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Abstract

The 330 MW(e) Fort St. Vrain (FSV) High Temperature Gas-Cooled Reactor
(HTGR) is fueled with (Th,U)C2/ThC2 TRISO-coated fuel particles contained
in prismatic graphite fuel elements. Fission product release from the
reactor core has been monitored during the Mr»et three cycles of operation.
In order to assess the validity of the design methods used to predict
fission product source terms for HTGRs, fission product release from the
reactor core has been predicted by the reference design methods and
compared with reactor surveillance measurements and with the results of
postirradiation examination (PIE) of spent FSV fuel elements.

Overall, the predictive methods have been 3hown to be conservative:
the predicted fission gas release at the end of Cycle 3 is about five times
higher than observed. The dominant source of fission gas release is as-
manufactured, heavy-metal contamination; in-service failure of the coated
fuel particles appears to be negligible which is consistent with the PIE of
spent fuel elements removed during the first two refuelings. The predicted
releases of fission metals are insignificant compared to the release and
subsequent decay of their gaseous precursors which is consistent with
plateout probe measurements.

1. INTRODUCTION

The design methods and computer codes used to predict fission product
source terms for High-Temperature Gas-Cooled Reactors need to be validated
in order to facilitate the design and licensing of the next generation of
HTGRs currently being developed in the USA. Fission product transport in
the 330 MW(e) Fort St. Vrain HTGR has been monitored during the first three
cycles of operation. These operating data afford a unique opportunity to
assess the validity of the design methods used to predict fission product
source terms. To that end, fission product release from the reactor core
has been predicted by the reference design methods and compared with
reactor surveillance measurements and with the results of postirradiation
examination (PIE) of spent FSV fuel elements. The results of these
comparisons and their implications for the design of future HTGRs are
discussed below.

The design of the FSV HTGR and its operating history to date have been
described in numerous papers and articles (e.g., Ref. 1); consequently,
only the fuel and core design will be reviewed here briefly. As shown in
Fig. 1, FSV is fueled with (Th,U)C2 fissile and ThC2 fertile fuel par-
ticles; both types of particles have TRISO coatings.* The fuel particles
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*TRISO is a composite coating of four layers: a "buffer" layer of low
density pyrocarbon on the kernel to serve as a reservoir for fission gases
and to attenuate recoils, a SiC structural layer to retain fission metals
and inner and outer high-density pyrocarbon layers (IPyC and OPyC layers,
respectively) on either side of the SiC to protect it and to retain gases.

- 2 -



are blended and bonded into fuel rods with a carbonaceous binder. The fuel
rods are then stacked in blind fuel holes in a hexagonal, multihole
graphite block which also contains channels for the helium coolant.

The FSV core is an assembly of these prismatic fuel elements wherein
the elements are stacked six high and grouped into 37 regions to allow for
easy refueling. About one-sixth of the core is refueled at the beginning
of each refueling cycle which is nominally one year; thus, the design fuel
lifetime is 6 yr. The reactor core along with the steam generators and
helium circulators are contained with a 33 m high, prestressed concrete
reactor vessel (PCRV). At 100$ power, helium at 49 bar and 406°C enters
the top of the core and exits the bottom at 785°C and transfers 842 MW of
thermal power to the steam generators.

The FSV reactor, which is owned and operated by Public Service Company
of Colorado, began initial power generation in 1976 and has completed 657
effective full-power days (EFPD) of operation to date. During that time
the reactor core has been successfully refueled twice. The reactor power
history during the first three cycles of operation has been complex. The
reactor operated at 100? for part of Cycle 3i but most of the fuel burnup
was realized at power levels between 40$ and 70$. However, since the
designed power-to-flow ratio changes modestly between 70$ and 100$ power,
the fuel temperatures experienced at 70$ are not significantly lower than
at 100$ power.

Several events occurred during the first three cycles of operation
which resulted in water ingress into the primary circuit, and these events
may be significant in assessing FSV fuel performance. Moisture has been
introduced as a result of two minor steam generator tube leaks and there
have been several instances of the injection of major quantities of circu-
lator bearing water due to system malfunctions. Routine depressurization
of the primary system for refueling and maintenance also results in small
quantities of air and ambient moisture entering the primary circuit.

2. OBSERVED FSV FUEL PERFORMANCE

The release of fission products from the reactor core is monitored
routinely as a part of the reactor surveillance program. Considerable
analytical instrumentation has been installed in FSV to measure directly
the circulating and plateout activity in the primary circuit (Ref. 2). The
instrumentation includes a continuous activity monitor, grab-sample systems
to measure fission gases, including selected iodine isotopes, and plateout
probes to measure the coolant concentrations of condensible species,
especially iodines and fission metals. Additional information has been
obtained by radiochemical examination of components removed from the
primary circuit, including spent fuel elements and helium circulators in
need of repair.

The FSV primary circuit remains remarkably clean after 657 EFPD of
operation. The peak circulating activity of 439 Ci, measured at 100$ power
during Cycle 3 operation, was almost two orders-of-magnitude below the FSAR
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design activity of 30,900 Ci. Examination of the first plateout probe,
which was removed in November 1981, and gamma scanning of two circulators
removed for repair revealed that the margins between the measured and
design plateout activities were even larger. The benefits of such low
levels of primary circuit contamination have been realized in the form of
environmental releases more than an order-of-magnitude lower than the
average of the US nuclear power industry and collective occupational
exposures typically more than two orders lower than those experienced by
U.S. LWRs (Ref. 2).

As an indication of the excellent fuel performance experienced to
date, the release rate-to-birth rate ratio (R/B) for Kr-85m has remained
approximately constant at about 7 x 10~6 since the initial rise-to-power.
In fact, the Kr-85m R/B actually decreased slightly after the first two
refuelings when spent fuel from the initial core was replaced with new fuel
with lower levels of as-manufactured, heavy metal contamination.

As mentioned in Section 1, FSV has experienced water ingress into the
primary circuit occasionally followed by lengthy drying-out periods, and an
adverse effect on fuel performance might have been expected. Laboratory
tests have demonstrated that water can react with the exposed kernels of
failed, carbide-based fuel particles, and the result of this fuel hydroly-
sis in an out-of-pile environment is an order-of-magnitude increase in the
fission gas release rate from failed carbide particles. The significance
of fuel hydrolysis in-pile has only recently been systematically investi-
gated, and in fact the periodic water ingresses in FSV have resulted in no
discernible increases in fission gas release upon return to power.

Two spent FSV fuel elements, one discharged after one cycle of
operation and the other after two cycles, have undergone postirradiation
examination in the GA hot cell. The emphasis during these PIEs has been on
gamma scanning and on assessing the mechanical integrity of the fuel
elements, and the PIEs confirmed the satisfactory structural performance of
these elements. Selected fuel rods and fuel particles from these elements
were examined by standard PIE techniques, including sectioning and metal-
lography. A typical photomicrograph from fuel element 1-2415, removed
after two cycles of operation, is shown in Fig. 2.

There was evidence of limited inpile failure of the IPyC and OPyC
coatings of the TRISO particles, but these types of failures do not result
in fission product release. A small number of fuel particles were observed
to have completely failed coatings, but these appear to be asmanufactured
failures rather than in-service failures because the kernels of these par-
ticles had been at least partially leached (FSV fuel rods are HC1 leached
during manufacture to reduce heavy-metal contamination). Moreover, the SiC
defect fraction, as determined by metallography, in the irradiated fuel
rods was unchanged from that measured by a burn-leach technique in
unirradiated rods from the same manufacturing lot.

Fission gas release rates for 17 fuel rods irradiated in fuel element
1-0743, discharged after one cycle of reactor operation, were measured by
neutron activation of the rods in the GA TRIGA reactor and compared to R/B
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measurements for several of these same fuel rods that had been made prior
to irradiation; the results are summarized in Table 1. The R/B of Kr-85m
for the irradiated rods was nominally lower than for the unirradiated rods
but within one standard deviation for R/B measurements. The implication is
that inservice particle failure was negligible which is consistent with the
metallographic examinations.

3. FUEL PERFORMANCE ANALYSIS METHODS

Under the conditions prevailing in the FSV core during normal power
operation, there are only two significant sources of fission product
release: (1) as-manufactured, heavy-metal contamination (leachable uranium
and thorium- in the fuel rods) and (2) particles which experience complete
coating failure during irradiation (as-manufactured particles with exposed
kernels are considered a form of heavy-metal contamination).

The mechanisms that can cause in-service particle failure and the ref-
erence GA models to describe them are presented in Ref. 3. The models
account for the following failure mechanisms: (1) failure of particles
with manufacturing defects, including one or more missing or damaged
coatings and fuel dispersion in the buffer layer, (2) pressure vessel
failure of standard (or defect-free) particles, (3) corrosion of the SiC by
fission products, especially palladium and lanthanides, and (M) kernel
migration through the coatings.

The models for predicting fission gas release from heavy-metal contam-
ination and failed particles are described in Ref. 3. These models give
the R/B from contamination and failed particles as a function of chemical
element, isotope half-life, temperature, and burnup. In addition, the
effect of fuel hydrolysis, or reaction of exposed fuel kernels with water,
on gas release is included; for carbide fuel such as that used in FSV,
hydrolysis is predicted to increase the R/B from a failed particle by an
order of magnitude.

The models for predicting fission metal release from fuel particles
and fuel elements are described in Ref. 4. The transport of fission metals
through the kernel, coatings, fuel rod matrix, and fuel element graphite is
modelled as a transient diffusion process. The sorption isotherms which
are used in the calculation of the rate of evaporation of volatile metals
from graphite surfaces account for an increase in graphite sorptivity with
increasing neutron fluence.

The models described above are embodied in full-core survey computer
codes which are capable of tracking on the actual reactor operating history
experienced by FSV to date. The fuel failure and fission gas release as
well as the core temperature distribution is calculated with the SURVEY
code which requires as input 3-D power and flux distributions as a function
of time; the SURVEY code output in turn serves as input to the TRAFIC code
which calculates fission metal release.
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4. COMPARISON OF PREDICTIONS AND MEASUREMENTS

The methods and codes described above were used to predict fuel fail-
ure and fission product release from the FSV core during the first three
cycles of operation. The actual operating history was approximated by
91 constant-power time intervals. In addition to thermal power, the inlet
coolant temperature, coolant flow rate, and core-region, outlet temperature
mismatch were varied for each time interval. Three-dimensional, power and
flux distributions as a function of operating time were obtained from the
TSORT code. The actual as-manufactured attributes of the fuel, including
heavy-metal contamination levels and coating defect fractions were obtained
from QC records. In keeping with standard design practice, all failed
particles were assumed to be fully hydrolyzed, a reasonable assumption con-
sidering the periodic water ingress events at FSV during the first three
cycles.

Fission Gas Release

The most reliable indicator of inpile fuel performance is probably the
time history of fission gas release. The predicted and measured R/Bs of
Kr-85m for the FSV core during the first three cycles of operation are com-
pared in Fig. 3. Clearly, the fission gas release is grossly overpredicted
from early in the first Cycle of operation; the cause is an overprediction
of inservice failure.

With the reference fuel failure models, the exclusive source of this
early predicted failure is the pressure-vessel failure of particles with
missing buffer layers. The model postulates that the probability of fail-
ure for particles with missing buffers increases linearly from zero at zero
burnup to 100% at a relative burnup (FIMA/FIMA ) of 0.2. Phenomenologi-
cally, at a relative burnup of 0.2, the internal gas pressure in the parti-
cle due to the release of stable fission gases from the kernel has stressed
the SiC coating beyond its ulitmate tensile strength, resulting in complete
pressure-vessel failure of the particle. Evidently, this model is exces-
sively conservative; consequently, its physical bases were reevaluated.

Examination of QC records indicated that the FSV fuel kernels had an
as-manufactured void volume of about 755. It is reasonable to assume that
this kernel porosity could serve as a limited reservoir for the storage of
fission gases. Consequently, the failure model for particles with missing
buffer layers was revised to account for the effects of kernel porosity.
The revised failure model is temperature dependent, but under FSV core
conditions the net effect is negligible failure of particles with missing
buffers for relative burnups <0.3 and 100$ failure for relative burnups
>0.4. The FSV performance analysis was repeated with the revised model,
and the results are shown in Fig. 3 with the label "Calculated Revised."

Inspection of Fig. 3 indicates that the agreement between the pre-
dicted and measured Kr-85m R/B is much improved with the revised model.
Considering the complexity of the calculation, the agreement is excellent
up to about the middle of Cycle 2 when the calculated R/B begins to exceed
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the measurements as those particles with missing buffers are predicted to
begin to fail rapidly. By the end of Cycle 3, most of the fissile par-
ticles with missing buffers are predicted to have failed, and the calcu-
lated R/B exceeds the data by a factor of about five.

This overprediction can be the result of either or both of the fol-
lowing two effects: (1) in spite of the revision in the failure model, the
failure fraction is still overpredicted at moderate and large burnups, and
(2) the in-pile effect of fuel hydrolysis is less than observed in the
tests performed to date. Although hydrolysis has been shown to dramati-
cally increase the R/B from failed carbide fuel in laboratory tests and in
short-term TRIGA tests, it is conceivable that irradiation and thermally
induced sintering mitigates substantially the long-term inreactor conse-
quences of fuel hydrolysis.

In order to assess these two effects, the performance analysis was
repeated for (1) the case with no particle failure wherein the only source
of fission gas release is as-manufactured heavy metal contamination, and
(2) the case of nominal failure but no fuel hydrolysis. The results are
shown in Fig. 4, and they indicate that excellent agreement with the data,
was obtained throughout the first three cycles for both cases. Conse-
quently, the cause of the overprediction remains ambiguous.

The limited PIE results described earlier appear to support the expla-
nation that in-service particle failure is still being overpredicted. The
observation that periodic water ingress at FSV did not result in increased
circulating activity also supports the negligible failure hypothesis. On
the other hand, the in-pile effects of fuel hydrolysis are highly uncer-
tain. Long-term, in-pile hydrolysis tests with carbide fuel would be
required to resolve this issue. In fact, such tests are currently in
progress at Oak Ridge National Laboratory in capsules HRB-17/18, but these
tests contain UCO fuel; nevertheless, they should help to determine the
relationships between hydrolysis effects in laboratory tests, short-term
TRIGA tests, and long-term in-reactor behavior.

Fission Metal Release

The amount of fission metals released from the core can be estimated
from the data obtained from the plateout probe removed from the FSV primary
circuit early in Cycle 3 after 408 EFPD of plant operation. The metals of
primary interest are Sr-90, Cs-137, and Cs-134 (since FSV contains highly-
enriched uranium, the production and absolute Curie release of Ag-110m has
been minimal). The predicted cumulative releases of Cs and Sr after
408 EFPD, based upon the revised failure model for missing buffers, are
compared with primary circuit inventories inferred from the plateout probe
data in the following table:
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0.4
5.0
3-4

0.7
1.3
0.5

0.6
3.8
6,8

Cumulative Release (Ci)
Nuclide TRAFIC Probe Calc . /Meas ,

Sr-90
Cs-137
Cs-134

Considering the uncertainty in the probe data and the complexity of
the ca lcu la t ion , the agreement i s reasonably good. The predicted d i r ec t
re lease of Sr-90 from the core was completely negl ig ib le because of the
exceedingly low vapor pressure of strontium over graphite calcula ted with
the reference sorpt ion isotherms. Therefore, the calcula ted Sr-90 re lease
shown in the table i s exclusively from the re lease and subsequent decay of
i t s Kr-90 precursor. For the two Cs isotopes , the agreement i s not as
good. From the Cs-134 r e s u l t s i t i s evident that the d i rec t Cs re lease i s
overpredicted by about a factor of seven; for Cs-137 th i s overprediction of
the d i rec t Cs re lease is p a r t i a l l y masked by the contr ibut ion to the Cs-137
pla teout from the re lease and subsequent decay of i t s Xe-137 precursor .

In t h i s pa r t i cu l a r ins tance , the cause of the overpredict ion of d i r ec t
Cs re lease has been iden t i f i ed prec i se ly . A s ingle ca lcu la t iona l point in
the core, where the peak fuel and graphite temperatures are predicted to
occur, contr ibutes -90$ of the predicted d i r ec t Cs r e l ea se . This point i s
located in a fuel element on the periphery of the act ive core, and i t con-
t a in s two di f ferent blends of fuel with d i f ferent heavy-metal loadings to
minimize r ad ia l power peaking at the core / re f l ec to r in t e r face . Previous
deta i led analyses have shown that the reference physics codes s ign i f i can t ly
overpredict the amount of loca l power peaking that occurs at such loca-
t i o n s . When more r e a l i s t i c est imates of the local powers are used, the
calcula ted temperatures are s ign i f i can t ly lower, and the calcula ted d i rec t
Cs re lease from the core i s reduced by almost an order of magnitude,
resu l t ing in be t t e r agreement with the probe data . .

5 . CONCLUSIONS

When used to predict FSV fuel performance, the reference design
methods have been shown to be conservat ive: the predicted f i s s ion gas
release at the end of Cycle 3 i s about five times higher than observed.
The dominant source of f i s s ion gas re lease i s as-manufactured, heavy-metal
contamination. In-service f a i lu re of the TRISO p a r t i c l e s appears neg-
l i g i b l e . Pa r t i c l e s with manufacturing defects c lear ly perform be t t e r than
the models predic t , and the in -p i l e effects of fuel hydrolysis on gas
re lease may be l e s s important than predicted. The calcula ted d i r ec t
re leases of f i s s ion metals are ins ign i f i can t compared to the re lease and
subsequent decay of the i r gaseous precursors which i s at l e a s t consis tent
with the plateout probe data.

This evaluation of FSV operating experience gives credence to the
expectation that future HTGRs, with l e s s demanding core operating condi-
t ions , wi l l have even cleaner primary c i r c u i t s than FSV which remains
remarkably clean a f t e r 657 effect ive full-power days of operat ion.
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TABLE 1
FISSION GAS RELEASE MEASUREMENTS FOR FUEL RODS IRRADIATED IN FSV FUEL ELEMENT 1-0743

Fuel Rod
ID

Time-
Averaged

Maximum Fuel
Temp.

( E

Fluence
( 1 0 " n/m*)

Fission Gas Release (b)
Burnup^
(J FIMA)

Preirrad. Postirrad. Fissile Fertile

12-2

12-7

12-13

47-2

47-7

47-14

189-7

285-2

285-7

285-14

47-8

278-8

285-8

189-2

189-14

278-12

278-13

Average

690

660

625

685

660

625

695

750

720

680

655

745

710

720

655

745

670

690

1.1 x 10-"

1.3 x 1 0 " 4 ( o ) | 9.3 x 10"5

9.2 x 10"5

5.5 x 10~5

8.2 x 10"5

8.8 x 10"5

1.3 x 10"4 1.0 x 10"4

6.1
6.2
6.2
6.1
6.2
6.2
6.2
6.1
6.2
6.2
6.2
6.2
6.2
6.1
6.2
6.2
6.2
6.2

0.3

0 3

From SURVEY analysis based on detailed (335 time intervals) GAUGE analysis of cycle 1
and axial power and flux profiles from FEVER.

(a)
of Kr-85m at 1000°C.

)Measured on group of five rods including rods 47-8, 278-8, and 285-8. Rod 157-8, one
of the five rods, was broken during disassembly and could not be measured for fission gas
release.
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Figure 1. HTGR fuel components
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Figure 2. Photomicrographs of fissile (a,b) and fertile (c) particles,
(c) are bright field illuminated and (b) is polarized light.

(a) and
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