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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, IG-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. 

 

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 5.0×1021 neutrons/cm2 

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 
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computed 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. 

 

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 (ºC) 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. 

 

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. 

600

650

700

750

800

850

900

Th
e

rm
o

co
u

p
le

 T
e

m
p

e
ra

tu
re

 (
°C

)

Time

TC-03 measured, cycle 152B

TC-03 measured, cycle 154B

TC-03 measured, cycle 155A

TC-03 measured, cycle 155B

TC-03 calculated



TEM-10200-1 
03/01/2012 
Rev. 06 

ENGINEERING CALCULATIONS AND ANALYSIS Page 16 of 32 

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

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

 
 

 

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 (ºC) 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.” 

 

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. 
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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.odb  Analysis files for cycle 152B step 1 

AGC-3-152B-2.inp, AGC-3-152B-2.f, AGC-3-152B-2.odb  Analysis files for cycle 152B step 2 

AGC-3-152B-3.inp, AGC-3-152B-3.f, AGC-3-152B-3.odb  Analysis files for cycle 152B step 3 

AGC-3-154B-1.inp, AGC-3-154B-1.f, AGC-3-154B-1.odb  Analysis files for cycle 154B step 1 

AGC-3-154B-2.inp, AGC-3-154B-2.f, AGC-3-154B-2.odb  Analysis files for cycle 154B step 2 

AGC-3-154B-3.inp, AGC-3-154B-3.f, AGC-3-154B-3.odb  Analysis files for cycle 154B step 3 

AGC-3-155A-1.inp, AGC-3-155A-1.f, AGC-3-155A-1.odb  Analysis files for cycle 155A step 1 

AGC-3-155A-2.inp, AGC-3-155A-2.f, AGC-3-155A-2.odb  Analysis files for cycle 155A step 2 

AGC-3-155A-3.inp, AGC-3-155A-3.f, AGC-3-155A-3.odb  Analysis files for cycle 155A step 3 

AGC-3-155B-1.inp, AGC-3-155B-1.f, AGC-3-155B-1.odb  Analysis files for cycle 155B step 1 

AGC-3-155B-2.inp, AGC-3-155B-2.f, AGC-3-155B-2.odb  Analysis files for cycle 155B step 2 

AGC-3-155B-3.inp, AGC-3-155B-3.f, AGC-3-155B-3.odb  Analysis files for cycle 155B step 3 
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