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ABSTRACT 

1. 

This report describes the preirradiation thermal analysis of the HRB-22 capsule designed 
for irradiation in the removable beryllium (Rl3) position of the High Flux Isotope Reactor 
(HFIR) at Oak Ridge National laboratory (ORNL). CACA-2 a heavy isotope and fission 

product concentration calculational code for experimental irradiation capsules was used 
to determine time dependant fission power for the fuel compacts. The Heat Engineering 

and Transfer in Nine Geometries (HEATING) computer code, version 7.2, was used to 
solve the steady-state heat conduction problem. The diameters of the graphite fuel body 

that contains the compacts and the primary pressure vessel were selected such that the 
requirements of running the compacts at an average temperature of L 1250 C and not 
exceeding a maximum fuel temperature of 1350 C was met throughout the four cycles of 

irradiation, 

PURPOSE 

The primary purpose of this thermal analysis to make a preirradiation prediction of the in-reactor 
performance of the HRB-22 irradiation capsule. This performance prediction effort will be used to 
complete the capsule design, provide support to the capsule safety analysis and finally to help in the day 
to day operation of the irradiation capsule. 

HRB-22 capsule is designed to irradiate the Japanese fuel compacts (advanced fuel for the HTTR) 
in the HFIR (High Flux Isotope Reactor) at ORNL. The irradiation will be conducted in the Removable 
Beryllium Facility (RB) for four reactor operating cycles. The capsule designdetails, operating conditions, 
fission power, gamma heating and the pre-irradiation the& analysis are documented here. This analysis 

provides a prediction of the thermal and neutronic performance of the capsule and will be used in the day 
to day operation of the capsule. 

2. CAPSULE DESIGN FEATURES 

The design of the HRB-22 capsule consists of a doubly contained, single purge cell with 12 fuel 
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compacts contained in a graphite fuel body. The fuel compacts are annular, with an outside diameter of 

26.05 mm, inside diameter of 10 mm and a height of 39 mm. The compacts will be enclosed in a 
graphite fuel body fabricated from grade 2020 graphite. The outside diameter of the graphite fuel body 
is about 38 mm. Grade 2020 graphite is a fine grain graphite manufactured by Stackpole Carbon 
Company. The axial cross section of the capsule internal design showing, the position of the compacts 
is shown in Figure 1. Compacts one through six are located in the top half of the graphite fuel body and 

are above the reactor axial midplane, with compact six being near the axial midplane. Similarly compacts 

seven through 12 are located below the axial midplane of the reactor core. Compact pairs 1, 12 and 2, 
11, etc., operate under nearly identical conditions of power, flux and temperature because of the 

symmetry. 

The fuel body with fuel compacts will be placed inside a double walled inconel-718 pressure 
vessel. A typical radial cross section of the capsule is shown in Figure 2. The temperature of the 
graphite fuel body will be monitored by thermocouples (TCATs) at axial positions corresponding to 
approximately the axial midpoints of each fuel compact. The radial locations of the thermocouples with 
respect to the fuel compacts are shown in Figure 2. The capsule includes facility for introduction of purge 

gas (helium neon gas mixture). The gap between the graphite fuel body and the inconel pressure vessel 
is filled with flowing helium and neon purge gas mixture. The concentration of neon in helium is adjusted 
to control the temperature drop in the gas gaps. The same gas mixture occupies the gap between the fuel 
compact and the graphite fuel body. The purge gas will also be used to measure the fission gas release 
on-line. 

3. OPERATIONAL REQUIREMENTS 

The capsule shall be irradiated in the RB position of HFIR for a total of four cycles. For 
purposes of this preirradiation thermal analysis, each reactor cycle is assumed to last 22 days to be 
followed by a reactor shutdown period of five days. The desired fuel compact volume average operating 
temperature is 1250 C. The maximum fuel compact operating temperature shall not exceed 1350 C. The 
fuel loading in the compacts is fixed and cannot be used to control the compact power and compact 
operating temperature. The fuel loading in all compacts is the same. Adjustment of the gas gap between 
the graphite fuel body and the primary pressure vessel and adjusting the concentration of neon in helium 
in the gas gap are the only available methods for controlling the operating temperature of individual 
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compacts. Therefore, preirradiation as fabricated gas gaps are extremely important in the thermal 

performance of the capsule during the irradiation. 

4. ASSUMPTIONS 

There are only two assumptions of importance that are required for the analysis of the capsule 
irradiation and thermal performance. They are: 

1, The compact power densities during the irradiation in the RB position of HFIR can be adequately 
described and calculated by the CACA-2 computer code (Ref. 1). 

2. The dimensional change of grade 2020 graphite is adequately described in the plot from Figure 7. 
This plot shows measured data from various experiments in HFTR. The first data point is for a 
fast fluence (0.18 MeV) of about 12 x 165 n/m2. The maximum fluence experienced by the 
graphite fuel body in this experiment is less that 3.3 x ld5 n/m2. A linear dependance of the 
dimensional change from zero fluence to the maximum fluence is assumed. 

5. JUSTIFICATION OF ASSUMPTIONS 

CACA-2 has been successfully used for predicting the irradiation performance of many fuel 
irradiation capsules in HFTR. As an example, the fission power generation in the HRB-21 compacts were 
predicted using CACA-2 and a completely independent analysis method using the measured thermocouple 

temperatures and detailed capsule geometry. The two methods yielded results which are within 5 %  of 
each other for most of the irradiation test (Ref. HRB-21 Final report). 

The database on irradiation induced dimensional'change (Ref. 6) for grade 2020 graphite is 
limited. This is especially true for the temperature dependance of the dimensional change as a function 
of fluence. The only available data is for irradiation at 600 C. The graphite fuel body in the HRB-22 
irradiation capsule operates at temperatures ranging from 500 to 900 C during the test. Using data 
gathered at a temperature of 600 C to predict the performance at a range of temperatures requires 
justification. As a guide to understanding the temperature dependance, the more extensive database on 
H-451 grade graphite dimensional change as a function of fast fluence was consulted. In this case for the 
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range of fluences of interest, the dimensional change at temperatures of 600 and 800 C are nearly the 
same. In addition the shape of the fluence dependance is nearly linear. Based on this information the 

confidence level in using the available data on grade 2020 graphite is high. 

6 .  EXPECTED OPERATING CONDITIONS 

The thermal design of the capsule requires a detailed knowleLge of the geometry and operating 
conditions. The power generation in each component of the capsule as a function of time must be known 
along with the dimensions for the thermal analysis. Power is generated in the compacts by fission and 
by gamma heating. Gamma heating generates power in all the rest of capsule components. 

The power generation by fission in each compact is calculated using CACA-2 computer code 
(Ref. 1). This computer code calculates the compact fission power density as a function time based on 
initial fuel loading, location of the capsule in the reactor, location of the compact in the capsule and the 
assumed reactor operating power. The U-235 and U-238 loadings for each compact were obtained from 

the quality assurance (QA) data package (Ref. 2). A HFIR cycle length of 22 days of operation followed 
by five days of shutdown was assumed in this analysis. The reactor is assumed to operate at 85% of full 
design power of 100 MW(t). The input data set for the CACA-2 analysis is given in Appendix A. This 

data set is annotated for ease of understanding. 

The CACA-2 analysis provides individual compact fission power density as a function of time. 
There is an additional contribution from gamma heating in the compacts. The gamma heating contribution 
to the compact power density ranges from 13 to 22 Wkc depending on the axial position of the compact 
in the capsule. The data for computing the gamma heating values were obtained from Reference 3. The 
fission plus gamma heating power densities for the four cycles of operation in the RB position in HFIR 
are listed in Table 1 and plotted for each compact in Figure 3. 
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Table 1. Time Dependent Power Density of Fuel Compacts 

Please note that the power density is the highest at the beginning of each irradiation cycle. The 

compacts at or near the end of the capsules undergo the greatest change in fission power production 

during a given cycle. The compacts in the middle of the capsule operate at approximately constant power 

throughout the cycle. This behavior is the result of the movement of reactor control blades during each 
cycle. The peak power density in the compacts occurs at the beginning of the second cycle of operation. 

CACA-2 analysis also computes burnup as a function of irradiation time. The calculated burnup 
for individual compacts are shown in Figure 4. The compacts in the center of the capsule (6 and 7) reach 

a burnup of about 9% and the end compacts (1 and 12) accumulate a burnup of 4%. 

The time dependance of fast fluence for individual compacts is shown in Figure 5. The maximum 
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fast fluence (compact 6 and 7) is about 3.14 x loz dm'. The minimum fast fluence is 1.57 x I d s  n/m2 
for compacts 1 and 12. 

7 THERMAL ANALYSIS 

The thermal analysis requires capsule dimensions, operating power history and materials ' behavior 
database. The capsule dimensions were obtained from ORNL drawings X3E0126730220 through 
X3E0126730226. The power densities as a function of time were obtained from the CACA-2 analysis 

described above. The material's database, i. e., thermal conductivities, thermal expansion coefficients, 
irradiation induced changes in dimensions and physical properties along with sources for the database is 

described below. 

8.  CALCULATION INPUT 

This section lists all the input data, including material property correlations, data sources, basic 

capsule dimensions and the actual computer program input files. 

1 Conductivity . .  
The raw data on the thermal conductivity of unirradiated fuel compacts (Ref. 4) was fitted to a second 
order polynomial as follows: 

Where, 

T 

a 
b 
C 

and 
K ,  has units of W/(cm.K) 

Km=a*T2+b*T+C 

is the temperature in degrees Celsius 
1.014E-07 
2.9 19E-04 
0.3896 
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The best fit to raw data on the fast neutron fluence dependence of the thermal conductivity of the fuel 

compact (Ref. 4) is given by: 

Where, 
@t - 
d - 5.3 14E02 

e - 0.2931 

is the fast neutron fluence in units of Ids n/m2 

Fuel Compact T V  
The thermal expansion coefficient of fuel compact (Ref. 4) is 2.45E-06 K-'. 
irradiation does not change the thermal expansion coefficient of the fuel compact. 

It is assumed that 

Fuel C o d  
The best fit to the raw data on irradiation induced dimensional change of the fuel compact (Ref. 4) is 
given by: 

. .  

--f*@tZ+g*@t Ad- 
d 

Where, 

Adld - is the fractional change in the radial dimension 
a t  - is the fast neutron fluence in units of 1P n/m2 
f - 1.740E-03 

- -1.006E-02 g 

Fuel C w  . . .  

(3 1 

The emissivity of the fuel compact is assumed to be 0.9. 
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Thermal conductivity of unirradiated grade 2020 graphite (Ref. 5) along the radial direction of 
the log is shown in Figure 6. The change in the thermal conductivity of irradiated graphite at irradiation 

temperature is given by: 

Thermal conductivity of irradiated graphite at temperature T (K) 

Thermal conductivity of unirradiated graphite at temperature T (K) 

Thermal conductivity of unirradiated graphite at temperature 295 K 
The fractional increase in thermal resistivity due to neutron irradiation as shown 

in Figure 7. 

n of Grade 203.0 Graph& 

The thermal expansion coefficient of grade 2020 graphite in the radial direction (Ref. 5) is 3.2E-06 K-'. 

The thermal expansion coefficient does not change with irradiation. 

de 2020 Guphik 

Irradiation induced dimensional change of grade 2020 graphite is shown in Figure 8 from reference 6. 
The measured data is for fluences greater than 10 x 165 dm2, whereas the need is for data for fluences 
up to 3.14 x 165 dm2. A linear variation of the irradiation induced dimensional change is assumed in 
this analysis. 

Grade 7.020 G W  . . .  

The emissivity of the grade 2020 graphite is assumed to be 0.9. 
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ne1 718 

The thermal expansion of Inconel 718 (Ref. 7) is 14.2E-06 IC' 

9. THERMAL ANALYSIS MODEL 

Steady-state thermal analysis of the capsule was performed using computer code HEATING 7.2. 
This computer code (Ref. 8) is a multidimensional, general purpose heat transfer code. HEATING solves 
steady-state and/or transient problems in one, two or three dimensions. Because of the rotational 

symmetry of the capsule, the problem was solved using R, Z geometry. 

The model of the capsule follows the geometry shown in Figures 1 and 2. In addition, the ends 
of the capsule are also included in the model. Individual fuel compacts are modeled as separate regions, 
with associated power generation rates. Time dependent fission power in the fuel compacts was computed 
using CACA2 computer code for the initial fuel loading. Appropriate gamma heating (Ref. 3) is included 
in all regions, Le., fuel compacts, the graphite fuel body, and the inconel pressure vessel. The 
thermocouples were not modeled in this initial analysis. Addition of the thermocouples in the thermal 
model increases the complexity of the analysis. 

The thermal analysis for the beginning of l i e  (beginning of cycle 1) is based on the initial 

fabricated dimensions of the compact, graphite fuel body and the inconel pressure vessel. As irradiation 
proceeds, the fuel compacts and the graphite fuel body change dimensions due to fast neutron induced 
effects. Both fuel compacts and the graphite fuel body shrink due to fast neutron damage. The shrinkage 

of the compacts and the graphite body changes the gaps. Change in the gap dimensions changes the 
conductance of the gaps, which in turn changes the operating temperature of the compacts. Therefore, 
irradiation induced dimensional changes must be included 
than the beginning of life. 

the thermal analysis for all time points other 

The changes in dimensions are computed using the correlations given above. The results of the 
dimensional changes analysis are shown in Table 1. This table provides the predicted dimensions at the 
beginning and end of all four irradiation cycles. This analysis shows that the dimensional changes during 
the irradiation do not lead to interferences. Both cold gaps and hot gaps between the compact and the 
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graphite fuel body increase with irradiation. Similarly, the gap between the graphite fuel body and the 

primary pressure vessel increases throughout the irradiation. 

The evolution of the gap between the fuel compacts and the graphite fuel body is plotted in 

Figure 9. The cold gap increases from the initial value of 2.0 mils  to -6.5 mils at the end of irradiation 
at all compact positions. Similarly, the evolution of the cold gap between the graphite fuel body and the 
inconel primary pressure vessel is shown in Figure 10. This change is linear, since the 2020 graphite 
dimensional change is a linear function of fast fluence. 

The original design of the capsule included a very low density, low thermal conductivity graphitic 
material plug supporting the fuel compact stack and the graphite fuel body. This plug shields the primary 
pressure vessel bottom end cap from the high temperature fuel compact. Concerns about possible 
shrinkage of the plug material (CARBOND) and subsequent possible relocation of the fuel in the capsule 
resulted in the redesign of the bottom of the capsule. This redesign includes a graphite ring attached to 

the bottom of the graphite fuel body to position the fuel compacts. The new design also includes a 
graphite disk as shown in the Heating 7 models shown in Figures 12, 13 and 14. Four small diameter 
graphite posts will be inserted into the CARBOND insulator plug to provide additional support to the 

graphite fuel body. These plugs were not included in the thermal model. 

The thermal analysis is iterative in nature. An initial set of dimensions are used in the model and 
the thermal analysis is conducted for the start and end of irradiation. Hel idneon mixture is adjusted 
to obtain the desired compact average and maximum operating temperatures. Based on the initial results, 
adjustments are made to the initial dimensions and purge gas gaps and the analysis is repeated until 
satisfactory temperature profiles both at the start and end of irradiation are obtained. The analysis is then 
repeated for all the rest of time points to predict a time history of the compact operating temperatures. 

This iterative thermal analysis showed that initial gap between the graphite fuel body and inconel 
pressure vessel at location of the middle compacts must be very small. The f d  gap chosen is 3.3 mils.  

This gap was used successfully in the earlier irradiation capsule HRB-21. 
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10. RESULTS OF THE THERMAL ANALYSIS 

The results or predictions of the operating temperatures in the fuel compacts at the beginning and 

an axial distribution of the maximum fuel compact temperature (the inner surface of the annular 
compact), 
an axial distribution of the minimum fuel compact temperature (the outer surface of the compact), 
volume average temperature of each compact, 

the corresponding temperature at the location of the thermocouples for each compact, and 
a radial temperature distribution along the midplane of each fuel compact. 

end of each cycle are shown in Figures 11 through 29. These figures include the following: 

a) 

b) 
c) 

d) 
e) 

Please note that the axial positions of the thermocouples do not correspond to the exact axial 

midplane of each compact, because the thermocouple design was for the original fuel compacts which 
were 40 xnm long as compared to the replacement compacts which are 39 mm long. 

Although the thermocouples were not explicitly modeled in this analysis the temperature of the 
node at the location of the thermocouple is shown in these plots. The actual measured temperature at 
these locations may be slightly different due to enhanced gamma heat generation in the thermocouple 
materials. 

The difference in the power production in each compact is the greatest at the beginning of each 
cycle. For example at the beginning of cycle 1 compact 1 power is 49 W/cc as compared to 128 W/cc 
for compact 6.  The axial temperature distribution shows this power variation. At the end of the cycle 
the power production in the compacts away from the axial midplane increase and the axial temperature 

distribution flattens out as seen in these figures. 

The fuel compact operating conditions are within the requirements at all time points except at the 
beginning of cycle 4. Here the calculated maximum fuel temperature is about 50 C higher than the 

allowable value of 1350 C. Since the initial gap between the graphite fuel body and the inconel pressure 

vessel cannot be further reduced, another method must be devised to achieve the same goal. If the reactor 

operating power at the start ofthe fourth cycle can be lowered for a few days, the compact maximum 
temperatures may be kept below the maximum permissible value. To achieve this additional analysis was 
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performed. Acceptable fuel operating temperatures were obtained by reducing the reactor power to 78 
MW(t) for the first four days of cycle 4. The results shown in Figures 26 and 27 represent the lower 
power operation of the HFIR (78 MWt) at the start of cycle 4. This low power operation shall last for 
4 days, at which time the reactor power can be raised to its normal operation conditions of 85 MWt. 

Finally, a typical temperature profile through the compact, graphite fuel body and the pressure vessels 
is shown in three dimensional representation in Figure 30. Here the two pressure vessels are seen fnst, 
followed by the graphite body and finally the fuel compacts. 

One of the safety concerns relates to possible local contact between the primary and secondary 

pressure vessels. This local contact will alter the temperature fields at that location. The concern is that 

the local contact may increase the temperature of the primary pressure vessel beyond design allowable 
value. To understand this problem, a new thermal model in HEATING was formulated. Instead of 
analyzing the eccentricity of the pressure vessels, the gap between the two containments was filled by an 
Inconel region approximately 1 mm wide and running the entire length of the fuel stack. This models a 
small contact region representing a line contact between the pressure vessels. The condition at the end 
of cycle 2 was chosen for the analysis. The results are compared to the case of no contact in Figure 31. 
The contact eliminates the temperature drop across the gap between the pressure vessels and decreases 
the temperature of the inner surface of the primary containment. This is easily understood, since the 
thermal conductivity of inconel is greater than the thermal conductivity of helium in the gap. There are 
no safety concerns with local contact between the pressure vessels. 

Finally temperature distributions of the inside surfaces of the inconel primary and secondary 

pressure vessels are shown in Figure 32. Maximum value of the surface temperature any time during the 

four cycles of test operation is shown along the axial direction of the capsule. The maximum predicted 
temperature of the primary vessel is near 350 C at the axial midpoint. The secondary vessel maximum 
temperature is about 210 C. 
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