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FSV EXPERIENCE IN SUPPORT OF THE GT-MHR: 
REACTOR PHYSICS, FUEL PERFORMANCE, AND GRAPHITE 

A. M. Baxter, D. McEachern, D. L. Hanson and R. E. Vollman 
General Atomics 
P.O. Box 85608 

San Diego, California 92186-9784 

The Fort St. Vrain (FSV) power plant was the most recent operating graphite-moderated, 
helium-cooled nuclear power plant in the United States. Many similarities exist between the FSV 
design and the current design of the GT-MHR. Both designs use graphite as the basic building 
blocks of the core, as structural material, in the reflectors, and as a neutron moderator. Both 
designs use hexagonal fuel elements containing cylindrical fuel rods with coated fuel particles. 
Helium is the coolant and the power densities vary by less than 5%. Since material and geometric 
properties of the GT-MHR core are very similar to the FSV core, it is logical to draw upon the 
FSV experience in support of the GT-MHR design. 

In the Physics area, testing at FSV during the first three cycles of operation has confirmed that 
the calculational models used for the core design were very successful in predicting the core 
nuclear performance from initial cold criticality through power operation and refueling. There was 
excellent agreement between predicted and measured initial core criticality and control rod positions 
during startup. Measured axial flux distributions were within 5% of the predicted value at the 
peak. The isothermal temperature coefficient at zero power was in agreement within 3%, and even 
the calculated temperature defect over the whole operating range for cycle 3 was within 8% of the 
measured defect. 

In the Fuel Performance area, fuel particle coating performance, and fission gas release 
predictions and an overall plateout analysis were performed for decommissioning purposes. A 
comparison between predicted and measured fission gas release histories of Kr-85m and Xe-138 
and a similar comparison with specific circulator plateout data indicated good agreement between 
prediction and measured data. Only 1-131 plateout data was overpredicted, while Cs-137 data was 
underpredicted. 

The FSV experimental graphite design data is also useful in support of the GT-MHR. Graphite 
corrosion experiments and hydrolization of B4C in Reserve Shutdown Pellets produced much 
useful information. The performance of different types of graphite established that H-451 is 
dimensionally more stable than H-327. Additional FSV experience was gained in the development 
of cokes and binder pitch, process parameters, purification techniques and QC methods. 
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1.0 HISTORY OF FSV 

In 1965, with Peach Bottom-1 in the latter stages of construction, General Atomics (GA) 
entered into a contract with Public Service Company of Colorado (PSC) to design and build the 
Fort St. Vrain (FSV) generating station. The FSV reactor was a joint industry/government 
demonstration facility under the Atomic Energy Commission Power Reactor Demonstration 
Program, and was constructed north-east of Denver and operated on PSC's electrical grid. At 
842 MW(t), the FSV power level was nearly eight times larger than that of PB-1 and was to 
demonstrate performance of components for future commercial High Temperature Gas-Cooled 
Reactors (HTGRs). These components included a number of first-of-a-kind HTGR components 
such as the once-through helical coil steam generators with integral reheat, motor driven cable 
drum control rod drives, computer controlled refueling system, prestressed concrete reactor vessel 
with fibrous insulation, steam driven helium circulators with water lubricated bearings (and 
auxiliary water drive), and hexagonal block graphite fuel elements. 

FSV was issued a construction permit in September of 1968, initial criticality was achieved in 
January of 1974, and electricity was first produced in December of 1976. The rise-in-power testing 
program achieved 50% power in 1977. Above 50% power, core outlet temperature fluctuations of 
up to 50°F were observed in certain refueling (flow control) regions. The fluctuations were caused 
by the periodic (5 to 20 minutes) motion of core columns, driven by non-uniform temperatures and 
pressures in the gaps between the core columns. The Nuclear Regulatory Commission (NRC) 
restricted power operation to 70%, until region constraint devices (RCDs) were installed on the top 
layer of the columns to interlock the fuel regions, thereby minimizing the column motion. Test 
data indicates that though the temperature fluctuations were not caused by nuclear instabilities, the 
core nuclear behavior did respond to the column motion and temperature fluctuations. 

With the RCDs eliminating the temperature fluctuations, the plant was accepted by PSC and 
began commercial operation in 1979. Full power operation was reached in 1981, and the facility 
was shutdown in 1989. During its operating history, FSV had a low average availability, in sharp 
contrast to the high availability achieved by its predecessor, the Peach Bottom-1 HTGR. Problems 
associated with the auxiliaries to the water-lubricated bearings for the helium circulators were the 
primary cause of FS V's excessive downtime. In spite of the low availability, the plant provided a 
very valuable technology relevant to future HTGRs; successfully demonstrating the performance of 
several major systems including TRISO coated fuel particles in hexagonal graphite blocks, reactor 
internals, steam generators, fuel handling and helium purification. 

Fort St. Vrain demonstrated that hexagonal block fuel could be manufactured in large quantities 
and operated successfully in a commercial facility of substantial size. The core and fuel performed 
better than expected. Changes in the nuclear industry since FSV toward passively safe core designs 
have lead to changes in the core arrangement but the basic components - hexagonal, graphite fuel 
element, carbonaceous fuel compacts and TRISO coated fissile and fertile particles are still retained 
in the GT-MHR. Measurements made at FSV confirmed the accuracy of the early core nuclear 
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design, core and fuel performance design 
techniques and they served as important 
guides for subsequent improvements in 
designs and design methods now being 
used in the GT-MHR. 

2.0 DESCRIPTION OF FORT 
ST. VRAIN 

The FSV reactor was designed to 
produce 842 MW(t) and 330 MW(e), and 
had many design features similar to the 
Gas-Turbine Modular Helium Reactor 
(GT-MHR), e.g., graphite moderation, 
helium coolant, and very similar designs 
for fuel particles, fuel elements, and control 
rods. The fuel compacts, which were 
inserted into machined blind holes in the 
fuel element, were composed of TRISO-
coated fuel particles (see Figure 1) in a 
carbonaceous matrix. The TRISO coatings 
on the fuel particles had been shown to be a 
highly impervious barrier to radionuclide 
release in irradiation tests. Coolant holes, 
slightly larger in diameter than the fuel 
holes, were drilled in parallel through the 
block to allow the helium to be circulated 
through the fuel element coolant holes and 
remove the heat generated in the fuel. 

The FSV reactor core is composed of 
247 columns of fuel elements, with six fuel 
elements stacked in each column. Figure 2 
shows me locations of the columns in the 
FSV core, surrounded by one row of 
replaceable reflector elements, which are in 
turn surrounded by the permanent reflector 
blocks. Axial reflector blocks are also 
located above and below the core. The core 
columns were grouped into 37 refueling 
regions wim me flow in each region 
controlled by an adjustable inlet flow 
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Figure 1. Fort St. Vrain Fuel Components 

Figure 1. Fort St. Vrain Fuel Components 

Figure 2. FSV Core Plan View 
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control valve at the top of the core to 
maintain a fixed core outlet temperature 
as power changed due to fuel burnup. 
The 37 refueling regions contain five 
or seven columns. About one-sixth of 
the 37 regions were refueled each 
reactor year. The elements in the 
central column of each of the 37 
refueling regions contained two holes 
for insertion of control rod pairs, and 
one hole for insertion of reserve 
shutdown pellets. The control rods 
consisted of pairs of metal-clad 
boronated graphite control rods were 
operated by electric drives and cable 
drums. The reserve shutdown pellets 
were boronated graphite cylinders with 
spherical ends which could be dropped 
into the core to provide an independent 
and diverse reactor shutdown system. 

Figure 3 is a cut-away view of the 
FSV reactor core in a prestressed 
concrete reactor vessel (PCRV), with 
control rods inserted into the top of the 
core. The PCRV acted as a pressure 
vessel, containment, and biological 
shield. The bottom head had 12 
penetrations for the steam generator modules, four penetrations for the helium circulators and a 
large central opening for access. A 3/4 in. thick carbon steel liner anchored to the concrete 
provided a helium-tight membrane. Two independent systems of water-cooled tubes welded to the 
concrete side of the liner and kaowool fibrous insulation of the reactor side of the liner limited the 
temperatures in both the liner and the PCRV. 

The primary coolant circuit was wholly contained within the PCRV with the core and reflectors 
located in the upper part of the cavity, and the steam generators and circulators located in the lower 
part The helium coolant flowed downward through the reactor core and was then directed into the 
reheater, superheater, evaporator, and economizer sections of the 12 steam generators. From the 
steam generators, the helium entered the 4 circulators and was pumped up, around the outside of 
the core support floor and the core barrel before entering the plenum above the core. The 

Figure 3. Isometric View of FSV PCRV, Core and 
Primary System 
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superheated and reheated steam was converted to electricity in a conventional steam cycle power 
conversion turbine-generator system. 

3.0 COMPARISON OF FSV WITH THE GT-MHR 

The design of the FSV core is similar in many respects to the nuclear design of the GT-MHR 
core. Table 1 compares these two designs. Both reactors use TRISO-coated fissile and fertile 
particles which are compared in Table 2. The fuel compacts and blocks and control rods differ in 
only insignificant ways between the two designs, and the power densities are similar. 

TABLE 1 
COMPARISON OF CORE DESIGNS 

FSV GT-MHR 
Reactor power, MW(t) 842 550 
Power density in the core, MW/m3 6.3 6.0 
Columns in the core 247 102 
Fuel elements per column 6 10 
Fuel elements in core 1482 1020 
Core volume, m 3 131.80 91.28 
Core geometry Cylindrical Annular 
Rows of elements in the inner reflector 0 5 
Rows of elements in the core 10 3 
Different radial/azimuthal loadings in core 6 6 
Number of control rods 

Inner reflector N.A. 0 
Core 74 (37 pairs) 12 
Outer reflector 0 24 

Number of shutdown holes in the core 37 12 
Fissile material 93% enriched U 20% enriched U 
Fertile material Thorium Natural uranium 
Avg. loading per element (grams) at time point: BOIC1 BOEC 

Th-232 10738 0 
U-235 + other fissile 486 555 
U-238 + other heavy metal 36 3716 

Average heavy metal enrichment 4.3% 13.0% 
Radial leakage from core 2.0% 10.5% 

1. BOIC = beginning of initial cycle, BOEC = beginning of equilibrium cycle. 
2. FIMA = fissions per initial metal atom, average value for fissile particles. 

TABLE2 
COMPARISON OF FUEL PARTICLE DESIGNS 

Reactor Fort St. Vrain GT-MHR 
Particle 
Kernel 
Diameter (um) 
Enrichment (%) 
Coating 

Fissile-A 
(4Th,U)C2 
100-175 

93 
TRISO 

Fissile-B 
(4Th,U)C2 

175-275 
93 

TRISO 

Fertile-A 
ThC2 

300-410 

TRISO 

Fertile-B 
ThC 2 

410-500 

TRISO 

Fissile 
UCO 
350 
19.9 

TRISO 

Fertile 
UCO 
500 
0.7 

TRISO 
Layer Thickness (um) 

Buffer 
IPyC 
SiC 
OPyC 

45-110 
25 
25 
35 

45-110 
25 
25 
35 

45-65 
25 
25 
35 

45-65 
25 
25 
45 

100 
35 
35 
40 

65 
35 
35 
40 
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Figure 4. GT-MHR Core Plan View 

A principal goal of the 
GT-MHR is to produce a 
passively safe design, one 
which limits the fuel 
temperature during loss of 
forced circulation below the 
threshold of fuel failure. To 
provide this temperature 
limit and maximize core 
power output, an annular 
core (Figure 4) three blocks 
wide and 10 blocks high 
was selected. With this core 
arrangement and a 3-year 
fuel cycle it is possible to 
control the fuel temperatures 
during normal operation by power shaping rather than by flow control as was done for FSV. The 
improved power shaping is accomplished by using a 2 segment core which reduces age peaking 
effects, using fuel of different ages in each column, lightening the fuel loading in fuel holes 
adjacent to the reflector; and lowering axial power perturbations by using control rods only in the 
reflector for power control. 

The FSV fuel cycle used HEU as the fissile material and thorium as the fertile material which is 
the optimum MHR fuel cycle from a resource utilization and economic viewpoint However, the 
nuclear non-proliferation policy now does not allow the use of HEU in commercial fuel cycles in 
the U.S. so, for the GT-MHR, 19.9% enriched uranium was adopted as the fissile material and 
natural uranium replaced thorium as the fertile material to reduce the decay heat and fuel 
temperatures during postulated loss of forced circulation accidents. 

This annular core design (see Figure 4) results in a core radial leakage of about 10.5%, which 
is much greater than the 2% radial leakage of the cylindrical FSV core. The FSV fuel (93% 
enriched uranium fissile material and thorium fertile material) has an average heavy metal 
enrichment of 4.3% at BOIC, whereas the GT-MHR fuel (20% enriched fissile material and natural 
uranium fertile material) has an average heavy metal enrichment of 15.5%. FSV has control rod 
pairs located only in the core, whereas the GT-MHR has individual control rods located in the 
outer reflector (used during power operation) and in the core (used during reactor shutdown). The 
reactor is located in a steel vessel (Figure 5) rather than in a concrete PCRV as in FSV. In spite of 
these differences between the GT-MHR and FSV designs, the similarities make FSV measurement 
data valuable to verify the reactor physics, fuel performance, and graphite technology used in the 
GT-MHR. 
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4.0 REACTOR PHYSICS 

The nuclear physics design of the 
GT-MHR requires the use of 
computational methods which have 
been verified and validated as accurate. 
One means of methods validation is to 
compare calculated results with the 
results of physics experiments 
performed in facilities that are as 
similar as possible to the GT-MHR. 
Because of the design similarities 
between FSV and the GT-MHR, zero-
power and low-power physics tests in 
FSV, and the subsequent analysis of 
power operations, have been used for 
validation of GA's nuclear physics 
computational methods. 

The FSV nuclear calculations 
involved generating multi-group cross 
sections using the GGC code 
(Ref. 1), based primarily on the 
ENDF/B-4 nuclear data set, with 
special evaluations carried out at GA 
for nuclides of particular interest to HTGRs, such as Th-232, Pa-233, U-233, and C-12. Special 
calculational techniques were developed to account for flux self-shielding due to fuel particles, as 
well as fuel rods, in the generation of microscopic cross sections. These cross sections were used 
to perform transport theory calculations in one-dimension, using the DTFX code; and in two 
dimensions, using the TWOTRAN code, to obtain multi-group self-shielding factors for the 
control rods, and for burnable poison rods inserted in FSV. Design of FSV was performed using 
one and two-dimensional diffusion theory. One-dimensional diffusion theory calculations were 
performed in the axial direction using the FEVER code. Two-dimensional diffusion theory 
calculations were primarily performed in hexagonal geometry (GAUGE), though triangular 
geometry (BUGTRI) and R-Z geometry (BUGRZ) were used to confirm the GAUGE results. 3-D 
calculations in Hex-Z geometry using the GATT code were also used to confirm the FSV design, 
and to follow the burnup of the as-built core. These calculations also helped confirm the accuracy 
of the follow-on 3D burnup code, DIF3D, now used routinely for GT-MHR nuclear analysis. The 
nuclear codes are described in Reference 1. 

Before power operation and core activation of FSV, a series of zero-power measurements was 
performed with air in the core using temporary in-core instrumentation including high-sensitivity 
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BF3 detectors in the core used for pulsed neutron source measurements and axial flux distribution 
measurements, a low-strength neutron source in die core, and a manually positioned electronic 
pulsed neutron source for subcriticality reactivity measurements. For all the rise-to-power and 
at-power physics tests in FSV, the test data were obtained using an analog reactivity computer with 
input from the average of three wide-range nuclear detector systems located symmetrically in the 
side of the PCRV at die core midplane (see Figure 2). A data logger computer recorded all the 
pertinent reactor parameters during the tests, such as the neutron detector readings, core inlet and 
outlet helium temperatures, total helium flow rate, region orifice positions, control rod locations, 
reactor power level, etc. 

Zero-power experiments included measurements of core reactivity, control rod worths, axial 
power distribution, and isothermal temperature coefficient. Pulsed neutron measurements prior to 
initial criticality indicated that the maximum worth control rods were located in regions 30 and 31 
(see Figure 2). The results of the measurements for the core shutdown margin with all control 
rods inserted and with these maximum worth rods withdrawn are given in Table 3. The results of 
die control.rod worth measurements, when withdrawn in die normal sequence, are given in 
Table 4. The excellent agreement between the measured and calculated values in these tables 
indicate that the reactor subcriticality and control rod worths can be calculated accurately. 

TABLE3 
COMPARISON OF MEASURED AND CALCULATED 

SHUTDOWN MARGINS AT BEGINNING OF INITIAL CYCLE 

Case 

Shutdown Margin (Ap) 

Case 
Calculated 

R-Z Geometry Measured 
All rods in 
Rods30(or31)out ( , ) 

Rods 30 and 31 Out(,) 

-0.109 
-0.059 
-0.017 

-0.106 ±0.011 
-0.064 ± 0.007 
-0.019 ± 0.003 

See Fig. 2 for rod (region) location). 

TABLE4 
COMPARISON OF MEASURED AND CALCUALTED CONTROL ROD 

REACTIVITY WORTHS AT BEGINNING OF INITIAL CYCLE 

Rod Group as 
Withdrawn in 

Sequence 

Rods 
Comprising 

Group'" 

Rod Worth (Ap) 
Rod Group as 
Withdrawn in 

Sequence 

Rods 
Comprising 

Group'" 

Calculated 
X-Y Geometry 

Calculated 
R-Z Geometry Measured 

Rod Group as 
Withdrawn in 

Sequence 

Rods 
Comprising 

Group'" Group Cumulative Group Cumulative Group Cumulative 
3C 
2A 
4B 

1 [to 2.92 m (115 in.)] 
4F 

10,14,18 
2,4,6 

21,27,35 
1 

25.31,37 

0.039 
0.035 
0.009 
0.010 
0.009 

0.039 
0.074 
0.083 
0.093 
0.102 

0.042 
0.038 
0.008 
0.008 
0.009 

0.042 
0.080 
0.088 
0.096 
0.105 

0.040 ± 0.006 
0.040 ± 0.004 
0.008 ± 0.001 
0.007 ± 0.001 
0.008 ± 0.001 

0.040 ± 0.006 
0.080 ± 0.009 
0.095 ± 0.010 
0.095 ± 0.010 
0.103 ± 0.011 

'"See Figure 2 for rod (region) location. 

The initial criticality was achieved with 12 control rods fully wimdrawn and me central control 
rod withdrawn 3.1 m (122.8 in.). This position is only 0.003 Ak from a 2D diffusion theory 
triangular mesh calculation, and only 0.001 Ak from a 3-D diffusion theory hex-Z calculation using 
the as-built loadings. 
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Figure 6. Axial Flux Distribution for a Partially Rodded Region 

Axial flux distributions 
were measured using mov
able BF 3 detectors in the 
reserve shutdown holes in 
the cold, clean, beginning of 
life, critical configuration at 
a core power of less than 
one watt. The regions mea
sured included those that are 
unrodded, fully rodded, 
partially rodded, and adja
cent to regions that were 
partially rodded. 3-D dif
fusion theory hex-Z calcula
tions were used to calculate 
the axial power distributions 
in the regions that were 
measured. The agreement 
between the measured and 
calculated distributions was 
within 10% for all regions. The measured distributions had a tendency to be a few percent higher 
than the calculations in the lower part of the core, though this was still considered to be in good 
agreement. The largest discrepancy between the measured and calculated axial flux distribution was 
expected to be in a partially rodded region, yet acceptable agreement was obtained here as well 
(Figure 6). 

The isothermal temperature coefficient was then measured as the core was slowly heated in 
helium to about 148°C (300°F). The reactor power during this test was less than 100 watts. The 

central control rod was 
moved to maintain criti-
cality during the heating. 
The measured values of 
the isothermal tempera
ture coefficient at BOIC, 
and its integral, the tem
perature defect, were 
within about 3% of the 
calculated values (Fig
ure 7). The temperature 
defect with fission 
products present was 
measured at the start of 
later cycles, and these 
measurements were also 
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calculations. For example, the 
measured temperature defect at 
the start of cycle 3 was within 
8% of the calculated value 
(Figure 8). The uncertainty in 
the measured values of the 
temperature defect are estimated 
to be about 5%, due to 
uncertainties in the control 
rod calibration measurements, 
uncertainties in the temperature 
measurements, and uncertainties 
in the corrections made for other 
reactivity changes such as those 
due to Xe-135. 

During the initial rise to 
power, measurements were 
made of the reactivity changes 
resulting from Xe-135 buildup 
and decay for comparison with 
predicted changes. The mea
sured reactivity effect of Xe-135 
buildup is shown in Figure 9, in 
comparison to the calculated 
values. The agreement between 
the calculated reactivity worth of 
Xe-135 and the measured worth 
is generally within the mea
surement uncertainty. 
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Figure 8. Cycle 3 Temperature Defect as a Function of 
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Figure 9. Xenon Buildup at 26% Power 
Measurements of the radial 

power distribution at power 
were also performed. This was done by measuring the steady-state coolant temperature rise across 
each region, and inferring the helium flow through each region based on the orifice valve positions 
and circulator helium flow rate. Based on this data, the region powers were calculated by 
performing a heat balance calculation for each region. The resulting region power peaking factor 
were generally within 10% of calculated values with the exception of reflector interface where 
region support blocks where temperature measurements were largest due to colder core bypass 
flow entered the thermocoupler assembly. 
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The above FSV measurement data for core reactivity, control rod worths, and temperature 
defect confirms the use of GA's nuclear physics computational methods (ENDF/B processing 
codes, shielding factors from transport theory, and use of 1-D, 2-D, and 3-D diffusion theory) for 
design and analysis of the GT-MHR. The experience with FSV also confirmed that the nuclear 
physics of an MHTGR can be correctly understood using current nuclear theory, i.e., there are no 
surprises in MHTGR physics such as unexpected power distributions, power oscillations or 
transients. It also confirms the design approach taken, namely to perform routine nuclear 
calculations using multiple energy groups (> 5%), and detailed geometric models. The excellent 
agreement between calculations and measurements also helped identify problems when later 
ENDF/B cross section data sets were used in design calculations. 

A more detailed discussion of the comparison between calculations and measurements in FSV 
is given in Ref. 2. 

5.0 FUEL PERFORMANCE 

Experience with fuel design, development and manufacture for FSV provided the basis for the 
fuel technology used in the GT-MHR and guided fruitful areas for subsequent fuel quality and 
performance improvements. For FSV, 2448 hexagonal fuel elements, 7.1 million fuel compacts 
and 26,600 Kg of fissile and fertile material in TRISOcoated fuel particles were produced. 
Performance of the FSV fuel exceeded predictions. It was irradiated at temperatures greater than 
1300°C to a maximum burnup in the fissile particles of 16% fissions in initial metal atoms and to a 
maximum fast neutron fluence of 4.5 x 1025 n/m2 with no evidence of significant coating failure. 

The fuel in the FSV and GT-MHR are both based on the use of TRISO coatings to contain the 
fission produces. Two-particle fuel systems are used in both reactors, one fissile particle, 
containing all of the fissile and some of the fertile material, and another particle containing only 
fertile material. Table 2 compares the design of the particles in the two reactor concepts. 

FSV's Prestressed Concrete Pressure Vessel (PCRV) with doubly-contained penetrations 
presented an effective secondary containment enabling the licensing FSV with the as-manufactured 
and in-core performance shown in Table 5. For the Low Pressure Vented Containment (LPVC) of 
the GT-MHR FSV fuel technology is still satisfactory. However, the desire to reduce further 
releases, to meet U.S. Environmental Protection Agency Protective Action Guides (EPA PAGs), 
and to provide suitable operations and maintenance environment for the GT-MHR, new fuel 
quality and performance limits shown in Table 5 were adopted. While maintaining the basic FSV 
fuel designs and manufacturing processes, these performance improvements will be achieved by 
use of new kernel materials, more conservative coating designs and by fuel manufacturing 
improvements. The GT-MHR particle designs are compared to the FSV particle designs in 
Table 2. 
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TABLE 5 
COMPARISON OF FUEL AS-MANUFACTURED 

QUALITY AND PERFORMANCE REQUIREMENTS 

Reactor Plant 

As-Manufactured Quality 

In-Service 
Coating Failure Reactor Plant 

Heavy Metal 
Contamination 

SiC Defect 
Fraction 

In-Service 
Coating Failure 

Fort St. Vrain 

GT-MHR 

1 x 10-4 

1 x 10 s 

3 x 10 3 

5 x 10 5 

8 x 10 3 

5 x 10"5 

The FSV kernel materials were fissile (Th/U)C2 and fertile ThC2. The grind-screen-melt 
process used to manufacture FSV kernels produced a wide diameter distribution which were 
separated by screening into two size ranges, smaller "A" and larger "B" diameters, to a batch of 
kernels with a narrow enough diameter distribution to coat uniformly. This technique produced 
particles with a distribution of metal densities needed to the fissile and fertile loadings used to 
shape the reactor power and simultaneously maintain uniform volume in each compact. For the 
GT-MHR a liquid gelation manufacturing process has greatly improved kernel diameter control and 
uniformity which enables particles of nearly identical size to be made. In the GT-MHR a graphite 
shim particle is used to achieve the variation in compact metal loading. 

The FSV carbide kernels were susceptible to hydrolysis, kernel migration and the carbide 
kernels did not retain the lanmanide fission products which when released from the kernel could 
react with the IPyC and the SiC coating layers. To reduce hydrolysis, to slow kernel migration, to 
retain lanthanides in the kernel, and to allow the use of liquid kernel formation processes, a 
uranium dioxide kernel buffered with uranium carbide was adopted. The kernel is a mixture of 
U 0 2 with UC 2 known as uranium oxycarbide (UCO) (Refs. 3,4). 

Improved coating techniques have been identified which reduce the SiC defects created during 
coating and tabling. Liquid elutriation of coated particles have further improved particle quality by 
removing of defective particles from the product. Changes in compact manufacturing now under 
development are expected to reduce significantly coating damage during formation and reduce the 
level of impurities in the compacts. With the successful development and implementation of these 
improvements, the as-manufactured heavy metal contamination specifications needed to achieve the 
GT-MHR fuel specification will be achieved. 

FSV provided invaluable fuel performance, fission product release and plateout (deposition of 
fission products) data that have been used for verification of the fuel performance and fission 
product transport methods. The experience gained from the comparison of the FSV measured and 
predicted fission product release and plateout is directly applicable to the fuel performance 
assessment of the GT-MHR because of the similarities in the core design, particularly the TRISO 
particle coatings and fuel element designs. The effect of differences in the fuel kernel composition 
can be estimated by using the performance models for the pertinent fuel type, and the effect of 
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differences in the primary circuit components (gas turbine instead of steam generator, etc.) can be 
estimated by revising the plateout model for differences in configuration, material and flow 
conditions. 

Typically, the two dominant sources of fission product release from the core are 
as-manufactured, heavy-metal contamination, (i.e., heavy metal outside die coated particles) and 
particles whose coatings fail in service. The models for calculating fuel coating particle failure and 
fission product release and transport for the GT-MHR are included in the GA reference fuel 
performance computer codes SURVEY (Ref. 5), TRAFIC (Ref. 6), and PADLOC (Ref. 7). 
These codes have been used to estimate the fuel performance, radionuclide inventory of the 
circulating coolant helium, fission product source terms, and plateout distribution analysis for FSV 
over the entire operating life of the plant (Ref. 8), and the measured results compared to these 
calculational estimates. 

The SURVEY code was used to predict the full-core fuel and graphite temperature 
distributions, fuel particle coating failure distributions, and the full-core gas release rates as a 
function of time. Using die calculated fuel temperature histories, burnup and fast fluence histories, 
and fuel performance models, die fuel particle failures were calculated as a function of time. The 
gaseous fission product releases were calculated for the two key isotopes Kr-85m and Xe-138 and 
predictions were compared with measurements taken as part of the FSV radiochemistry 
surveillance program. 

A comparison was made between the predicted and measured fission gas release histories of 
Kr-85m and Xe-138, as shown in Figures 10 and 11. This comparison shows that the Kr-85m 
measured data were overpredicted by a factor between 2 and 4 after cycle 2. The agreement 
between the predicted and measured Xe-138 release was slightly better than for Kr-85m release. 
Conservatism in the fission gas release predictions is most likely a result of conservative treatment 
of coating failure models and, to a lesser degree, to the conservatism in fuel temperature 
calculations. Detailed thermal analysis of partially buffered fuel elements adjacent to the side 
reflector indicated that the predicted intercolumn power tilts in such fuel elements can be 
overpredicted by die nuclear models available when die FSV core and reloads were designed. This 
results in significant overestimates of fuel and graphite temperatures in the elements adjacent to me 
side reflector. This has a more pronounced effect on the cesium release. Nevertheless, the 
agreement between the fission gas predictions and the measured data is well within the factor of 4 
margin which is the required predictive accuracy for HTGR fission gas release calculations. Also 
included in Figures 10 and 11 are the FSV FSAR (Ref. 9) "Expected" (allowable) values which 
indicate that both the Kr-85m and Xe-138 releases were well below the "Expected" values. 

The TRAFIC computer code is used to predict the release of fission product metals from the 
core during normal operating conditions. The analysis was performed for the key nuclides Sr-90 
and Cs-137. The metallic radionuclide release rates from TRAFIC serve as source terms for 
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Figure 10. Comparison of FSV Predicted and Measured Kr-85m Release 

1600 1B00 

OPERATING TIME, DAYS 

Figure 11. Comparison of FSV Predicted and Measured Xe-138 Release 
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PADLOC, which is used to calculate plateout distributions of fission metals in the primary coolant 
circuit 

The FSV plateout data was obtained from the plateout probe measurements and the 
radiochemical analysis of a circulator removed after reactor operation. Two plateout probes, one in 
each steam generator loop, were designed to monitor vapor and aerosol-borne metallic fission 
products released from the reactor core. Samples of the fission products in the coolant were drawn 
into the plateout monitor. Condensable fission products and particulates were deposited from a 
laminar flow stream on surfaces of the metal tubes in the probes. Probes were removed after 
cycle 3 and at the end of FSV operations and the accumulated radionuclide inventories were 
analyzed. The plateout probes were inserted through nozzles in the PCRV and into a penetration 
through the wall of the steam generator. Each probe withdrew one sample stream from the inlet to 
the steam generator and a second sample stream from the coolant in the lower plenum prior return 
to the core inlet 

The activities of metallic fission products (Sr-90, Cs-134 and Cs-137) released from the core, 
and in the primary circuit at end of life (EOL) have been estimated from the inventory of 
radionuclides in the first two probes removed from the FSV circuit. The measured primary circuit 
inventories are presented in the following table, along with the inventories calculated by TRAFIC. 
The FSV FSAR "Expected" (allowable) plateout inventory levels are also listed. TRAFIC 
predictions of the metallic fission product inventories for the three isotopes are in reasonable 
agreement with measurements and consistently conservative. 

The EOL Sr-90 predicted plateout distributions for the FSV primary circuit components are 
presented in Figure 12, which also shows the predicted and measured activities for the circulator 
C2105 which had been in service since the beginning of cycle 3 and which remained in service for 
450 effective full power days (EFPDs). The C2105 circulator was removed when the reactor was 
shut down on July 5, 1988 and radiochemically examined at GA. Considering the required 
accuracy expected in HTGR fission metal release calculations and the additional uncertainties in the 
plateout distribution calculations (e.g. sorption isotherms), the agreement between the predicted 
and measured plateout activities for the circulator C2105 is quite good. As shown in Figure 12, 
good agreement was obtained for Sr-90 plateout, for which the data were overpredicted by a factor 
of 1.8. This good agreement reflects the good agreement with the data for the main source (the 
precursor Kr-90 decay). However, the Cs-137 data were underpredicted by a factor of 1.4, while 
the Cs-134 data were overpredicted by a factor of 2.0. The 1-131 predictions were higher than 
measurements by a factor of three. 

Based upon the measurements available from the plateout probes, the amount of Sr-90 
available for plateout may be high by approximately 40 percent, primarily due to overestimate of 
the amount of its gaseous precursor. The Sr-90 higher-than-measured estimate is consistent with 
the overprediction in the C2105 circulator analysis. Predicted Cs-134 was high by a factor of 3 
based upon plateout probe data: this is consistent with the overprediction by a factor of 2 in the 
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Figure 12. Sr-90 Predicted Plateout Profiles and C2105 Data as of July 5,1988 

C2105 circulator analysis. Based upon data from the plateout probes, the Cs-137 prediction was 
high by a factor of 1.6. 

In general, the fission product release predictions are in good agreement with the 
measurements. All predictions fall well within the design goals of predicting gaseous release 
within a factor of four and metallic release within a factor of ten. Both the fission gas release 
predictions and measurements are lower than the "Expected" (allowable) values given in the FSV 
FSAR. Based upon measurements from the plateout probes, and compared with data from the 
C2105 circulator and with predictions of fission product inventories in the primary circuit at the 
end of life during cycle 4, the fission product inventories are significantly lower than the FSV 
FSAR "Expected" values. Thus, in spite of the highly irregular operating history of the FSV plant, 
good fuel performance has been measured, and this performance is predictable by the GA reference 
fuel performance methods. 

6.0 GRAPHITE COMPONENT EXPERIENCE 

The moderator blocks in the GT-MHR are made of solid billets of graphite which maintain the 
fuel and moderator in the prescribed geometric relationship throughout reactor operation and 
postulated transients, contain the fuel compacts in a structural vessel, allow routine removal and 
replacement of the fuel and reflector blocks in well defined containers, and allow convenient 
handling of fuel elements before and after refueling for temporary or permanent storage. The high 
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temperature structural capability of these graphite elements makes them ideally suited for service in 
the core operational environment and postulated loss of primary coolant flow safety transients 
required to be met by Federal Nuclear Regulatory Safety Requirements. These graphites must also 
have low concentrations of high nuclear cross-section impurities and low concentrations of 
catalytic impurities which accelerate chemical reaction with primary coolant impurities. 

The experience gained in the design and operation of graphite components used in the FSV 
reactor core was exceptionally useful in the design of follow-on reactors including the GT-MHR. 
The major areas where experience impacted the design of the GT-MHR are: (1) graphite billet 
production and machining, (2) graphite material- behavior, (3) development of graphite component 
design criteria, and (4) reactor core operational experience. These four areas of FSV experience 
are described in the following subsections. 

6.1 Graphite Billet Production and Machining 

The size of fuel and reflector elements for the FSV reactor core were optimized and 
standardized to accommodate refueling. The billets required to make the fuel and reflector elements 
are 17 in. in diameter and 33 in. long. Billets of this size and much larger were being manufactured 
as electrodes and casting molds for the steel and aluminum industries. However, the purity and 
strength requirements for nuclear application could not be met with an off-the-shelf product, so the 
process was modified to produce a graphite that met more stringent nuclear requirements. 
Quantities of billets needed were large enough that the cost of graphite was a significant fraction of 
fuel cycle cost. Thus, a process was chosen that met nuclear requirements at minimum cost. 

To meet die purity requirements low boron raw materials were used to make the coke from 
which graphite was produced. In addition, a process step was added to remove catalytic 
impurities. This step was to percolate chlorine gas through the Atcheson furnace during the 
graphitization process to remove iron, vanadium, titanium and other metallic impurities that react 
with halogen gas. Low boron sources of feed stock were located to ensure that high nuclear cross 
section impurities were kept low. 

Cost of billet production was reduced by using extruded graphite rather than molded graphite 
since the molding process increases the cost of the billets by a factor of between 2 to 3. This 
compromised the uniformity of the properties within the billet since molded products can be 
produced with less spatial variation in properties. However, it was found that the non uniformity 
varied systematically about the center line of the cylindrical billet and could be accounted for in the 
design process. Thus, the extruded product was adopted as the reference material for fuel and 
reflector elements to minimize cost The material behavior test program was then executed for this 
product until an adequate data base was obtained for design and performance analyses. This 
qualified graphite and its associated production process was retained as the reference material for 
the GT-MHR core. 
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The first billets used in the FSV reactor used a needle coke coal tar pitch was the feed materials 
for core graphite. This graphite fast-neutron-induced dimensional change proved to be anisotropic 
which caused irradiation induced stress to be high in the fuel blocks made from these billets. An 
improvement to this grade of graphite was implemented to make it more nearly isotropic and reduce 
its operational stresses. The feed stock as changed from needle coke to a blend of two isotropic 
petroleum cokes. The product specification and quality control tests were changed accordingly to 
assure that the improved properties were maintained during production. This improved graphite 
was loaded with fuel and performed quite well during FSV operation. When operation of the 
reactor was terminated, the core contained a mixture of these two graphites. 

A machining development program was conducted for the FSV reactor to determine how to 
make the 31 in. long fuel, coolant, control rod channels, and reserve shutdown pellet channels in 
the fuel blocks to very tight tolerances. The minimum ligament between holes is as small as ±0.177 
in. Therefore, the drilling process is required to make parallel holes 31 in. long while maintaining 
a nominal ligament between holes of 0.177 in. for 133 holes per fuel element. This process was 
developed for the FSV project and used successfully to produce thousands of fuel elements and is 
the same process used for the GT-MHR. 

Quality control techniques were developed to measure coke thermal expansion, graphite 
strength and selected physical properties to determine acceptability and classify the billets into 
strength categories for use in different core applications. The product Specification contains 
specific acceptability standards to sort billets into categories before machining. An improved 
version of this specification forms the basis for graphite components to be used in the GT-MHR. 

6.2 Graphite Material Behavior 

The reactor core high temperature and neutron radiation environment has a major effect on the 
behavior and strength of graphite components. Neutron irradiation effects include dimensional 
change, creep, changes in physical properties and mechanical strength. These properties vary 
significantly enough such that the changes must be accounted for in the design. In addition, the 
corrosive effects of primary coolant impurities can effect structural integrity and must be accounted 
for in the design process and performance verification. 

The design tools used to predict temperatures and structural behavior of the graphite 
components contain behavior and failure models that require data on the effects of neutron 
radiation, temperature, and graphite corrosion. During the design, construction, and operational 
phases of FSV, data on these effects were obtained and incorporated into the design tools. Thermal 
and stress analysis computer codes were developed that form the basis for analysis of the 
GT-MHR graphite components. The data base obtained from irradiated samples of graphite is still 
available and valid. Additional data has been added to the FSV data base and analytical models 
updated. The models have been correlated with the data and are now used to predict the stresses in 
the graphite components from core environmental conditions for the time history of neutron flux 
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and temperature over the entire core graphite volume. The resulting stresses are combined with 
stresses produced by loads from seismic events, acoustic vibration, and other mechanical loads and 
compared to graphite component design criteria to determine acceptability. 

6.3 Graphite Component Design Criteria 

The core graphite design criteria have evolved to a statistically based failure model using the 
Weibull Weakest Link Theory of Failure to determine the probability of crack initiation within a 
time dependent stress field mainly produced by the irradiation induced dimensional change, 
modified by irradiation induced creep. Seismic and other mechanically induced stresses are 
superimposed on the irradiation induced stresses. 

The FSV graphite components were designed to a deterministic design criteria which limited 
mechanically induced stresses to lower limits than thermal/irradiation induced stresses. This 
"primary" and "secondary" stress limit approach is used for metallic components, such as pressure 
vessels, where die large ductility of the materials of construction allow thermal secondary strains to 
be maintained well below ductile failure strains of the materials of construction preventing failure 
by "secondary", or thermal, strains. 

Experiments were performed to determine if stresses from irradiation shrinkage and 
temperature gradients could be treated differently, as they are in metallic structures. In metallic 
structures the effect of plasticity prevents thermal stresses from causing failure since strain is 
limited by the mermal strain input These stresses are called secondary and treated differently from 
primary stress caused by mechanical loads. In metallic structures mechanically induced stresses 
have lower stress limits than mermal (or secondary) stresses in recognition of the self limiting 
nature of thermal stresses. However, graphite is more like a britde material with little ability to 
yield and accommodate self limiting strains. Thus, the strains produced by secondary loads are 
considered to be as damaging as strains produced by mechanical loads in graphite. The 
experiments confirmed this phenomenon. 

Initially the graphite components in FSV were being designed to higher secondary stress limits 
than primary stress limits. The graphite structural design criteria was modified to limit the sum of 
stresses from bom primary and secondary stresses to the same stress limits, rather than to two 
different stress limits as is the practice for ductile metals. The probability of crack initiation is now 
calculated for the combined stress states from both deformation controlled and load controlled 
strains. In addition, nuclear graphite has a compressive strength 3.5 to 4 times the tensile strength. 
This has a profound effect on the design of graphite components. Principle load paths tend to be 
compressive. Tensile stress are held to low values. This results in graphite components which 
tend to be stubby three-dimensional solids rather than long and slender such as components made 
of steel. The coolant passages, fuel holes, and control rod channels are then cut out of these three-
dimensional solid structures. The resultant three-dimensional solids are full of holes which act as 
crack stoppers if cracks should be initiated by operational stresses. This crack stopping capability 
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is an advantage because it makes the fuel elements retain their function even if cracking occurs. 
This effect is factored into the structural design criteria in a mechanistic way. Limited cracking of 
webs between coolant and fuel holes is allowed as long as the primary functions of maintaining 
core geometry, containing the fuel compacts, allowing insertion of negative reactivity, and 
maintaining core cooling capability are not compromised. 

This approach was, in part, derived from FSV operational experience where two fuel elements 
cracked in service. Subsequent evaluation of these cracked elements revealed that the functions of 
the fuel elements had not been compromised even though the elements had been initially designed 
to a deterministic design criteria which was supposed to prevent crack initiation. 

6.4 Reactor Core Operational Experience 

Special test fuel elements were inserted into the reactor core to measure the deformations 
caused by irradiation-dimensional change and correlate with analytical predictions of deformed 
shapes. A special metrology robot was built to measure the shape of the test elements before and 
after irradiation in the reactor core. The metrology robot measurement data also provided integral 
data on irradiation induced distortion of fuel elements for verification of analytical models. Results 
showed that the distortion of the fuel elements was less than predicted using the finite element 
computer codes used for design. It is generally believed that the effects of irradiation induced 
creep relaxation of the stresses caused by irradiation-induced shrinkage was greater than predicted 
causing less internal stress buildup and distortion to be less than predicted. This is a beneficial 
effect since distortion of the elements and internal stress buildup will be less than predicted making 
the design analysis conservative. 

Steam-graphite oxidation of graphite core support assemblies was observed during in-service 
inspection with television cameras. At the same time, experiments were being conducted to 
quantify the effect of catalytic impurities in the graphite on steam-graphite oxidation for use in 
predicting possible degradation of the structural capacity of graphite components in service. These 
experiments revealed that iron was a catalyst which accelerated the reaction rate by a factor of 100 
to 1000 times that of relatively iron free graphite. The core support block graphite was found to 
have an iron concentration greater than 2000 ppm. It was found that iron was deliberately added to 
this graphite as an anti-puffing agent during the graphitization heating process. The iron was 
added to combine with sulfur in the raw materials which volatilized and caused puffing. Iron 
combined with the sulfur to form iron sulfide and prevent puffing. 

Analyses were performed on the core support structure to predict the extent of oxidation and 
the reduction in structural capacity. Based on these results an allowable primary coolant moisture 
level was established for controlling core support degradation. In addition, samples of the core 
support graphite were installed in special reflector blocks at the core exit to measure and monitor 
the anticipated oxidation. Subsequent examination of these samples revealed that oxidation was 
less than predicted by about a factor of two. Thus, the analytical tools developed to predict 
graphite oxidation were conservative. The knowledge gained about oxidation effects observed in 
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the FSV reactor have been factored into the design of predecessor reactors including the GT-MHR. 
Oxidation allowances have been added to the dimensions of critical graphite components. 

Analytical methods have been developed and verified to quantify the effects of oxidation in the 
design of graphite components. Minimum thickness requirements have been incorporated into the 
design criteria to avoid producing sharp edges after oxidation which will be stress risers. Most 
importantly, graphite purity requirements have been revised to minimize the concentration of 
catalytic impurities in nuclear graphites. 

Two cracked fuel elements were discovered during inspection of fuel elements at refueling. 
These inspections were part of a planned surveillance program to detect unanticipated failures. The 
two elements were adjacent to each other in the same fuel column in refueling region number 8. 
The cracks were located in the middle of the outside face of two elements of the core. The cracks 
ran the full length of each element and were aligned axially. The cracks progressed completely 
through the web between the outside face and a fuel hole and completely through the opposite web 
from the fuel hole to the adjacent coolant hole. The remainder of the element held the cracked 
block together such that the fuel compacts in the cracked hole remained in place and the cracked 
coolant hole continued to perform its coolant channeling and heat removal function without 
impairment The coolant hole acted as a crack stopper. The cracked webs relieved the high local 
thermal stresses that caused the crack initiation preventing further propagation. 

The cause of these cracks can be explained by very high local tensile thermal stresses on one 
side of die fuel elements due to high coolant flow on one face of the element The excessive 
coolant flow was caused by gap opening between two adjacent fuel columns. This was later found 
to be caused by lack of mechanical restraint between refueling columns which allowed whole 
regions to lean away or towards each other causing either excessive flow in large gaps or much 
smaller flow in smaller gaps. Region constraint devices were installed at the top of the core to 
maintain a uniform flow gap between refueling region and prevent the adverse flow distribution 
that causes overcooling on one side and under-cooling on the other. This concept has been 
incorporated into the upper core restraint of the GT-MHR core to eliminate non-uniform cooling of 
fuel columns. 

A much more important benefit of the discovery of cracked blocks during FSV operation is the 
validation that cracked blocks are tolerable as long as the basic functional requirements are 
achieved. The fact that cracking patterns of certain types do not compromise performance allows 
the core graphite structural criteria to be modified to allow cracking that is functionally acceptable. 
For normal operation steady state and transient operation the design criteria requires that cracking 
be eliminated to assure mat the graphite components can continue to perform their functions for 
their entire life, even though it is known that cracking is tolerable. For unexpected transients, such 
those rare events that challenge safety of the reactor and only require that the reactor be shut down 
to cold conditions because it is known to be acceptable. Cracking can be allowed. Cracking that 
would prevent insertion of control material or maintaining of fuel in the graphite blocks is not 
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allowed. The GT-MHR core structural criteria incorporates this philosophy based on the specific 
FSV experience described above. 

In summary, the experience of designing, manufacturing, testing, and operating the FSV 
reactor has provided invaluable data and experience that is utilized to improve the reliability of the 
core graphite components in the GT-MHR. 
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