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THERMAL-STRESS ANALYSIS OF A FORT ST. VRAIN 
CORE-SUPPORT BLOCK UNDER ACCIDENT CONDITIONS 

L. M. Carruthers, T. A. Butler, C. A. Anderson 

Los Alamos National Laboratory 
Los Alamos, New Mexico 

ABSTRACT 

A thermoelastic stress analysis of a graphite core 
support block in the Fort St. Vrain High Temperature Gas 
Cooled Reactor is described. The support block is sub
jected to thermal stresses caused by a loss of forced 
circulation accident of the reactor system. Two- and 
three-dimensional finite element models of the core 
support block are analyzed using the ADINAT and ADINA 
codes, and results are given that verify the integrity 
of this structural component under the given accident 
condition. 

INTRODUCTION 

During the cooldown following a loss of forced circulation (LOFC) 
accident in the Fort St. Vrain High-Temperature Gas-Cooled Reactor, thermal 
stresses in the graphite core support blocks (CSBs) could conceivably exceed 
the minimum tensile strength of graphite. Potentially large thermal stresses 
are possible because of the high thermal gradients established across the core 
support structure during the LOFC phase of the accident and during the 
following period when the emergency firewater cooldown (FWCD) system partially 
restores forced circulation. This report summarizes an investigation of the 
thermal stresses experienced by the CSBs during the cooldown period. 

A three-dimensional finite element model of a 60° segment of a CSB was 
developed. The same mesh was used for both the thermal and stress solutions 
and included coolant passages but no other structural details such as the 
keyways and lugs. Results of the three-dimensional model were used to 
establish boundary conditions for a detailed two-dimensional model near a 
keyway in the CSB to determine stress intensities at this geometric 
discontinuity. 

The total analysis included both steady state and transient computa
tions. Loads and boundary conditions for the thermal solutions were obtained 
from data supplied by the Oak Ridge National Laboratory (ORNL) based on com
putations made with the ORECA computer code. [1] 



In the following sections of the report we describe the accident scenario 
and the resulting potential thermal stress problem. We then discuss our ap
proach for quantifying the CSB thermal stresses and the results of our analy
ses. 

ACCIDENT SCENARIO 

The Fort St. Vrain reactor is a high temperature gas-cooled reactor (HTGR) 
employing helium cooling. The reactor core consists of vertical columns of 
graphite blocks divided into 37 fuel regions. Each region nominally consists 
of six fuel columns and one control column and is supported by one CSB. The 
CSBs are loosely keyed together (Fig. 1) to provide uniform gaps of 0.4 to 1.0 
inches between adjacent CSBs depending on the average temperature of the reac
tor. Figure 1 also shows the alternating lugs and keyways (3 of each) on the 
sides of the CSB, and that each CSB is supported on the bottom by three sup
port posts. 

Core heat removal is normally accomplished by the downward flow of the 
helium coolant through the core. At the base of the active core, the gas is 
channeled through the lower reflector columns (Fig. 1) into the six coolant 
channels of the CSB. During an LOFC accident, forced circulation of the heli
um is interrupted. Before it can be restored, heat is transferred within the 
core through conduction in the graphite and by free convection in the helium. 

Fig. 1. Core support arrangement. 



Because the amount of power available in different regions varies signifi
cantly, large temperature gradients are estabished in the support struc
ture. The differences in temperatures between regions is compounded 
because in low power regions free convection of the helium is naturally 
downward, which provides a cooling effect. In high power regions, the 
flow is upward causing the temperatures to rise. 

For the accident scenario considered in this report, forced circu
lation of the helium is partially restored at 90 min. into the LOFC by the 
emergency FWCD system. After the forced circulation begins, some of the 
CSBs initially increase in temperature as heat in the active core is 
forced toward the bottom of the reactor. During this time, the low power 
regions are cooled more rapidly because the helium viscosity is lower and 
the density greater at lower temperatures. This effect accentuates the 
already high temperature differences between the CSBs. Figure 2 illus
trates the helium temperature as a function of time into the accident for 
a typical core region. 

Predictions made at ORNL, using the ORECA computer code, indicate that 
average temperatures of adjacent CSBs may differ by as much as 600°F 
during cooldown following a 90 min. LOFC for the reactor configuration 
operating at a 105% power level [2] (Fig. 3). 

During cooldown heat flow into and out of the CSBs may be put into the 
following categories. 

1. Heat transferred to or from the helium flowing through the 
coolant channels. 

2. Heat transferred to the helium in the bypass gas flow through 
gaps between the CSBs. 

3. Heat transferred into or out of the CSBs by conduction through 
the reflector columns above the CSBs. 

2SO0 

Fig. 2. 
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Fig. 3. Typical CSB temperatures during FWCD. 

4. Heat transferred to adjacent CSBs by conduction at points of 
contact. 

5. Heat transferred to adjacent CSBs by conduction through the 
helium bypass gas. 

6. Heat transferred to adjacent CSBs by radiation. 

Less significant heat is transferred through the core support posts and by 
radiation and convection to the area under the CSBs. 

Because the CSB is such a complex three-dimensional object, we 
determined that it would be necessary to develop three-dimensional finite 
element models to adequately represent the complex heat flow patterns and 
associated stress fields. The finite element computer codes ADINAT [3] 
and ADINA [4] were used to model the heat transfer and thermal stress 
problems. Before the mesh was generated, the CSB geometry was simplified 
to make the structure cyclically symmetric and to eliminate discontinu
ities (such as the keyways and lugs) that could not be adaquately.repre
sented in a reasonably sized three-dimensional model. A substructure 
model, described later in this paper, was used to determine the effect of 
the keyway. To obtain cyclic symmetry we artifically rotated the coolant 
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Fig. 4. Schematic of CSB with simplified geometry for 
three-dimensional model. 

Fig. 5. Mesh for three-dimensional finite element model. 
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hole pattern 10° 56.3' relative to the boundary of the CSB. The 
resulting simplified CSB is shown in Fig. 4. The cyclic symmetry of the 
simplified geometry allowed us to model one 60° segment of the struc
ture. A mesh used for both models is shown in Fig. 5. The mesh is 
composed of 847 node points with 126 20-node isoparametric elements. The 
ADINAT mesh includes an additional 50 8-node isoparametric elements to 
simulate convective boundary heat flow into the coolant channels and lower 
cavity. 

The ADINAT heat transfer model was used to determine temperature 
distributions in the CSB assuming both transient and steady-state 
conditions. The steady-state model was used for preliminary calculations 
and for determining the stress concentration factor at the corner of the 
keyway. For both models, boundary conditions were determined using data 
from the ORECA computer code. 

Figure 6 shows the heat flux histories for one particular CSB for a 
72% power case. Zero time in the figure is at the start of FWCD. This 
CSB is in region 35 and was chosen by ORNL for analysis because it has a 
high temperature and is next to a low power and, therefore, low 
temperature region, maximizing the radial heat flow. Similar heat flux 
histories for the 105% power case are shown in Fig. 7 

Several comments can be made concerning these transients. The heat 
flow into the top of the CSB is initially positive and increases from the 
initial value for a short time before gradually decreasing and eventually 
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Fig. 8. Temperature history of 
coolant gas for 72% 
power. 

Fig. 9. Temperature history of 
coolant gas for 105% 
power. 

becoming negative (heat flow out of block). This phenomenon occurs be
cause, during cooldown, cool helium is introduced at the top of the core 
and cooling proceeds from top to bottom. Also, all of the components 
above the CSB have an order of magnitude more cooling area per unit mass. 
This causes its response to lag behind the adjoining component (lower 
reflector). 

The radial heat flow initially increases because, as explained in 
accident scenario, during FWCD, gradients at first become more severe. As 
time proceeds, these gradients gradually begin to smooth out, decreasing 
the heat flow rate. 

The assumed cyclic symmetry requires that no heat flow through the 
two side boundaries of the model. The remaining boundary condition is 
that of the heat exchanged between the helium gas and the CSB in the 
coolant channels and cavity. In these areas we used the eight node 
convection boundary elements in ADINAT. The gas temperature was assumed 
constant throughout the coolant channels and cavity at each time point, 
but varies with time as predicted by ORECA (Figs. 8 and 9). 

For initial conditions we assumed that the CSB was at a uniform tem
perature at the start of FWCD. Mechanical boundary conditions for the 
ADINA stress model were quite simple. Because of the assumed cyclic 
symmetry, the sides of the model were restricted to move onlv vertically 
and radially. One point on the bottom of the model (Fig. 10) was con
strained in the vertical direction, simulating a support post. 



Material properties used for the PGX graphite for all of our 
analyses, except for one final transient run at each power level (72% and 
105%), are given in Table I. Using these properties, we were able to 
perform linear analyses with ADINAT and nonlinear thermoelastic analyses 
with ADINA. In reality the thermal conductivity is a function of temper
ature [6] (Fig. 11). Note that the values of thermal conductivity given 
in Table I and used for most of our analyses fall below this curve. Be
cause of programming restrictions in ADINAT, we could not use ortho-
tropic and temperature dependent conductivity simultaneously. Therefore, 
we simplified the two curves in Fig. 12 to the single curve in Fig. 13. 
This representation of the thermal conductivity was used for one non
linear run of ADINAT at 72% and one at 105% power level (see Section VI). 
Two curves showing a temperature dependent coefficient of thermal expan
sion are presented in Fig. 11. One curve was used for preliminary 
analyses and the other updated curve for the final analyses at 72% and 
105% power levels. The updated curve is based on the formulas presented 
in Ref. 6. 

TABLE I 
PGX GRAPHITE MATERIALS PROPERTIES USED FOR PRELIMINARY 

CALCULATIONS AND PARAMETER STUDIES 

Thermal conductivity [4] 

Radial 12.3 BTU/h'ft'Op 

Axial 13.9 BTU/h»ft«OF 

Heat capacity [5] 0.4 BTU/lb.op 

Young's modulus [5] 1.0 x 10^ psi 

Poisson's ratio [5] 0.15 

Minimum tensile strength [5] 1160 psi 

Thermal expansion coefficient See Fig. 11 

In reality, PGX graphite has orthotropic stiffness properties. However, 
based on data from Ref. 6, the modulus of elasticity in the radial and axial 
directions are both within 20% of 10^ psi. Again, computer code restric
tions, this time in ADINA, prevented us from using an orthotropic stiffness 
along with a thermoelastic material model. Also, the PGX graphite heat capac
ity varies between 0.35 and 0.43 BTU/lb»°F for the temperature range we 
consider. However, computer code restrictions again prevented us from using a 
temperature dependent value. All of these restrictions have a minimal effect 
on our final results. 



-FREE TO MOVE 
RADIALLY 

as 

T o 

a. 

Z6-

2 4 -

2 2 -

2 

LB 

UB 

L4 

L2 

_« Prelim, analysis 

- « Final analysis 

-FREE TO MOVE 
RADIALLY SUPPORT POST 

—r-
soo 1000 1500 2000 2500 

TEMPERATURE (DEGREES F) 

3000 

Fig. 10. Mechanical boundary conditions 
for ADINA finite element model. 

Fig. 11 Coefficient of expansion 
for PGX graphite. 

u. 
I C 
I 
K 
X 

» 0 0 2000 3000 

TEMPERATURE CF) 

4000 5000 900 1000 1500 2000 2500 

TEMPERATURE (DECREES F) 

3000 

Fig. 12. Average PGX graphite thermal Fig. 13. 
conductivity vs temperature. 

Nonlinear PGX graphite 
thermal conductivity used 
in ADINAT. 



Temperature Maximum principal stress 
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Fig. 14. Temperature and maximum principal stress distribution in CSB 
for preliminary steady state analysis. 

STRESS CONCENTRATION AT KEYWAY 

Because we did not include the keyway in our three-dimensional model, 
we had to determine the stress concentration effects at this location. 
This is particularly important because, for all the following analyses, 
the location with the highest stress is the outer edge of the CSB at the 
keyway. 

To determine the stress concentration at the keyway, we used the 
results of a preliminary steady-state analysis for a 72% power level (Fig. 
14). In the model used for that analysis, only approximate material 
properties and boundary conditions were used so the results should not be 
considered as totally meaningful in an absolute sense. Also, the steady 
state solution overpredicts the resulting stresses. However, the results 
of this analysis can be used in a relative sense to predict a stress 
concentration factor that can be applied to the results of other analyses 
using the three-dimensional model. 

For this study, where only thermal stresses are being considered, a 
fortunate situation exists in that all exterior surfaces of the CSB are in 
a plane stress condition. This means that we can, given the appropriate 
boundary conditions and thermal loads, model any portion of the surface 
with a two-dimensional plane stress finite element model. Figure 15 shows 
the three-dimensional finite element mesh with the shaded region that we 
chose for the keyway study. We will refer to the analytical model of this 
area as the substructure model. Fig. 16 shows the maximum principal 
stress distribution for this portion of the three-dimensional model. 

g 530 
h 637 
i 743 
j 850 



Fig. 15. Region of three-dimensional finite element mesh used for 
substructuring analysis. 

Fig. 16. Maximum principal stress distribution on upper surface of 
three-dimensional model. 



Two different substructure models were analyzed. The first, without a 
keyway (Fig. 17), was used to adjust the boundary convection coefficient to 
obtain a similar temperature distribution as occurs for this region in the 
three-dimensional model. It was also used to check the accuracy of our 
technique by comparing the stress field that it predicts with that predicted 
by the three-dimensional model. Once the correct surface convection boundary 
coefficient was obtained, we applied it to the side of the substructure model 
that included the keyway (Fig. 18). 

To obtain the proper temperature and displacement boundary conditions for 
the substructure models, we mapped the results from the three-dimensional 
model onto the boundary points of the two dimensional substructure mesh. The 
procedure is described in Reference 7. 

No heat f1ow>' 

Convective heat transfer 

Fixed temperatures and 
displacements from 
three-dimen
sional analysis 

No heat flow 

Fig. 17. Mesh and boundary conditions for two-dimensional model 
without keyway. 

Once the substructure mesh and boundary conditions were determined, the 
TSAAS computer code [8] was used to formulate and solve the thermoelastic 
problem. Results for the mesh without the keyway included are shown in Fig. 
19. To obtain a temperature field similar to that in the three-dimensional 
model, we used a boundary convection coefficient of 10.4 BTU/h'ft^-Op 
instead of 12.5 BTU/h'ft"2»0F, which was used in the three-dimensional 
model. The resulting stress field is very similar to that for the three-
dimensional model. Compare Fig. 19 with Fig. 16 and note especially the 
saddle point and the values for the maximum principal stress. 
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Fig. 18. Mesh and boundary conditions for two-dimensional model 
with keyway. 

As a final step we applied the same boundary conditions, including 
the boundary convection coefficient, to the substructure model that in
cludes the keyway. The resulting temperature and stress fields are shown 
in Fig. 20. A more detailed representation of the maximum principal 
stresses near the corner of the keyway is shown in Fig. 21. One parti
cularly noteworthy characteristic of this stress field is the high gradi
ent near the corner of the keyway. The maximum principal stress here is 
1574 psi compared to 867 psi for the model without the keyway. Based on 
these values, we use a stress concentration factor of 1.8 for the remain
der of this report. 

For the 105% power 
shows the radial and ax 
coolant gas temperature 
case, gas becomes consi 
after approximately 140 
240 min. The higher st 
cavity is caused by the 
Except for the thermal 
were used. We used the 

ANALYTICAL RESULTS 

case, we analyzed radial region 19. Figure 7 
ial heat flow rates used for this analysis. The 
history is shown in Fig. 9. Unlike the 72% power 

derably cooler than the average CSB temperature 
min. Figure 22 shows the constant stress lines at 

ress region where the coolant hole enters the 
cool gas flowing at a relatively high rate, 

conductivity, the material properties from Table I 
thermal conductivity given in Fig. 13. 
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Fig. 19. Response of substructured region without keyway. 
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Fig. 20. Response of substructured region with keyway. 
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after start of cooldown for 105% power. 
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Fig. 24. Time history of maximum 
principal stress at keyway 
location for 105% power. 
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Figure 23 shows a comparison of the CSB temperature predicted by ADINAT 
with that predicted by ORECA. This close comparison is attributed to the 
good approximation of the convection coefficient throughout the analysis. 
The time history of the predicted maximum principal stress at the keyway 
location is shown in Fig. 24. Figure 25 shows constant temperature and 
stress lines at 100 min., which is the time that the maximum stress at the 
keyway occurs. If we multiply this stress by the stress concentration 
factor found in the preliminary steady state anaylsis, the resulting 
maximum principal stress is 857 psi. Note that all stresses presented in 
this section are directly from the three-dimensional analysis (no factors 
applied) unless otherwise specified. 
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