155 018 022 029 0425
7OHe3OAri BTU
hg_ _:=d— hg= 015 0242 027 0323 0375 046 0618 0.887 |- -
1,] 5
gj 0.198 0319 0356 0427 0495 0608 0815 117 }mn -hrR
Evaluate gas gap conductance using 60% helium 40 argon:
k 0.059 0.095 0.106 0128 0148 0182 0244 035
(SOHe40Ari ( BTU
hg- = d— hg =;0124 02 0223 0268 0311 0381 0512 0735 |-
1,] o2
gj L0.148 0239 0266 0319 0371 0455 061 0.876J in"-hr-R
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Evaluate gas gap conductance using 50% helium 50% argon:
k 0.049 0079 0.088 0105 0122 0.15 0201 0289
SOHeSOAri ( } BTU
hg_ _::d— hg: 0.103 0166 0.185 0222 0258 0316 0424 0.609 2—
1, |
. gj L0.122 019 0219 0262 0304 0373 0501 0.719J in"-hr-R
Evaluate gas gap conductance using 40% helium 60% argon:
k 004 0064 0072 008 01 0123 0165 0237
4OHe6OAri BTU
hg- _::d— hg: 0085 0137 0.153 0183 0213 0261 035 0502 |-
1, .2
! gj 0.094 0152 0169 0203 0235 0289 0.387 0556/ in -hrR
Evaluate gas gap conductance using 30% helium 70% argon:
k3OHe7OAr- 0.032 0052 0.058 0.07 0081 0099 0133 019
hg- _::d—1 hg: 0.069 011 0123 0148 0171 0.21 0.282 0405 %
1,] .
gj 0.078 0126 014 0168 0195 024 0322 0462 ) I -hrR
Evaluate gas gap conductance using 20% helium 80% argon:
k 0.026 0.042 0.047 005 0065 0.08 0107 0154
20HeSOAri ( } BTU
hg_ _::d— hg: 0.055 0.089 0.099 0119 0138 0169 0227 0326 2—
1, ;
! & Lo_osz 01 0112 0134 0156 0191 0.256 0.367J in-hrR
Evaluate gas gap conductance using 10% helium 90% argon:
k 0.021 0033 0.037 0045 0052 0064 0086 0123
10He9OAri BTU
hg- _::d— hg: 0044 0071 0.079 0094 011 0135 0181 02359 |-
1, .2
/ gj 0052 0084 0.094 0113 0131 0161 0216 031 in"-hr-R
Evaluate gas gap conductance using 100% argon:
klOOAr- 00l6 0026 0.029 0035 004 0.05 0067 009
hg- B 3 - hg: 0.034 0.055 0.061 0073 0085 0104 014 020 %
1,] .
gj 0.043 0.069 0.077 0092 0107 0131 0175 0252/ n -hrR
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Evaluate temperature control gas gap conductance including the effect of
irradiation-induced shrinkage of graphite (calculation performed at 3 dpa):

(o]
T 968 |-°F

L2 ji=0.7 gas
1652

Evaluate gas gap conductance using 100% helium:

K] 00He 0.124 0188 0.206 0239 0269 0314 0.388
hg- = d—l hg: 0.248 0375 0.412 0478 0538 0.629 0.776
1,]
glj 0319 0.484 0.531 0616 0693 0.81 1

Evaluate gas gap conductance using 90% helium 10% argon:

k90HelOAri (0.1 0.151 0.166 0192 0217 0253 0312
h =— hg:LO.ZOI 0.305 0.334 0388 0437 051 063

5] S

Evaluate gas gap conductance using 80% helium 20% argon:

kSOHeZOAri 008 0121 0133 0154 0173 0203 025

hg- = d— hg =| 0157 0238 0261 0302 0341 0398 0.491
1,

. glj 0.224 034 0373 0433 0487 057 0.703

Evaluate gas gap conductance using 70% helium 30% argon:

kaeBOAri 0.065 0.099 0.108 0125 0141 0165 0.204

hy = hy =| 0136 0206 0.226 0262 0295 0345 0.426
i,

! gl 0.179 0272 0298 0346 039 0455 0.562

Evaluate gas gap conductance using 60% helium 40% argon:

k60He4OAri 0.054 0081 0.089 0103 0117 0136 0.168

hg. Jess—— hg =| 0.113 0171 0.187 0217 0245 0.286 0353
i,

: gl 0.134 0204 0.223 0259 0292 0341 0.421

Page A19 of AB2

0.49
0.98 BTU
1.263 inz-hr-R
0394]

BTU
0.795 |-
1.075J in”-hr-R
0316

BTU
062 |-
0.888 inz-hr-R
0.257
0.538 |- BIY
0709 in”hr-R
0212

BTU
0.445
0.531 inz-hr-R
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Evaluate gas gap conductance using 50% helium 50% argon:
k 0.044 0.067 0.074 0085 009 0112 0.139 0175
50He5OAri BTU
hg_ _:=d— hg= 0.093 0141 0.155 018 0203 0237 0.292 0369 |- )
1, .
! glj 011 0167 0183 0212 0239 028 0345 0436 ) in -hrR
Evaluate gas gap conductance using 40% helium 60% argon:
k 0.036 0055 006 007 0079 0092 0114 0143
40He6OAri ( ] BTU
hg- _::d— hg: 0077 0117 0128 0148 0167 0195 0241 0304 jo—m—m—
1, .2
4 8l; L0.0SS 0129 0.142 0164 0185 0216 0267 0.337J n”-hr-R
Evaluate gas gap conductance using 30% helium 70% argon:
k 0.029 0044 0.049 0056 0064 0074 0092 0116
3OHe7OAri ( ) BTU
hg- _::d— hg: 0.062 0.094 0103 012 0135 0158 0.194 0.246 |- 3
1, 5
! 8l; Lo.on 0107 0.118 0136 0154 018 0.222 o.sz in"-hr-R
Evaluate gas gap conductance using 20% helium 80% argon:
k 0.024 0.036 0.039 0046 0051 0.06 0074 0094
2OHeSOAri BTU
hg_ _:=d— hg= 005 0076 0.083 009 0109 0127 0157 0198 5
1, .
! glj 0.056 0085 0.094 0109 0122 0143 0176 0223 ) in -hrR
Evaluate gas gap conductance using 10% helium 90% argon:
k 0.019 0029 0.031 0036 0041 0048 0.059 0074
IOHe9OAri ( ] BTU
h, = =———— h,=| 004 006 0066 0077 008 0101 0124 0157 |-—m—m——
8i,j dgq & -
gj 0.047 0.072 0.079 0092 0103 012 0149 0188 ) m -hrR
Evaluate gas gap conductance using 100% argon:
klOOA 0015 0022 0.024 0028 0032 0037 0046 0038
g BTU
hg- N 3 hg: 0.031 0047 0.051 0059 0067 0078 009 0122 2—
1,] .
glj 0.039 0.059 0.064 0074 0084 0098 0121 0153 ) in-hrR
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A.4 Turbulent forced convection in the annulus between capsule
and chopped dummy in-pile tube

Tiplat = 125°F Pl et = 360-psi Primary coolant inlet temperature and pressure
Ap = T7-psi Core pressure drop for 2-pump operation

125
Tem = | 170 |°F Assumed range of film temperature

260

Interpolated thermophysical property values at film temperature:

(0-5'(PH200 + PHzolﬂ

0.0354
Ib
pi= PHzo1 p=1| 0035 =
0.0336 ) 1n
PHzo2
0.5-f¢c +c
( (przoO pﬁHZOl)—‘ 0998
¢p H20 1001 -2
c e =1 1. —
P Ry P bR
. 1.015
p_H20,
' BTU
k= kg0 k=003 | —
1 hr in-R
K 0.033
H20,
0-5'(MH200 + PJHzoJI
0.124
= MH20 =] 0075 e
b ! & b=
0.044
Hﬂzo2
0 1 4,06
Pr:= Pfﬂzol Pr=|232
1.34

Pr
H20,
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Hydrodynamics in the annulus between capsule and chopped dummy in-pile tube:

D= 2.50:in
D, = 2.624-in
Dpy = Do~ Dj Dy = 0.124-in
o 2
Ap= T(DO +Dj) Dy Ap = 0.499-in
Lg = 145:in
in
Vi = 218.7.—
S
(= L Re = 27981
Ho

o= 050 T in

£ |—7 4_10g’_0.27.5
. |_ \_Dhy

f = 0.00717

!

7
Re

)0_9ﬂ_

Ky = 33.554

Outside diameter of capsule
(drawing 630434)

Inside diameter of chopped dummy in-pile tube
(drawing 443027)

Hydraulic diameter of annulus

Flow area of annulus

Length of annulus (Drawings 603520
and 443027)

Flow velocity (initially assumed
due to nonlinear f-Re dependence)

Wall roughness (Perry's Handbook, Table 6-1)

Turbulent Fanning friction factor for rough
tubes (Perry's Handbook, Eq. 6-39)

Maximum loss coefficient for sudden
contraction (Perry's Handbook, Eq. 6-91)

Maximum loss coefficient for sudden

enlargement (Perry's Handbook, Eq. 6-95)

Loss coefficient for pipe friction
(Permry's Handbook, Eq. 6-32)

Page A22 of AB2
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Bernoulli equation (Perry's Handbook, Eq. 6-90):

Vi = __ 2Ap e BT in Checks (equal to velocity
PO'(KC + K, + Kf) £ e assumed in Re)
. _ g 422
Qf =] Vf-Af Qf = 28.4- .
mf = pOVf Hlf = 27914 5
in -hr

Heat transfer coefficient for turbulent forced convection in an annulus:

Colbumn correlation (Perry's Handbook, Eq. 5-50¢, using film
temperature method to account for fluid property variation):

Reynolds number

P Dpy- Ve (27987]

ei =
45670

Nusselt number (applies to both surfaces of annulus):

Nu, := 0.023-(Re- )0'8-(Pr.)0'33 131.858
i L i Nu=
162,196
Nui-ki
ot 329 BTU
" Dy Pl 2
: hrin” R
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A.5 Nuclear heating rates

Heating rates at 20.4 MWV east source power (ECAR-3051 Tables 3 through 9).
A cosine function is used to represent the axial heating prcfile. In some cases,
the heating rates are averaged over azimuthal segments.

Heating rates of stainless steel capsule, averaged over azimuthal segments:

~DH1D 1.92
-23.125 236
22125 277
—21.125 3.15
20,125 3.51
-19.125 3.90
18125 427
17.125 461
-15.125 526
-13.125 583
11125 6.29
9125 6.70
~7.125 7.03
5125 7.26
3125 7.36
1155 | 743 | W
X = 1M D= o —
1.125 oapsule = | 7 45 |"om
3.125 i
5125 7.06
7.125 6.75
9.125 6.35
11.125 586
13.125 530
15.125 462
17.125 3.94
18.125 3.53
19.125 3.08
20.125 2,66
21.125 221
22125 1.74
23.125 136
24125 1.06
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f(x,a,b,c) := a-cos[b-(x + ¢)] Axial heating profile
10
ge=0.05 Inital guess of regression coefficients

q Calculate regression coefficients
capsule

sp == genfil = gt for heating profile
in W
gm
7.505
Sp = 0.057
1.065
Fe(x):=f x,sfo,sfl,sfz) Axial heating profile
W BTU :
PagTsp —— = 3369 —— Peak heating
0 gm 3
hrin’

Plot comparing calculated heating data to heating data fitted to a cosine function:

X
z=—
m

10 T T T
e
g I3 d
§ Yeapsule
j w or 1
B __em
S L =
aal Ff(z)
5] 2r T
am
1 1 1

Axial position (in)
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Heating rates of stainless steel heat shield, averaged over azimuthal segments:

2412
—23.125
—22.125
-21.125
-20.125
-19.125
-18.125
-17.125
-15.125
-13.125
-11.125

-9.125

-7.125

-5125

-3.125

-1.125

1.125
3125
5125
7.125
9.125

11.125

13.125

15125

17.125

18.125

19.125

20.125

21.125

22125

23125

24.125

AGC-3 Experiment

Ushield =

2.58
343
413
4.69
528
589
6.41
6.92
791
878
937
9,98
10.51
10.74
10.96
11.03
11.01
10.78
10.36
9.94
933
8.60
7.74
6.76
571
5.06
4.36
373
307
233
1.81
1.41
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f(x,a,b,c) := a-cos[b-(x + ¢)] Axial heating profile
(o]
g24= LO.OS Inital guess of regression coefficients
)
(% Yhield Calcula“ge regression coefficients
sp = genfi) —, 28gof for heating profile
n W
gm
( 11.162]
sp=| 0.057
L1.228 J
Fe(x) = fx,5¢ 8¢ .5¢ ) Axial heating profile
0 "1 "2
PErSE o 5492-£ Peak heating
0 gm sl

Plot comparing calculated heating data to heating data fitted to a cosine function:

N
Il

X

m

o
a 10 -
= Yshjeld
E W
=

am
ST |
aan Ff(z)
w
=

0 | | 1

-40 -20 0 20 40

z

Axial position (in)
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Heating rates of graphite holder, averaged over azimuthal segments:

2412
—23.125
—22.125
-21.125
—20.125
-15.125
-18.125
-17.125
-15.125
-13.125
-11.125

—9.125

=7.125

-5125

-3.125

-1.125

1.125
3125
5125
7.125
9.125

11.125

13.125

15125

17.125

18.125

19.125

20.125

21.125

22125

23125

24125

Yholder -~

153
201
229
261
293
322
3.53
383
435
482
520
5.53
579
598
6.09
6.16
612
6.01
586
5.60
527
487
4.42
387
3.29
299
261
230
201
166
1.34
1.07

(A
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f(x,a,b,c) := a-cos[b-(x + ¢}] Axial heating prefile
10
g, =005 Inital guess of regression coefficients

Calculate regression coefficients

x  Yholder ] - )
sp == genfit| — ———— o f for heating profile
f=8 in W &s
e m
6.19
sp = 0.056
0.901
Fp(x):= f(x’sfo’sfl’sfz) Axial heating profile
PgSp S 631-£ Peak heating
4 = o

Plot comparing calculated heating data to heating data fitted to a cosine function:

X
z:=—

m

8 T T T

FE

B

7 Uholder O N
e w

PR 1
£

g Fi@ 2r .
D

fan

f]

Axial position (in)
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Heating rates of graphite samples in the center channel, during

the first two cycles of irradiation (152B and 154B):

2412 1.49
—23125 2.03
22125 232
21125 261
20125 29
~19125 3.24
18125 3.49
17125 38
15125 435
~13125 48
11125 5.19
9125 550
7125 5.81
5125 5.97
3125 6.03
1125 | 6.11
X = -1n =
1.125 Gsample ™ | ¢ 1
3125 61
5125 587
7125 562
9.125 5.21
11125 488
13125 44
15125 386
17.125 3.27
18.125 3.02
19125 3.69
20125 2.23
21125 203
22125 1.68
23.125 1.39
24125 11

%=
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f(x,a,b,c) := a-cos[b-(x + ¢}] Axial heating profile
10
g, =]005 Inital guess of regression coefficients

q Calculate regression coefficients
x  Ysample

sp = genfitl —, 28 f for heating profile
in W
gm
6.18
sp = 0.056
0.73
Fp(x) = f(x,sf ET ) Axial heating profile
01 2
W BTU .
qchannel_center = pgsfo_ = 630.—— Peak heatlng

gm

Plot comparing calculated heating data to heating data fitted to a cosine function:

X

Z3
m

8 T T T
-
=]
éﬁ Ysample 6 ]
~— o
3 _m .
&

F
g F2 L -
o
a
1 ] ]

-40 -120 0 20 40

z

Axial position (in)
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Heating rates of graphite samples in channel 1, during

the first two cycles of irradiation (152B and 154B):

2412
23125
—22.125
—-21.125
—20.125
-19.125
-18.125
-17.125
-15.125
-13.125
-11.125

-9.125

=125

-5.125

-3.125

-1.125

1.125
3125
5125
7.125
9.125

11.125

13125

15125

17.125

18125

19.125

20.125

21.125

22125

23125

24125

9sample =

1.65
2:19
2.53
2.89
3.16
3.48
3.84
4.17
4.71
532
5.67
6.04
6.27
6.51
6.63
6.67
6.64
6.58
6.36
6.02
577
532
4.75
4.26
36
3.26
2.94
2.59
219
1.81
1.45
1.15
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f(x,a,b,c) := a-cos[b-(x + ¢)] Axial heating profile
10
ge=0.05 Inital guess of regression coefficients

Calculate regression coefficients

sp == genfil 3, gyt for heating profile
in w
gm
6.733
Sp = 0.056
0.889
Fp(x) = f(x,sp 8¢ .8¢ ) Axial heating profile
01 2
W BTU :
9channel 17 PgS¢, "~ = 686 —— Peak heating
- ¢ gm hr i

Plot comparing calculated heating data to heating data fitted to a cosine function:

X
z= -

b T T T
g
§ Ysample 6 T
< T
-g em 4" N
R
F
= f(Z) o} -
0
fan
o ] ] ]

Axial position (in)
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Heating rates of graphite samples in channel 2, during

the first two cycles of irradiation (152B and 154B):

2412
—23.125
—22.125
—-21.125
—20.125
-19.125
-18.125
-17.125
-15125
-13.125
-11.125

-9.125

-7.125

—5:125

-3.125

-1.125

1.125
3125
5.125
7.125
9125

11.125

13125

15125

17125

18125

19.125

20.125

21.125

22125

23125

24125

9sample =

1.57
214
2.42
2.75
3.07
3.34
3.66
3.97
4.52

5.4
574
6.06
6.14
6.33
6.39
6.28
6.23
6.04
5.83
5.45
5.1
4.56

3.44
3.08
2.76
2.42
214
1.78
1.43
1.11
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f(x,a,b,c):= a-cos[b-(x + ¢)] Axial heating profile

10
gei=|005 Inital guess of regression coefficients

1

Calculate regression coefficients
Sp 1= genfit(i,w,g ,f] for heating profile
n W 5
gm
6.409

sp=| 0.056

0.9
Fe(x) = fx.5¢ ,5¢ .8 Axial heating profile

£(x) £,°5, f2)

Aoharmel 2 = Po'S¢ AL 653-m Peak heating

£ & 1o gm ;

hrin

Plot comparing calculated heating data to heating data fitted to a cosine function:

X
z=—
m

8] T T T
Foetin
B
= Gsample 6 T
£ W
-g em 4" &
<
— F
i(%' f(z) b -
D
s
g ] ] ]

-40 -20 0 20 40

Axial position (in)
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Heating rates of graphite samples in channel 3, during

the first two cycles of irradiation (152B and 154B):

2412
—23.125
—22.125
—21.125
—20.125
-19.125
-18.125
-17.125
-15125
-13.125
-11.125

—9.125

—1.125

-5.125

-3.125

-1.125

1.125
3125
5125
7.125
9125

11.125

13125

15125

17.125

18125

19.125

20.125

21.125

22125

23.125

24125

9sample =

1.42
1.93
2.24
2.54
2.85
3.11
34
3.63
418
4.66
4.99
529
5.51
5.69
5.77
5.81
578
5.7
5.6
5.31
5.01
4.63
4.27
3.73
3.15
2.87
2
2.21
1.94
1.65
1.35
1.07
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f(x,a,b,c):= a-cos[b-(x + ¢)] Axial heating profile
10
g =005 Inital guess of regression coefficients
1
Calculate regression coefficients
sp = genfi ij_qsamPle g ,f] for heating profile
U )
gm
5.884
sp = 0.056
0.907
Fe(x) = fx.5¢ ,5¢ .8 Axial heating profile
£(%) £ f2)
W BTU :
Aehannel 3 = Po-Sp -—— = 599 —— Peak heating
= &1ty gm .3
hrin

Plot comparing calculated heating data to heating data fitted tc a cosine function:

X
z=—

m

8 T T T
F i
B
= Ysample 6 7]
g ~w
-g em 4~ ]
bt
- F
= 12 oF -
s

o 1 1 1

Axial position (in)
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Heating rates of graphite samples in channel 4, during

the first two cycles of irradiation (152B and 154B):

2412
23125
~22:125
-21.125
—20.125
-19.125
-18.125
-17.125
-15.125
-13.125
-11.125

-9.125

—7.125

—5:125

-3.125

-1.125

1.125
3125
5.125
7.125
9.125

11.125

13125

15125

17125

18125

19.125

20.125

21.125

22125

23125

24125

9sample =

138
1.83
212
2.43
2.67
2.99
3.27
3.49
4.0
4.46
479
5.09
538
5.48
5.59
5.63
56
552
54
519
432
4.45
4.04
3.55
3.05
279
236
213
1.89
1.56
1.25
1.04
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f(x,a,b,c) = a-cos[b-(x + ¢)] Axial heating profile
10
gy=0.05 Inital guess of regression coefficients

Calculate regression coefficients

4, y ’
sp = genfi 3, sample golf for heating profile
in w
gm
5.687
sp = 0.056
0.89
Fp(x) = f(x,sp 8¢ .5¢ ) Axial heating prefile
01 2
W BTU .
Gehannel 4 = Pg'Sg — = 579 —— Peak heating
- & gm ;
hr-in

Plot comparing calculated heating data to heating data fitted to a cosine function:

X
e —
in
8 T T T
ooy
5
§ Y5ample 6 7
< T w
-g em A7 =
&
F
= f(Z) 2} ]
0
fam
o 1 ] 1

-40 -120 0 20 40

Axial position (in)
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Heating rates of graphite samples in channel 5, during

the first two cycles of irradiation (152B and 154B):

2412
23125
—22.125
—-21.125
—20.125
-19.125
-18.125
-17.125
-15.125
-13.125
-11.125

-9.125

=125

-5.125

-3.125

-1.125

1.125
3125
5125
7.125
9.125

11.125

13125

15125

17.125

18125

19.125

20.125

21.125

22125

23125

24125

9sample =

1.47
1.95
2.29
2:59
2.86
3.18
3.47
372
4.29
4.71
513
5.52
577
5.84
6.1
6.1
6.14
5.94
5.79
5.54
515
4.83
4.36
38
3.26
2.94
2.59
2.25
2.01
1.63
1.33
1.07




TEM-10200-1

03/01/2012 ENGINEERING CALCULATIONS AND ANALYSIS Page A41 of A62

Rev. 06

Title: As-Run Thermal Analysis of the AGC-3 Experiment

ECAR No.: 3386 Rev. No.: 0 Project No.: 23747 Date: 10/11/2016
ECAR-3386 As-Run Thermal Analysis of the Page A41 of AB2

AGC-3 Experiment

f(x,a,b,c) := a-cos[b-(x + ¢)] Axial heating profile
10
ge=0.05 Inital guess of regression coefficients

Calculate regression coefficients

sp == genfil 3 gyt for heating profile
n W
gm
6.129
Sp = 0.056
0875
Fp(x) = f(x,sp 8¢ .8¢ ) Axial heating profile
01 "2
W BTU :
Achannel 5 = Pg8f, = 624 —— Peak heating
hr.in

Plot comparing calculated heating data to heating data fitted to a cosine function:

X
z= -

b T T T
g
§ Ysample 6 T
< T
-g em 4" N
R
F
= f(Z) o} -
0
fan
o ] ] ]

Axial position (in)
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Heating rates of graphite samples in channel &, during

the first two cycles of irradiation (152B and 154B):

2412
—23.125
—22.125
—-21.125
—20.125
-19.125
-18.125
-17.125
-15125
-13.125
-11.125

-9.125

-7.125

—5:125

-3.125

-1.125

1.125
3125
5.125
7.125
9125

11.125

13125

15125

17125

18125

19.125

20.125

21.125

22125

23125

24125

9sample =

1.6
214
2.44
2.81
316
3.46
377
4.1
47
516
5.64

6.25
6.45
6.6
6.64
6.63
6.48
6.27

5.68
517
4.72
4.18
3.54
322
2.83
2.47
214
1.78
1.44
1.13
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f(x,a,b,c):= a-cos[b-(x + ¢)] Axial heating profile
10
gei=|005 Inital guess of regression coefficients
1
Calculate regression coefficients
Sp 1= genfit(i,w,g ,f] for heating profile
n W 5
gm
6.674
sp=| 0.056
0.903
Fe(x) = fx.5¢ ,5¢ .8 Axial heating profile
£(x) £,°5, f2)
Aoharmel 6= Po'S¢ AL 680-m Peak heating
= & 1o gm ;
hrin

Plot comparing calculated heating data to heating data fitted to a cosine function:

X
z=—
m

8] T T T
Foetin
B
= Gsample 6 T
£ W
-g em 4" &
<
— F
i(%' f(z) b -
D
s
g ] ] ]

-40 -20 0 20 40

Axial position (in)
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The test train was rotated 180 degrees after the first two cycles of irradiation.
Effect of 180 degree test train rotation on the azimuthal

position of the graphite samples (the symbol <-> indicates

that the heating rates in these channels are interchanged):

channel 1 <-> channel 4

channel 2 <-> channel 5

channel 3 <-> channel 6

Peak heating rate of each channel of graphite samples during
the second two cycles of irradiation (155A and 155B):

_ BTU
Yehannel_center == 630 3
hr-in
_ BTU
9ehannel 1= 519 3
hr-n
_ BTU
Yehannel 2 = 624 3
hr-in
_ BTU
Aechannel 3 = 680 3
hrin
_ BTU
Yehannel_4 = 086 3
hr-in
_ BTU
Aehannel 5= 653 3
hrin
BTU

Yehannel 6= 599 3
hr-in
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Heating rates of coolant:

2412
—23.125
—22.125
-21.125
-20.125
-19.125
—18.125
-17.125
-15.125
-13.125
-11.125

-9.125

-7.125

-5.125

-3.125

-1.125

1.125
3125
5125
7.125
9.125

11.125

13.125

15,125

17.125

18.125

19.125

20.125

21.125

22125

23.125

24125

AGC-3 Experiment

Yeoolant =

3.27
412
4.88
5.56
6.24
6.92
7.58
8.23
9.38
10.38
11.24
11.93
12.44
12.85
13.08
1313
1316
12.96
12.57
11.99
11.34
10.47
9.47
8.36
7.11
6.37
563
4.93
4.25
3.55
2.86
222

5=
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f(x,a,b,c) := a-cos[b-(x + ¢)] Axial heating profile
10
g, =] 005 Inital guess of regression coefficients
1
q ) Calculate regression coefficients
[ x Heoolant . -
sp = genfit| —, 8 for heating profile
Lm W
gm
13.315
sp=| 0.056
0.891
Fp(x) = f(x,sf TR ) Axial heating profile
0 "1 "2
sp -E = 730- BTY Peak heating
01 gm

Plot comparing calculated heating data to heating data fitted to a cosine function:

x
Zi= —
in
20 T T T
e
B
=2 Yeoolant 13 N
g ~w
"g em 10~ -
=}
- F
5 B2 4 1
o
an)
] ] ]

-40 =20 0 20 40

z

Axial position (in)
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Calculate average density of thermocouple:

Dy o= 0125-in Outside diameter of thermocouple sheath
Dj 4= 0.093:in Inside diameter of thermocouple sheath
Dige = 0.025-in Diameter of thermocouple wire

™ 2 . )
Blips B oDt Cross sectional area of 2 wires

4

: 3 i Inside diameter of insulation
Dif]‘IlS = ;AW]IE = 0.0354-]11

T 2 2 2 :
Ajheath = :-(Do_tc - Di_tc ) = 0.0055-in’ Cross sectional area of sheath

e B D- 2 T s 1 0_0375.cm2 Cross sectional area of insulation
AlIlS 4 1 te 1 1ns
= £ Density of sheath and wires
Pmetal = 8.4 3 y
cm
PMgO = 5B Density of insulation
3
cm

Density of thermocouple (composite material consisting of inconel sheath,
MgQ insulation, and wires)

Pte =

pmefal'(Asheaﬂl+ ijre) il pNIgO'Ains P
Agheath + Awire T Ains

cm
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Heating rates of thermocouples (average of thermocouples TC-10 and TC-11
spanning an elevation from 18 inches below core to the top of core), during
the first two cycles of irradiation (152B and 154B):

18125 381
17125 576
15125 6.41
13125 718
11125 771
9.125 8.42
7.125 8.60
5125 8.64
3125 9.19
11125 9.08
1.125 9.23
3125 893
5125 | 884 | W

T ogaas |7 Ue™ | g40 [ om
9.125 7.85
11.125 7.18
13.125 6.51
15125 5.65
17.125 482
18.125 432
19.125 3.73
20125 316
21.125 2,60
22125 205
23.125 1.60
24.125 1.27
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f(x,a,b,c) := a-cos[b-(x + ¢)]

10
g =005
1
.
sp 1= genfl i . gg.f
in
gm
9.298
sp=| 0.059
0.596

Fr(x):= f{ x.s¢ .87 .8
£(x) ( 0% fz)

W
1o i= ProSE
ATC profile = Ptc fo gl

AGC-3 Experiment

Axial heating prcfile

Inital guess of regression coefficients

Calculate regression coefficients
for heating profile

Axial heating profile

BTU

= 3198.—— Peak heating
.3
hr.in

Plot comparing calculated heating data to heating data fitted to a cosine function:

N
Il
B

£
3
-
=
T

gl=

es!
- N
o

w

T

Heat load (W/gm)

Axial position (in)
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Ratio of the heating rate of each TC to the heating rate obtained from the heating
profile at an elevation of 18.125 inches above core mid-plane (the location closest
to core-mid-plane at which the TC heating rates can be compared):

415 BT 393 5,51
“fTcol ¢ FECE ATCO7 * FE R
429 361
432 432
427 416
= —— = (.988 = —— = 0.963
TCo3 132 "ATCo9 130
3.84 438
Arens’= T = 9889 Nrop= —— = 1.014
432 432
3.66 426
NTCOS = oy = 0847 NTe11 = —— = 0.986
432 432
4.09 389
ITCos = E = 0.947 Yoo = E =09

Peak heating rate of each TC during the first two cycles of irradiation (152B and 154B):

BTU
a1Co1 = ¥TCO19TC profile = 3072 ATC07 = ¥TC07'ITC. profile = 2909 ——
hr-in hr-in
BTU BTU
4TCO02 = ¥TC02'9TC profile = 3176 4TC08 = YTCO8 ITC _profile = 27—
hrin hr.in
BTU BTU
9TC03 = ¥TC03'9TC profile = 3161 —— 4TC09 = VTC09'ITC profile = 3079
hr-in hr-in
BTU BTU
4TC04 = ¥TCO4'ITC _profile = 2843 —— 4TC10= YTC10°9TC_profile = 3212 ——
hrin hrin
BTU BTU
9TC05 = ¥TC05'4TC _profile = 2709 —— 9TC11 = VT ITC profile = 3153 ——
hr-in hr-in
BTU BTU
4TC06 = ¥TCO6'ITC profile = 3028 —— 47C12 = YTC12°9TC _profile = 2880-——
hrin hrin
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The test train was rotated 180 degrees after the first two cycles of irradiation.

Effect of 180 degree test train rotation on the azimuthal
position of the thermocouples (the symbol <-> indicates
that the heating rates in these channels are interchanged):

TC1<>TC8

TC2<->TC7

TC3<>TC8

TC 4 <-> TC 11

TC5<->TC10

TCO9<->TC12

Peak heating rate of each TC during the second two cycles of irradiation (155A and 155B):

4TCo1 = VTC06'dTC profile = 3028

hr-in

BTU

4TCO02 = NTCOT9TC_profile = 299
hr.in

_ BTU
4TC03 = ¥TCO8™ITC profile = 2672
hr-in’

BTU

4TCO4 ¥~ HTC119TC_profile = 3153 ——
hrn

_ BTU
4TCO5 = ¥TC10°9TC profile = 3242 ——
hr-in’

BTU

4TCO6 = HTCO19TC_profile = 3972
hr.in

_ BTU
4TC07 = VTC02'9TC profile = 3176
hr-in

BTU

4TCO8 = ¥TCO3 4TC_profile = 3161-——
hr.in

_ BTU
4TC09 = YTC12°9TC profile = 288¢——
hr-in’

BTU

4TC10 = ¥TCO59TC_profile = 2709 ——
hr.in

_ BTU

4TC11 = YTC04'9TC profile = 2843 ——
hr-in’

BTU

4TC12 7= ¥TC099TC_profile = 307 ——
hr.in
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Adjust heating profile by splitting into separate profiles below and above core mid-plane.

Nermalized heating prefile obtained by fitting heating data to a cesine function:

P ) = cos[0.056-(x + 0.9)]

norm(*

Integrate normalized heating profile:

255
= J' 1% (x) dx-in = 35.6-in

norm
275
L= 25.5-in — (-27.5-in) = 53-in Length of integral of integration
Bl e 0.671 Ratio of average heating to maximum heating
L

Split into separate profiles below and above core mid-plane:

Pnorm_below(x) = c0s[0.053-(x + 0.9)]

0
Thelow = J' Prom below(¥%) dx-in=19.5-m
—~ 275

P = cos[0.059-(x + 0.9)]

norm_abov e(X):

255
Tabove = J Phom_above(®) dx-in = 16-in
0

Integrate normalized heating profiles to check that total core heating is unchanged:

Thelow + labove = 32.6:in
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Define array of coordinates:
fsi05.024

¢ =24+ 24

Define arrays of normalized heating values:

1:=0.24 Pi=Pom(©
j=0.12 Padjj = Pnormibelow(cj)
k:=13..24

Padjk = Pnonniabove(ck)

Plot symmetric and unsymmetric heating profiles:

Normalized heating

Axial position (in)

As-Run Thermal Analysis of the
AGC-3 Experiment

Page A53 of AB2

Note: The unsymmetric heating profile (blue trace) was shown to improve temperature
calculations in the AGC tests as compared to using the symmetric heating profile (red trace);

see ECAR-2562 and ECAR-2322.
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Heating rates of other components with uniform heating rather than an axial heating profile:

Tungsten at top of center stack and bottom of lower stacks (ECAR-3051 Table 10):

AW bot = 2.71-E Heating rate of tungsten at the bottom
- gm of lower stacks
xp = -2375 Axial position of bottom of lower stacks

Pnormfbelow(xl )

By = ——————==1226 Adjustment to heating profile
Pnorm(xl)
BTU ; ;
BI'PW'qwibot = 3159-—3 Adjusted heating rate
hr-in
AW top = 3.75-£ Heating rate of tungsten at the top
- s of center stack
X5 :=19.25 Axial position of top of center stack

PIlorIrLabov e(XZ)

= 0871 Adjustment to heating profile
Pnorm(XZ)

62 =

62'pW'qW7top - 3] Og.ﬁ Adjusted heating rate

g
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A.6 Source power, gas flows, and DPA

Graphite DPA as a function of irradiation time:

0
51.0 Effective full power days accumulated at the start of
cycles 152B, 154B, 155A and 155B ("Advanced Test
te=| 1044 |-day Reactor Power History Through Cycle 155B-1,"
159:5 Interoffice Memorandum DEH-02-14)

209.4

( ’ )
0.84
Maximum DPA accumulated at the start of each cycle,

DEAz | Lde averaged over the specimen stacks (ECAR-3051 Table 19)
2,72
L3.60 J
T3
0.016
Dlag, g ~ Dhay 0017 | _ :
Bi= —————— = -day DPA accumulated per day in each cycle
1 ; % 0.017
1 1
0.018
. t
time (= —
day
4 I 1 I
3 -
A DPA2F n

| 1 |
0 625 125 1875 250

time

Irradiation time (days)
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DPA at selected days during each cycle is calculated using the DPA rate and EFPD at that day:

21
) ( Effective full power days in cycle 152B at
BEED &= | 88 oy 12/19/2012, 1/03/2013 and 1/17/2013
50
0.35
BO-(EFPD - to) =1 059 DPA
0.82
18.5
Aday = | 36.5 |-day Effective full power days in cycle 154B at
s 09/11/2013, 09/29/2013 and 10/15/2013
69.5
) Total effective full power
EFPD:=t, + Aday = | 87.5 |-day dave
1035
116
Bty + 61-(EFPD - tl) =|1.47 DPA
1.74
18
Aday = | 36 |-day Effective full power days in cycle 155A at
48 12/11/2013, 12/29/2013 and 01/10/2014
122.4
_ _ Total effective full power
EFPD = t, + Aday = | 1404 |-day s
152.4
2.07
Bty + 61-(t2 = tl) + 62-(EFPD = t2) =|239 DPA
2.6
13
] Effective full power days in cycle 155B at
Adays= | 30 -day 02/25/2014, 03/14/2014 and 04/08/2014
46
(172-5] Tetal effective full power
EFPD = t, + Aday = | 1895 |-day days
Lzos.s J
2.95
Bty + 31-(t2 = tl) F 32-(t3 = tz) p 63-(EFPD = t3) =325 DPA

3.53
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East source power and gas flows are obtained from the NDMAS system; spreadsheets
containing data recorded at 10 minute intervals are stored in NDMAS (https://htgrinl. gov);
values given here are for selected days during the cycle and are computed by averaging the

data over the entire day:

Cycle: 152B, Date: 12/19/2012, Power: 20.25 MW, DPA: 0.35
Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:

Temperature control gas:

Cycle: 152B, Date: 1/03/2013, Power: 20.48 MW DPA: 0.59
Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:

Temperature control gas:

Cycle: 152B, Date: 1/17/2013, Power: 20.66 MW DPA: 0.82
Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:

Temperature control gas:

zone 1. 0.501 Ar

zone 2. 0.052 Ar

zone 3: 0.069 Ar

zone 4. 0.201 Ar

zone 5. 0.967 Ar

zone 6: 0.500 Ar

zone 1. 0.464 Ar

zone 2: 0.068 Ar

zone 3: 0.065 Ar

zone 4. 0.168 Ar

zone 5: 0.967 Ar

zone 6: 0.500 Ar

zone 1: 0.328 Ar

zone 2. 0.131 Ar

zone 3. 0.082 Ar

zone 4: 0.188 Ar

zone 5: 0.981 Ar

zone 6: 0.500 Ar

Page AS7 of AB2
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Cycle: 154B, Date: 09/11/2013, Power: 21.13 MW DPA: 1.16

Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:

Temperature control gas:

zone 1: 0211 Ar

zone 2. 0.212 Ar

zone 3. 0.0056 Ar

zone 4: 0.212 Ar

zone 5. 0.915 Ar

zone 6: 0.500 Ar

Cycle: 154B, Date: 09/29/2013, Power: 21.21 MW DPA: 1.47

Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:

Temperature control gas:

zone 1. 0.068 Ar

zone 2. 0.068 Ar

zone 3: 0.0053 Ar

zone 4. 0.0012 Ar

zone 5. 0.801 Ar

zone 6: 0.500 Ar

Cycle: 154B, Date: 10/15/2013, Power: 21.19 MW, DPA: 1.74

Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:

Temperature control gas:

zone 1. 0.068 Ar

zone 2: 0.068 Ar

zone 3: 0.0054 Ar

zone 4: 0.0014 Ar

zone 5. 0.801 Ar

zone 6: 0.500 Ar

Page A58 of AB2
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Cycle: 155A, Date: 12/11/2013, Power: 20.61 MW DPA: 2.07

Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:

Temperature control gas:

zone 1. 0.168 Ar

zone 2: 0.000 Ar

zone 3: 0.0051 Ar

zone 4. 0.768 Ar

zone 5. 1.000 Ar

zone 6: 0.500 Ar

Cycle: 155A, Date: 12/20/2013, Power. 20.67 MW, DPA: 2.39

Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:

Temperature control gas:

zone 1: 0.168 Ar

zone 2: 0.000 Ar

zone 3: 0.0045 Ar

zone 4. 0.775 Ar

zone 5. 1.000 Ar

zone 6. 0.500 Ar

Cycle: 155A, Date: 01/10/2014, Power: 21.19 MW. DPA: 2.60

Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:

Temperature control gas:

zone 1: 0.107 Ar

zone 2. 0.000 Ar

zone 3: 0.0048 Ar

zone 4: 0.575 Ar

zone 5. 1.000 Ar

zone 6. 0.500 Ar

Page A59 of AB2
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Cycle: 155B, Date: 02/25/2014, Power: 21.07 MW, DPA: 2.95

Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:

Temperature control gas:

zone 1: 0.000 Ar

zone 2. 0.016 Ar

zone 3: 0.005 Ar

zone 4: 0.402 Ar

zone 5: 0.999 Ar

zone 6. 0.500 Ar

Cycle: 1558, Date: 03/14/2014, Power: 21.32 MW DPA: 3.25

Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:

Temperature control gas:

zone 1. 0.000 Ar

zone 2. 0.001 Ar

zone 3: 0.005 Ar

zone 4. 0.069 Ar

zone 5. 0.928 Ar

zone 6: 0.483 Ar

Cycle: 155B, Date: 04/08/2014, Power. 21.34 MW, DPA: 3.53

Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:
Temperature control gas:

Temperature control gas:

zone 1. 0.000 Ar

zone 2: 0.000 Ar

zone 3: 0.005 Ar

zone 4. 0.001 Ar

zone 5: 0.721 Ar

zone 6: 0.466 Ar

Page AB0 of AB2
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Adjustments to gas flows:

The control gas in zone 6 (gas between heat shield and capsule, normally set to 50% argon) is

As-Run Thermal Analysis of the

AGC-3 Experiment

assumed to flow into zone 5 (top of test train) and dilute the argon-rich control gas in zone 5
since there is no seal between these zones. The argon gas flow in zone 5 is assumed to be
equal to the average of the argon gas flows in zones 5and 6.

In some cases, the gases in adjacent zones may mix since the seals between zones are not

gas-tight. The gas flow data shows that zone 4 contained a helium-rich mixture during most of

the irradiation except for cycle 155A and the early part of cycle 155B when an argon-rich gas
mixture was used. Since the reactor power and the temperature of the TCs in zone 4 did not
change significantly when an argon-rich mixture was introduced, the argon-rich gas in zone 4
may have been diluted by gas leakage frem the helium-rich gas in zone 3. During cycle 155A
and the early part of cycle 155B, the argon gas flow in zone 4 is assumed to be equal tc the
average of the argon gas flows in zones 3 and 4.

Adjust argon gas flows using the assumptions given above:

Cycle: 152B, Date: 12/19/2012

0.967 + 0.500

Ar =
zone 5 5

=0.734

Cycle: 152B, Date: 1/03/2013

0.967 + 0.500

Ar, =
zone 5 2

= 0734

Cycle: 152B, Date: 1/17/2013

0.981 + 0.500

Ar =
zone 5 5

=074

Cycle: 154B, Date: 09/11/2013

0.915 + 0.500

Ar =
zone 5 2

= 0.708

Cycle: 154B, Date: 09/29/2013

0.801 + 0.500

Ar, =
zone 5 2

= 0651

Cycle: 154B, Date: 10/15/2013

0.801 + 0.500

Ar =
zone 5 5

= 0.651
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Cycle: 155A, Date: 12/11/2013

0.0051 + 0.768

Alyzone 4= =
2

= 0.387
1.000 + 0.500
2

Arzonc_ﬁ &= =0.75

Cycle: 155A, Date: 12/29/2013

0.0045 + 0.775

Arzone;’l = 5 = 0.39
. 1.000 + 0.500
ArZOl1675 = f = 0.75

Cycle: 155A, Date: 01/10/2014

0.0048 + 0.575

Alyone 4= 5 =029
1.000 + 0.500
Arzone_S = f = 0.75

AGC-3 Experiment

Cycle: 155B, Date: 02/25/2014

0.005 + 0.402

Alzone 4= =
2

0.999 + 0.500
)

A"mnc__S o =075

Cycle: 155B, Date: 03/14/2014

0.928 + 0.483

Ar, =
zone 5 >

= 0.705

Cycle: 155B, Date: 04/08/2014

& 0.721 + 0.466

T, = = 0.594
zone_5 >
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Appendix B — Report file containing results of ABAQUS validation

ABQ EXE: a
COMPUTER:

0S: Linux

08 TYPE: 3
tl

bg6l42
service0_ice inl gov

.0.101-0.46-default

Page B1 of B4

ODB: Test-
dictTest [T

Max error:
Maxl:
Abg Max2:

Max error:
Maxl:

1
est-1].Keys: ["Grpl']
NT11-n325
1.20% <========—=
37.3320 Minl: 10.5200 Range:
37.7813 Abg Min2: 10.6362 Range:
NT11l-n281
1.48% <——--———em——
55.1070 Minl: 12.9970 Range:

54.7760 Ab

Min2: 14.2043 Range:

26.8120
27.1451

41.1100
40.571

ODB: Test-
dictTest [T

Max error:
Maxl:
Abg Max2:

Max error:
Maxl:
Abg Max2:

2

est=-2].Keys: ["Grp2', 'Grpl"']
NT15-n61l

1.34% <—=—--—=e—-

37.3320 Minl: 10.5200 Range:

37.7366 Abg Min2: 10.6609% Range:
NT1l-n61

1.54% Cemmmmmm—n=

55.1070 Minl: 12.9970 Range:

S54.7444 Abg Min2:

14.2131 Range:

26.8120
27.0756

41.1100
40.5313

ODB: Test-
dictTest [T

Max error:
Maxl:
Abg MaxZ:

Max error:
Maxl:

3
est-3] .Keys: ["Grpl ']
NT1l-nl30
1.65% d—=——mmee—o
44,5920 Minl: 12.5210 Range:
44.7825 Abg Min2: 12.7270 Range:
MNT11l-n59
1.85% <—-——-———u—-
55.3390 Minl: 14.7770 Range:

55,0396 Abg Min2:

15.0511 Range:

32.0710

40.5620
39.9885
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dictTest[Test-4].Keys:

NT11-n281

00% e

13.7600
NT11-n303

00% -

11.3200
NT11-n325

00% e

4.0000
NT11-n314

00% R ——

8.2700
NT11-n252

00% B

13.1500
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["Grpl"]

13

Tz

7600

3200

.0000

L2700
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Errory O
Ans:
Bripls s
Ans:
Ry L
Ans:
Errors dy
Ans:
oo U
Ans

&

ODB: Test-95

NT12-n62

00% S ——

13.1500
NT11l-n6Z2

00% SRS

13.7600
NT15-n62

00% e

4.0000
NT14-n62

00% S

['Grp3!',

'Grp

11.

13

13.

2ty TETHLl%y

3200

1500

7600

.0000

YEERS

'Grpd "]

Ty L.
Ans:
Errars 4
Ans:
Brnors Q.
Ans:
g
RS
FErior: O
Ans

it

ODB: Test-6

dictTest[Test-6].Keys:

NT11-n533
Mis erions [, 388 esemmase
Maxl: 80.7640
Sy Mawis 80.4%914 Abg
NT11-n803
Mo srrgry 0. 383 "Osmessssess
Maxl: 94 . 5900

Bl Mass

Minl:
94.3007 Abg Min2:

18.
18.
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ODB: Test-7

dictTest[Test-7].Keys:

Error:
Ans:

HEL-e56

-0.1700

["Grpl"]

0.19% L

ODB: Test-8

dictTest[Test-8].Keys:

Frrersy
Ans:

EEToTT
Ans:

HEFL-el1121

0.1710
HEL-e3678

-0.1620

1.74% s

2 2053 e

0.1740

ODB: Test-9

dictTest[Test-9].Keys:

Error:
Ans:

Fesmoms:
Ans:

et oot
Ans:

Error:
Ans:

Errer:
Ans:

Error:
Ans:

FsieTss
Ans:

Error:
Ans:

Error:

NT11-n13

50.0010
NT11-nl7

. 00% S

55.5500
NT11-n328

.20% S~

51.6040
NT11-n38

.05% S

50.0850
NT11-n28

.11% o

50.7010
NT11-nZ18

.01% -

50.0110
NT11-n32

.10% P

50.3060
NT11-n324

.20% e

52.4260
NT11l-n4

.08% - R—

0.01% <

50.0036

55.5500

51.7074

50.1148

50,7550

50.0176

50.3555

5259321
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Ans: 51.0800 Abqg: 51.1006
NT11-n320

Error: 0.16% e

Ans: 53.6890 Abq: 53% 1552

t10

ODB: Test-10

dictTest[Test-10].Keys: ['Grpl']
NT11-n325

Error: 0.15% AT

Ans: 2B T30 Abqg: 216.0345

tll

DDE: Teso=l1

dictTest[Test-11].Keys: ['Grpl']
HEL-e55%
Error: 0.02% e
Ans: -5.5000 Abg: -5.4989
El.2

ODB: Test-12

dictTest[Test-12].Keys: ['Grpl')]
NT11-n336
Error: 0.00% D R S

Ans: 406.6667 Rbqg: 406.6667



