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Abstract

Modular High-Temperature Gas-Cooled Reactor
(MHTGR) concepts that house the reactor vessel in a tight
but unsealed reactor building place heightened importance
on the reliability of the fuel particle coatings as fission
product barriers. Though accident consequence analyses
continue to show favorable results, the increased depen-
dence on one type of barrier, in addition to a number of
other factors, has caused the Nuclear Regulatory Commis-
sion (NRC) to consider conservative assumptions regarding
fuel behavior. For this purpose, the concept

iit

termed “weak fuel” has been proposed on an interim basis.
“Weak fuel” is a penalty imposed on consequence analyses
whereby the fucl is assumed to respond less favorably to
environmental conditions than predicted by behavioral
models. The rationale for adopting this penaity, as well as
conditions that would permit its raduction or elimination,
are examined in this report. The evaitation includes an
examination of possible fuel-manufacturing defects, qual-
ity-control procedures for defect detection, and the mecha-
nisms by which fuel defects may lead to failure.
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Objectives and Scope

The objective of this study is to review Modular High-
Temperature Gas-Cooled Reactor (MEHTGR) fuel reliabil-
ity in normal service and under postulated accident condi-
tions. The term “reliability” means confidence that the fuel
will behave in service according to behavioral model pre-
dictions. The principal motivation is an evaluation of the
approprizte Nuciear Regulatory Commission (NRC)
approach to the desire of the Department of Energy (DOE)
contractor 1o house the reactor in 2 nonscaled reacior build-
ing instead of the traditional scaled containment vessel, The
DOE design team bas adopted such an approach based on
extensive analyses of both normoal operating and accident
condigons. These analyses show that the top-level plant
operational and safety goals (Top-Level Goals 1 and 3) are
satistied by soch an approach.

Satisfactory wesulls regarding radiological containment are
based on (1) judicious selection of core design and operat-
ing conditions and {2) selection of high-quality TRISO
coated particle fuel. Thus, the lack of a sealed contaioment
vessel and presumption of high-quality fuel combine 1o
place 8 heightened importance on the reliability of the fuel.

The interim, conservative NRC response has been to adopt
a *weak fuel” penalty 10 consequence evaluations for con-
cepts with no sealed containment. This conservatism pre-
sumes a poorer response of the fuel w environmental con-
ditions than is predicted by the bebavioral models. The con-
tinzed need for such a penalty and measures that could
reduce it are cvalaated in this report.

Xv

In essence the question is, “How much confidence in the
fuel models is appropriate for the NRC to assume when the
safety net of the sealed containment vessel is rernoved?”
The response is a judgment call that must be based on
examination of a number of related issues addressed in the
various sections of this report.

The evaluation starts with s brief overview of the fuel-
manufacturing process described in Sect. 2. The mecha-
nisms by which the fuel particles may fail are summarized
in Sect. 3. Section 4 explores the important link botween
the fuel-design requirements (i.e., manufactured’s objective)
and the capability for satisfying the top-level reactor goals.
The current Guality Control (QC) plans for fuel manufac-
ture are reviewed in Sect. 5. A perspective of the mature
Light-Water Reactor (LWR) {fuel fabrication industry is
provided in Sect. 6 regarding successful methods that may
profitably be noted for the METGE

These are the subject arcas that need to be criticaily ana-
lyzed for evaluation of the “weak fuel” issue. Some areas
entail iraditionally complex issues that are briefly summa-
rized; other areas are known 10 be in wansition due to cor-
rent program activities. In view of the importance of the
fuel reliability question, a periodic reevaluation of the situa-
tion may be warranted,

NUREG/CR-5RI0






1 Introduction

The obiective of this study is 1o review Modular High-
Temperature (3as-Cooled Reactor (MHTGR) fuel reliabil-
ity and its relationship to the cureent design, which does not
employ 2 sealed containment vessel. Fuel “reliability™ is
here defined as fuel performance according to behavioral
maode! predictons under both normal and accident condi-
tions. The principal motivation is an evaluation of the
appropriate Nuclesr Regulatory Commission (MRC)
approach w the desire of the Department of Energy (DOE)
contracior 10 house the reactor in a nonsealed reactor
butlding instead of the traditional sealed containment
vegsel.

1.1 The MHTGR Concept

The MHTGR design emphasizes passive and inherent
safety features, many of which are common 1o all high-
emperature gas-cooled reactors, For example, wse of
graphite as 2 mogderator and a low power density resultina
slow and tempered response 1o 2 loss-of-conlant acoident
{LOCA), and selevtion of ceramic maicrials elimingies the
possibility of a core melidown. The inert helium coolant
climinates the potential for phase change due to accidental
core overheating. Design selections were made to ensure
that NRC safety goals, Environmental Protection Agency
{EPA) Protcctive Action Guidelines, and a set of
userfotility requirements are met with sufficient margin,
Specific design selections contributing 10 passive safety are
(1) a modular arrangement with 2 small, individual unit size
of 350 MW{D); (2) a passive, air-cooled emergency vessel
cooling system that operates contingously; and (3) a below-
grade location o minimize seismic effects and possible
consequences of other external events. Because of the
sxpected high level of safety, no emergency preparcdness
plans for svacuation and sheliering are being prepared. An
extremely small emergency planning zone (BEPZ) is
proposed that is restricted o the exclusion area boundary
{BAB) of 425 m (Silady and Millunzi 1990). This requires
that the restrictive dose limits imposed by BPA (EPA 1975)
for the FPZ, which is nowmally set at a radius of about 16
km, be mei at the much smaller EAR,

The net effsct of these inberent and selected safety features
is 2 design that, according o DOE predictons, surpasses
safety requirements by wide margias for a range of
postulated accidents. Becavse of this projected
performance, the DOE bas taken the positivn that the
MHTGR sheuld not be required 1o have a conventional
containment vessel as an additional barrier to fission prod-
uct rejease.

1.2 Radionuclide Containment

Central to the above assertion is the projocted high level of
fuel reliability assumed in the consequence analyses. The
term religbility means fuel performance thal is in accord
with the behavioral model predictions used in conseguence
analyses. As such, it includes as-manufactured quatity,
performance in normal service, and anticipated nsponse o
adverse accident conditions. A requirement of 5 x 1075 has
been set for the defect fraction of as-manufactured fuel.
Although the required fuel quality level has been produced
in the aboratory, it has not yei been attained on a produc-
tion scale with the selecied fuel design. In addition, irradia-
tion tests of the current fuel design manufactured in the
laboratory have just begun. At this time, behavior under
normal and accident conditions is based on capsule irradia-
tion tests performed in the U.S. and Germany on a variety
of closely related (but different) fuel designs.

1.3 The Weak Fuel Concept

As a cantionary measure, the “weak fuel” concept was pro-
posed in the draft Safety Evaluation Report (SER)
(Williams 1989). "Weak fuel” is 2 concept in which the
fuel is assumed to respond less favorably to environmental
conditions than is predicied by the behavioral models. As
such, it is & penalty applied to consequence estimates for
MHTGR designs that do not include a conventional, sealed
containment vessel, In its simplest form, weak fuel may
take the form of assuming cither 3 premanere failure of fuel
particles or a degree of failure during an accident beyond
that predicted by the fucl models.

As far as is known, no indication of weak fuc] has been
gvident in any operating High-Termperature Gas-Cooled
Reactor (LTGR) or in any capsule irradiation test involving
TRIS( fued particles. This dais base includes about 28
TRISO particle irradiation tests involving ~108 particles, as
well as § helinm-conled reactors built in BEurope and the
Uinited States. Preliminary indications of fuel behavior in
recent in-pile capsules (HRB21, NPR1, NPR1a, and NPR2)
may he representative of weak fuel

Several Tactors, in addition to the absence of a sealed con-
iainment vessel support the adoption of this conservatism at
the cusrent time, The weak fuel concept also reflects the
novelty of the UCO fuel design. The fuel performance
models are not based on this design but are inferred from
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closely related fuel concepis. In addition, there is less than
a full understanding of all the basic mechanisms affecting
fuel bebavior. While failure mechanisms have been cxien-
sively researched, they are quite complex and include
chemical, mechanical, solid state, and diffiisive iransport
effects, This lack of full comprehension of fuel faiture
mechanisms, ¢specially under the environmental siresses
imposed by various postulated accidents, lessens confi-
dence in the predictions of the largely empirical behavioral
models.

It should be noted that MHTGR fue! reliability depends on
(1) selection of appropriate fuel design requirements to sat-
isfy the top-level goals, (2) proper fuel design and fuel
specifications to ensure performance according (o the
requiremenis, (3) fuel fabrication and process controt
methods that ensure manufactire according to specifica-
iions, (4) quality control and quality assurance procedunes,
and (5) accurate predictions provided by models describing
fuel behavior, Assessment of fuel reliability needs to con-
sider all of these areas.

NUREG/CR-5810

This stidy is organized inio five major sections. A bricf
overview of MHTGR fue! mancfacturing procedures is
given in Sect. 2. This cvalvation seeks (o determine if fea-
tures of the manufacturing process exist that warrant the
weak foel burden. In Sect. 3, an attempt is made 10 summa-
rize what is known regarding fue! failure mechanizms. A
brief summary of the functional fuel design requirements
needed to satisfy the top-level plant proteciion and safety
goals is presented in Sect. 4. An outling of preliminary
QA/QC options identified by DOE is provided in Sect. 5.
To provide a brosder perspeciive on fus! reliability, trends
in Light-Water Reactor (LWR) fucl guality and manufac-
ture are discussed in Sect. 6. While completely different
from HTGR fuel, examining the evolution of fuel quality in
a related and fully developed indusiry such as LWR fuels
provides a perspective that may provide useful insights.
Section 7 provides a summary and preliminary counclusions
regarding the weak fuel burden.



2 HTGR Fuel Manufacture

2.1 MHTGR Fuel

The MHTGR uses 19.9% enriched fuel consisting of
TRISO coated particles that are contained in short graphite
compacts inserted into the fuel holes of the graphite fuel
blocks.

This fuel differs from that produced for the Fort St. Vrain
{(FSV) reactor in regard to enrichment (LEU vs HEU fuel);
fuel form [UCQO fuel instead of mixed (Th, UYCy, ThCy,
and UC5 fuel); and particle design (kernel and coating
dimensions).

The UCO fuel form coasists of a mixture of UO; and UC,
phases distributed throughout the kernel. The presence of
UC, serves to reduce the oxygen potential within the ker-
oel, thereby reducing the tendency for SiC damage due 10
oxidation. UC9 reduces the gas pressures gencrated as a
result of oxygen release from U3 following fission;
therefore, the tendency for fuel failures due to kemel
migration and excessive intermal pressure are reduced.

Degpite the change in fuel enrichment and kernel composi-
tion, the basic fuel manufacturing process remains the
same, namely:

» fuel kernel fabrication in an extemnal gelation process,

» coating of the kernels in a vertical furnace where they
are simultancously heated and fluidized by an upward
flow of carrier gas containing compounds that decom-
pose on the particles and form the coating iayers, and

» fabrication of fuel compacts in an injection moiding
process.

Some modifications have been made in the fabrication pro-
cess to yield a fuel with a much lower initial defect fraction
than that produced for the FSV reactor,

2.2 The Fuel Particle

The HTGR coated fuel particle consists of a UCO fuel ker-
nel that is surounded by a pyrolytic carbon buffer layer, an
inner pyrolytic carbon layer (IPy(), a silicon carbids layer
(SiC), an outer pyrolytic carbon layer (OPyC), and a pro-
tective outer pyrolytic carbon layer (PPyC) with several
seal coating layers in between (Fig. 2.2-1). The coated fusl
particle is a highly sophisticated fission product contain-
ment system with a design based on empirical and mecha-
nigtic justifications.

The following is a brief description of the attributes of the
fuel kemel and coating layers and the fabrication processes
employed to produce fuel particles.

ORNL-DWG 91M-3577R ETD
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Figure 2.2-1 The MHTGR fuel particle

NUREG/CR-5810



HTGR

2.2.1 The Fuel Kernel
2.2.1.1 Attributes

1t is gencrally assumed that the coatings are the piimary
barriers o fission product relcase, with the kemmel having
less significance as a barvier (Gulden and Nickel 1977).
However, the kernel, which plays an important role in
reducing the release of fission gases from broken particles,
is designed to provide a transport delay for fission products.
The transpost delay is ~28 d (Wichner 1991), so 1311, the
longest-lived nuctide in ihis category, undergoes about four
haif-lives decay pricr 10 release from the kernel. This delay
and resulting decay of short-lived fission gases is an inie-
gral part of the models for fission product release from fuel.
A poorly made kernel of excessive porosity would release
highex fractions of the fission gases than predicted by ibe
models.

Many of the kernel functions relate to the required heavy
metal loading. However, the behavior of oxygen released in
fissions of UGy in high-burnup fuel in 2 high-temperature
environmeni relates to the UCo/UO9 ratio. In addition o
the potential for excessive CO pressures in the kenel that
could cause a pressure vessel failure of the pariicle, CO
could also potentially cause an oxidative decomposition of

the SiC layer by reacting with SiC and forming a proiective
layer of $i05 at temperatiwes below 1400°C, and by
decomposing into SiQ, a gas, at higher temperatnses.

Table 2.2-1 summarizes the fuel kernel chavacteristics,
showing the important kernel design parameters, their
functions, and consequences of specification violaticas,

2.2.1.2 Fabrication

Fuel pariicle manufacturing technology is described in sev-
eral review reporis including Bresnick (1991), Huschka and
Vygen (1977), Yoshimuta (1990), and Haas et al. (1981).
Several variations of the process have been developed,
divided woughly inio external and intetnal gelation methods
following droplet formation of a uranyl niirate solution in
an organic liquid. Iniernal gelation is reported (Haas et al.
1981) as superior for large pariicles (>1 mm) because the
gelation reagent need not diffuse inward from the outer sur-
face. However, no discemable differcnce tn propertics is
noted between the two methods for kernel sizes in the
350-pm range selected for the MHTGR. Internal gelation
has been selecied for the NP-HTGR, While no final
selection has been made for the commercial HTGR, late
information suggests that external gelation may be favored
(Bresnick 19913,

Tabie 2.2-1 Fuae! kernel characteristics

Tinportant design

Conseguences of specification

parameters

Function

viclation

UCUO, ratin

Dimensions

Impurities

Density

Sphedcity

Optimum composition of 85 wi % UQ,,
15 wi % UC9 minimizes fission metal
mobility and internal gas pressure due
to liberation of oxygen from UO2

Ensures required minimum heavy metal
loading and particle lifetime in pres-
ence of multiple coating layers

Keep impurity level low to reduce likeli-
hood that contaminants arc introduced
during processing and reduce poiential
for SiC atiack

Highes: achievable density is desired to
opiimize heavy-metal loading and
reduce fission-gas release per failed
particle early in life

High sphericity reduces irradiation-
induced stresses in coating layers

e Pxcessive CO pressure can cause paiticle
failure

+ Potential for oxidative decomposition of
SiC

Excessive kernel size leads to high internal
gas pressure

Higher than specified levels of transition
metal imparities (Fe, Cr, Ni) can degrade
steuctural integrity of SiC layer

High-kerncl porosity leads to poor fission-
gas reteation and reduced HM loading in
pariicies and may require higher particle
packing fractions to mect core-wide HM
loading reguircmenis

Deformed particies show siress concentia-
tions that can lead to particie failure
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A variation of the external gelation method that is being
considered (Bresnick 1991) is shown in Fig. 2.2-2. To form
the liquid that containg uranium, UQg (or Uz0Og) is first
taken into solution by dissolving it in 2 weak nitric acid to
form uranyl nitrate (UNH). This solation is mixed with
tetrahydrofurfuryl alcohol (THFA), and this mixture is
added to a polyviny! alcohol (PV A) dispersion in water to
form a broth consisting of UOp(INO3)2.6H0 + THFA +
PVA.

ORNL-DWG 81-3803 ETD
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Figure 2.2-2 Flow sheet for manufacture of UCO
kernels

HTGR

This broth is pumped through a droplet generator where an
electromagnetic driver axially vibrates several small-
diameter needles to produce uniform spheres. This droples
generator is located above a precipitation/extraction column
into which the droplets fall,

The broth droplets fall into an ammonia gas atmosphere
where they react at the drop surface with anhydeous armo-
nia gas to form amraonium nitrate, which lowers the free
water of the broth, causing precipitation of the PVA. As
ammonia diffuses inward, 2 PY A gel lattice forms in the
outer layer of the sphere/drop, forming a hardencd shell
over the drop. Complete gelation occurs when the droplets
are immersed in aqueous arnmonia where the reaction is
completed. The internal gelation method is shmuilar, excepi
that urea is added to the broth so that ammonia is generated
internaily on contact with the hot organic liquid following
droplet formation.

The kernels are then washed in water and isopropyl alcohol
and dried at 100°C. During calcining, PV A is decomposed,
ammonia and water are driven off, and wranium is reduced
from UO3 to UO;. All these reactions ars temperature-
induced with temperatures extending up to 700°C.,

During the final sintering process, the U(, is partially con-
verted to UC;, and the kernels are densified. Final sintering
temperatures rise to 1850°C, Control of the sintering tem-
peralure, fime at temperature, and CO/CO; composition of
the gasenus environment is essential for producing 2 kernel
of desired density and UQO/UC, corposition,

2.2.2 TRISO Coated Particles

The costing of the fucl kernels can be produced in either 2
continuous or an interrupied coating process. lu the past, a
single continuous coating aperation was used 1o apply the
buffer, IPYC, 5iC, and OPy{ coatings. There was a concern
that interruption in the coating runs conld cause the coating
to have a layered structuce with a variation in properties
that might not be detected with routine guality-coatrol pro-
cedures,

Revised coating continuity specifications require that each
coating step be completed without interruption, except for
the buffer layer and the IPyC coating under certain condi-
tions {Schelfel and Tang 1989). The techaical jmsificaton
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for these permissible interruptions is the knowledge that
stroctural integrity requirements arc met by conirolling the
thickness and fraction in the critical region on the uningr-
rupted portion of ithe IPyC, SiC, OPyC, and protective
lavers to meei coating thickness requireinents.

‘The deposition process and coating propeities partially
depend on ihe coater design. However, for any coater
design, three process variables sirongly infivence the
important PyC coating properties of porosity and density:

1. coating rate —> porosity,
2. active coating gas raiio — porosity and density,
3. deposition iemperaiure > density.

For cxample, the degres of interstitial porosity and sucface
porosity increases with soating rate and active coating gas
ratio, Conirolling the amounnt of suiface-connected porosity
is imporiant because it influences ihe coating permeability
and the bonding characicristics with the fuel compact
matrix.

Early PyC coating development focused on high-tempera-
ture isotropic (HT1) coatings where the PyC layers were
deposited from methane at iemperatures in the range of
1800 o 2100°C. Currently, coatings are applied at subsian-
tially lower temperamies [low-temperature isotropic (L'T1)
coaiings] from a variety of hydvocarbons. The coating pro-
cess conditions are summarized in Table 2.2-2.

2.2.3 Buffer Coating

Kernel volume and buffer layer void volume (thickness and
density) are importani parameters influencing irmadiation-
induced stresses in the coating layers due to internal fis-
Sion-gas pressure.

2.2.3.1 Atiributes

The attribuies of the buffer layer are summarized in
Table 2.2-3. The purpose of the buffer layer is to

¢ provide void volume for gaseous fission products,
+ accommodate fuel swelling, and
¢ attenuaic fissile recoils.

2.2.3.2 Fabrication

The low-density, porous pyrocarbon buffer coating with 2
thickness of 100 um is the first coating applied to the fuel
kernels, It is applied by vapor deposition in a flnidized bed.
The vapor is formed through ihe cracking of acctylene at
1200°C with argon being the fluidizing gas. The kernels are
added io the coaier at a teraperature of 1000°C and heated
in the bed before coaiing begins. The coating deusity is
controlled by the bed temperature, coating gas entry raie,
and the argon (o acetylene ratic (Scheffcl and Tang 1989).

Tabie 2.2-2 Coating process conditions

egr Minimum coating Maximum e
Coating Lzsia;.gtuazm and Coating gas® rate & coating rate Achvefozgtmg
iluent gas . 2. gas iatic
(Uma/min) (Lom/mis)

Buffer r, He CoHy =8 et requirements

Seal Ar, He, Hy Callg

IPyC Ar,He, Hp CoHyp/CCaHg 210 <4.0 <0.25

SiC Hy CH3SiCly <0.33 (mean)

OPyC He, Ar, Ny, Hp CoHo/C3Hg >0.25
PPyC Ar He Coihy =8 met requirements

ZThe aciive coating gas volume ratio is defined as [CHC + L + D)] with

C = active gas flow rate 1o coating zone (CaHp + Calig),
1. = levitation gas flow rats to coating zone (Ar or He or Ny},

D = diluent gas flow rate 10 coating zonc {Ar or He or N or Hp).

Source: W. 1. Scheffel and I M. Tang, Fechnical Support Documeni for the MHTGR Fuel Production Specification, GA Document 903728,

Issue D, 1983.
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Table 2.2-3 Attributes of the buffer layer

important design Function Consequenc.es c)f“ specification
parameters violation
Density {max} »  Provide void volume for » High density can cause early pariicle
figsion products failure due to lack of void space for
s Low strength accommodates fission products
fuel swelling by yielding ¢ Excess strength can cause kemel damage
due to failure to yield
Thickness (min} *  Provide void volume » Missing or thinner than specified buffers

» Accommodate fuel swelling

= Atenuate fissile recoils

can cause early particle failare because of
high pressure

+  Missing bulfer allows fission products to
recoil into IPyC and accelerate transport
to 8iC

2.2.4 The Inner Pyrolytic Carbon Layer
(IPyC)

2.2.4.1 Atiribufes

The attributes of the IPyC are sumunarized in Table 2.2-4.
The purpose of the inner pyrolytic carbon layer JPy(C) is to
provide impermeability to chiorine compounds during SiC
layer deposition to protect fuel kernels from HOY attack and
limit detcimental interaction between the fuel and carbide
layer.

1t should be noted that the thickness of the IPyC is not
determined by considerations of fission-gas refention, but 18
determined solely by the requirement to provide a high-
deasity, low-permeability coating (o prevent chiorine from
entering the bulfer coating during the subsequent SiC depo-
sition process. Such a coating thickness is also expecied 10
meet the as-manufactured defective S$iC specification.

2.2.4.2 ¥abrication

The 50-yum-thick IPyC layer is a high-density coating over
ihe buffer layer that is applied in the same fluidized bed as
the buffer coating. Propylens is pyrolized to carbon and
coats the buffer surfaces with a thin layer of pyrocarbon.
While the cracking of the acetylene in the buffer coating
deposition is an exothermic reaction, the application of the
1PyL” is an endothermic reaction. To minimize the ermpera-
ture depression in the fluidized bed, propylene is mixed
with acetylene to maintain a uniform bed teraperature.

The carrier gas for the IPyC is either helivm, argon, or
hydrogen. It has becn observed that pyrocarbon deposited
from the large (commercial) coaters using Hy as diluent is
identical o coatings made in smaller coaters. However,
coatings deposited in smaller coaters nsing 0o diluent gas
generally had a higher permeability and anisotropy value at
a given coating rate and contained soo! inclusions (Scheffel
and Tang 1986).

2.2.5 The Silicon Carbide Layer (5i()

12.2.5.1 Atiributes

The aitributes of the Si layer are summarized in

Table 2.2-5. The purpose of the silicon carbide layer

isto

s provide containment for solid and gaseous fission prod-
ucts,
provide mechanical support for the particle, and
provide strucagral rigidity and dimensional stability.

2.2.5.2 Fabrication

The 35-um-thick SiC layer is the primary fission product
diffusion barrier. The SiC layer is deposiied by chemical
vapor deposition i a fluidized bed. Hydrogen passes over
methylirichlorosilane (MTS) and reduces it o §iC, hydro-
gen, and HCL

CH3SICh + Hy - $iC + 3HCI + Hy
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tic carbon layer

Important design . Conszquences of spacification
Fanction  toa
pPATAMSIErs vielation
Thickness »  Bar catry of HC, released during SiC coat-  »  To mect as-manufactured 8:C defect frac-
ing inio kexaelbuffer voluine; HCI can cor- tion Yimits aad required high-temperatiure
rode 5iC and react with U: consequence of neiforinance, chlorine must be pichivited
such reaciion is dispersion of U within SiC from entering buffer coating in subsequent
coating; if excessive, resulis in coirosive SiC depcsition process
damage to SiC by fission products; IPyC »  SiC coating defects generaind by reacticn of
layer is effective sink for some highly mobile HCL with heavy-maizl kernel to form
fission products volaiile metal chlorides that ovaporate dur-
ing SiC coaiing deposition inhibiting cont-
plete sealing of SiC coating layer
ensity (min) and e High-density, low-poicsity IPyC is rcquired  «  Sawee as above

porcsity {max) 0 provent

ang form volatile and highly

i
pounds, resuliing in dispersion

throughout huffer layer

(inain fi

limiting failurc itee!f

AMTS-Methylirichlorosilanz,

i

The SiC vaper is deposiied over the [PyC-coated kerncls at
temperatuics in the range of 1550 o 1650°C. It has been
observed that for coating tempeiatuics below 1450°C, there
is a isndency for circunnferential banding in the SiC siruc-
turc attribuied to elemental Si and/or microporosity; 2t
coating temperatures above 1700°C, thers is a tendency for
Jarge columnar grains and cacess microperosity (Frice
1977). Gver the whole range of deposition conditions, the
predominant phase is B {cubic) SiC, which is thc desired
phase.
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ated with
high density and low gas permsgbility;
highly anisotropic PyC subject to radiation
damage; specification is compromise that
provides for kerne! protection from HC!
ion of IPy(), vet maintains
reasonable degree of radiation siability
»  Specification limits radial swel
after irradiation-induced failur

liag of PyC

t.

oring-containing by-products
of MTS? decomposition fiom ge
bufier, where it can react with fue

tting inio
1 kernel
cbile com-
of fuel

< 1.12 (Bacon » High values of BAF, factor indicate high «  Manufacturing studies show that when
crysiallite anisotropy that is correl

1Py coating rate, aciive coaiing gas
volume fraction, and density specificaiions
are met, anisoiropy factor is >1.085 BAF;
no staiistical significance for total coating
failure observed for BAF, ranging from
1.062 to 1.211: desire 1o minirize
irradiation-induced dirnensional changes led
1o specitication of anisotropy measure and
failure poiential expected to increase for
values outside of perinissitlc range

ier than

The use of a very low coating ratc of <0.33 wm/min (ithat
corresponds to ihe length of a coating run of just under 2 k)
and a coating temperatwe around 1600°C provides assur-
ance that the mean density of this layer is at least 3.18 g/ce,
and that ihe thermal decompositicn rate is below the value
of free decomposition of SiC single crysials in the empeia-
tue range of 1400 to 1700°C (Krautwasser 1982).
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Table 2.2-5 Attributes of silicon carbide layer

Tmportant design

N Fuaction
parameter

Cansequences of specification
vislafion

Thickness (min)  « Provide retention of metallic and gaseous s Peak tensile stresses can be excceded leading to

fission products

particle fatlure

o Provide adequaie structural stability doring < During compact fabrication, high contact pees-

fuel compact fabrication

sures develop between particles in close-packed
bed during fuel rod injection and 51C layers can

Lrack
Density (min) s High-density $1C used 10 increase strength + Use of low-strength SiC can lead (o early parti-
and decrease diffugion constant {or metallic cle failure

fisston producis

= Use of low-strength S:C decreases the layer's
efficiency in relgining metallic fission products

= Low-density S1C layers ocour when coatings are
deposited below ~1400°C while coatings
deposited above 170070 may have excess
mictoporosity and large columnar grains

2.2.6 The Quter Pyrolytic Carbon Layer
(OPy(C)

Both the IPyC and OPyC coatings are high-density cont-
ings. However, while fission-gas reiention was not a design
consideration for the 1Py coating, it is an imporiant con-
sideration for the OPy( layer, which can remain ingact pven
if the 8iC layer fails. In BISO particle designs that con-
sisted only of a buffer layer and the OPyC, the OPyC coat-
ing was the primary barrier 10 fission-gas release.

22.6.0 Attributes

The atributes of the OPvC layer are summarized in
Table 2.2-5. The purpose of the outer pyrolytic carbon
layes (OPyC) is 10

protect the SiC layer from extemal gas reactions,
provide secondary barrier 0 gaseous fission product
welense,

provids compressive prestressing of the SiC layer, and
protect the 5iC layer from damage during handling.

2.2.6.2 Fabrication

According (o Scheffel and Tang (1989}, the coating thick-
ness requirement for the OPyC is based on erapirical wradi-
ation data and analytical rodel studies. To assure an even
stress distribution in the SiC layer, thicknesses of >35 pum
are required. To roake this layver impermesble o gaseous
fissicn products, a thickness of 40 e was selecied. The

latter function comes from the requirement that gaseous
fission products are retained in the event of SIiC failure
resulting from metatlic fission product attack.

© The deposivion of this layer is similar 10 the IPy(C coating

application. To permit effective prestressing and improve
thes 5iC layer function as the primary pressure boundary, it
is important that the OPyC coating meets anisoiropy and
microporosity requiremenis.

2.2.7 The Quter Protective Layer (PPy(0)

An outer protective coating layer is analogous to the mateix
overcoat Javer used in the German design. Its main purpose
is to reduce 3iC coating damage in the compact fabrication
10 meet the requirement og low initial defects.

2.2.7.1 Attributes

The atiribuies of the PPy(C are summarized in Table 2.2-7.
The purpose of the outer protective coating (FPyC) isto

» provide an interfacs layer between the coated particle
and the compact matrix (o avoid damage w the OPyC
and SiC layers during compact formation,
provide a bonding surface for the matrix, and
prevent coating damage during bandling operation.
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Table 2.2-6 Attributes of outer pyrolytic carbon layer

Imiportant design
pavavseters

Function

Conseguences of specification
violation

Thickness (min)

Density (min)

BAF, (max) (Bacoa
Anisowopy Factor)

Microporosity
(min/max)

Thicknesses of >35 pum are necessary io
ensure acceptable SiC stress distribution
Target mean thickness of 40 jun is necessary
0 ensure that OPy( impermeable to gaseous
specics

To reduce potential for irradiation-induced
failure, total OFyC outer diameier must be
<800 pm

High-density coating layer is required o
ensure sufficient sirength to provide com-
pressive prestressing of the SiC layer

A low value for crysiallite anisouopy
required o reduce difference between irra-
diation-induced strains in radial and circum-
ferential direction of the pyrocarbon; experi-
mental data showed that BAF, and OPyC
layer failure are not well correlated and that
microporosity also has o be considered to
beiter correlate the BAF, value with OPyC
layer failure

Upper limit on microporosity is necessary to
restrict permeability

Lower micioporosity specification limit is
needed 10 ensure adequate radiation stability

If OPyC layer cannot presiress SiC layer as
expected according to design criterion, parti-
cle failure can occur under accident condi-
tions

Thinner than specified OPyC docs not per-
form its function as backup barrier to
gaseoug fission products in case of SiC layer
failure

If OPyC layer exceeds specification and
limit on particle size, potential for irradia-
tion-induced failure increases

Low-density OPyC layer does not have
strengih to prestress SiC layer and increases
potential for failure under irradiation

If upper bound for the BAF value is
exceeded and large crysiallite sizes appear,
failure probability for CPyC increases

If microporosity is too high, CPyC is not
efficient barrier to fission-gas release

If microporosity is top low, OPyC failure
rate increases rapidly

Table 2.2-7 Attribuies of outer protective coating

Lmportant design
parameters

Functicn

Conseguences of spacification
violation

Thickness (min)

Density (max/min)

Specified PPyC thickness is maximum
permiiting required HM loading cf
MHTGR fuel compact

Protect OPyC and SiC layers from damage
during compact fabrication

Low-density graphite layer is required to
avoid particle damage during compact for-
mation and to avoid mechanical interaction
with other PyC layers

Deficient PPyC Jayers increase probability
for particle damage during compact fabri-
cation, thus increasing as-manufactured
defect fraction

High-density PPyC layer could be of suffi-
cien strength o interact with adjacent PyC
layers and cause damage
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2.2.7.2 Fabrication

A 40-um-thick layer of amorphous carbon is applied,
similar to the application of the buffer layer. The coating
gas isacetylene (C7Hz) to ensure that a low-strength pro-
tective coating is applied. It has been observed that the use
of propylene as a coating gas resuits in coatings that are 100
strong and often shows crack propagation under irradiation.

2.2.8 Seal Coatings

Three thin seal coatings are applied consisting of
anisotropic PyC. A seal coat deposited as a thin high-
density PyC layer between the buffer layer and the IPyC
permits a clean separation of the buffer from the IPyC for
the measurement of the IPyC coating density,

The second seal coat deposited as a thin high-density PyC
layer is between the OPyC and the PPyC for ease of charuc-
terization and to protect the OPy( from failure due to
shrinkage and failure of the PPyC.

The third seal coat is applied as a thin high-density PyC on
the exterior of the finished particle to reduce the friction
and abrasion between particles so that they can flow freely
in the metering, blending, and mold-loading operation
needed for the fuel compact fabrication, as well as to facili-
tate handling of the particles during compact fabrication
without dust formation.

The active coating gas for the seal coatings is propylene
(CsHg), with argon or helium as diluent gas.

2.3 Compact Fabrication

The fuel particles are bonded into a fuel compact to

« prevent mechanical interaction between fuel particles
and moderator graphite,
maxzximize the thermal conductivity of the fuel, and

+ provide a secondary barvier to metallic fission product
release through adsorption mechanisms.

Fuel particles and graphite shim particles are biended to
obiain the desired uranivm loading. This blend is placed in
a die. The compacts are formed by hot injection molding
(at about 160°C) using a mixture of petroleum pitch,
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graphite flowr, octadecanol, sand polystyrene injected under
pressure into the die. Once the compact has cooled, it 15
reraoved from the die, packed in ALO3 powder to maintain
compact dimensions, and carbonized at 800°C. During the
carbonization, organic compounds are decomposed and
volatized leaving a solid carbon compact.

After the carbonization is complete, the compacts are
removed from the AlyO3 bed, cleaned, and placed in
graphite trays where they are slowly heated 0 ~1800 1o
1850°C for about 30 to 90 min. During this final heat
treatment, residual hydrocarbons and impurities are vola-
tized from the matrix. According to Price (1977), bare Si(C
begins 1o show measurable thermal decomposition at about
1600°C, at which point its 5i pressure equals about 0.1 Pa.
The predicted decomposition rate at this temperature is

10 pum in 107 5. Data of Kurata (1980) indicate that bare

SiC suffers about 1% density teduction at 1940°C in

20 min. Degradation becomes severe at 2000°C. Therefore,
selection of the compact carbonization conditions {time at
femperaturce) is a sensitive compromise between the need to
drive off volatiles and chemically stabilize the compact and
to avoid damaging the SiC laver due to thenmal decompo-
sition.

Concerns about the fuel compact manufacture process
regarding fuel reliability are the possibility for coating
damage during the compact manutacture and the mainte-
nance of radial tolerances 10 keep the gap between compact
and graphite block small encugh to avoid high fuel
temperatures, but large enough to facilitate easy loading.

2.4 Manufacturing Defects

Manufacturing defects are, in the broadest sense, deviations
from fuel specifications. Most commornly, manufacturing
defects are missing, defective, or incomplete coating layers
and heavy-metal contamination. For example, missing
buffers can result from deficiencies in the coater design that
permit uncoated particles to be teapped during buffer
deposition and released in later coating steps.

Defective or inconplete coatings (such as the SiC jayer)
can be cansed by coating bed instabilities and nonuaiform
coating conditions. During the compact fabrication, the
possibility exists that urcontrolled pressure surges during
the compacting of particles in the mold can lead to frac-
tured SiC layers through particle-to-particle contact.
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Because the elastic modutos of Py( is significantly less
than that of SiC, fracture of the SiC layer might occur while
the OPyC layer is still intact,

The contamination of the matrix with heavy metal can be
caused by broken particles and contact with contaminated
surfaces and equipment.

Among the many possible manufacturing defects, the most
severe are missing buffers and missing or defective SiC
layers. Missing buffers can cause early particle failure due
10 excessive stresses in the SiC layer. Missing or defective
SiC layers permit a greater fraction of fission products to
escape from the fuel particles even under normal operating
conditions.

A further discussion of the range of potential manufactur-
ing defects and their role in generating fuel particle failures
in normal or accident conditions is provided in Sect. 3,

2.5 Status of Fabrication Technology
for High-Quality Fuel

Large quantitics of TRISO coated fuel have been produced
for the FSV reactor. However, this fuel was produced 1o far
less demanding fue! specifications than those for the
MITTGR. Fusthermore, this fuc! never reached the target
burnup in the FSV reactor, although test fuel did achieve
full burnup.

Fuel fabricated recently for in-pile irradiation tests is often
referred to as “high quality fuel.” The design requiremenis
for this newer fuel are more exacting compared with fuel
manufactured for the FSV reacior an as-manufactured SiC
defect fraction of § x 10-3 is now required compared with
3 x 1073 for FSV fuel, and a uranium coniamination level
of 10-5 is now required compared with 3 x 10-> for the
older fuel. The new fuel was fabricated for capsule HRB-
21, which has recently completed its irradiation (March
1992), and for capsules NPR-1, 1a, and 2, which contain a
very similar fuel for the NPR version of the MHTGR.

Despite the designation as high quality, the ncwer fuel is
fundamentaily similar to the older fuel; kernel composi-
tions differ, but meithods for coating the buffer, inner, and
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outer PyC layers and the SiC layer are identical. Aa impor-
tant difference is the addition of the PPyC layes to the
newer fuel. This is effective in reducing darmage incured
during the compact fabrication step and may be credited
with contributing to the observed improvement in the as-
manufactured defect fraction. The performance of this fuel
during the capsule irradiation is still under study; however,
early indications are that failure rates, at least for the NPR
capsules, are significantly higher than were predicied.

It should be mentioned that the fuel for capsule HRB-21
was manufactured using the full-size coating equipment to
be used on a commercial scale. However, some portions of
the UCO fabrication system may be less than full scale.
While the QC techniques employed were generally proio-
typic of the full-size process,” manual scanning of radic-
graphs still played an important role. In conirast, fuel for
the NPR capsules was fabricated using laboratory-scale
equipment. Tn addition, more exiensive QC testing was
performed on the NPR fuel than is currently planned for the
commercial MHTGR.

2.6 Evaluation

MHTGR fuel fabrication involves a moderately complex
series of steps resulting in a fuel that consists of seven
separate components, excluding the three seal coatings and
the graphite moderator block. All siages of the manufactur-
ing process are at least equal to or more complex than
corresponding steps for LWR fuel. While the all-ceramic
product is highly suitable for the intended service, the com-
plexities of the manufacturing process and of the fuel form
present some potentially negative aspects.

For fuel with the interded low as-manufactured defect
fraction, the majority of failures (i.e., loss of fission product
containment) may result from the effects of manufacturing
defects. Althongh the process steps will be automated to
minrimize variability, the complexity and length of the pro-
cess offers opporiunity for a wide range of poteniial
defects. The nature of these potential defects and the
manner in which they could lead to failure are discussed in
Sect. 3.

*Personal communication from M. J, Kania, ORNL, to R. P. Wichner,
ORNL, March 1992.



The precise cause of some of the manufacturing defects
may be difficult to isolate and comrect. Defective coatings
of various types can result from occasional, unfortunate
exposure histories of particles in the coater. Particles may
become trapped or temporarily attached to surfaces and, as
a result, miss exposure 1o a portion of a coating run, The
frequency of such coating defects is a function of the coater
design, as well as the mode of operation. Similarly, out-of-
round kernels and particles may result from both the inher-
ent features of the fabrication apparatus and its mode of
operation.

A second category of defects may result from process con-
trol errors. Each step in kernel, coatings, and compact
manufacture is controlied with respect 1o duration,
temperature, pressure, and feed composition, Most of these
controlled parameters are critical for obtaining a
satistactory product. Undoubtedly, careful design and
control redundancy will minimize process control errors. In
addition, the QA program will include documentation
verifying the process control conditions. Nevertheless, the
large number of critical manufacturing steps provides
opportunitics for process control errors.

Two types of manufacturing defects can result from the
expected variability of properties. The behavioral models
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take into accouni that certain fractions of fuel, not o
exceed specified limits, will exhibit some properties
beyond desired limits. In addition, defective particles may
result from unfortunate combinations of properties sach
within specifications limiis (e.g., a somewhat large kernel
combined with an SiC layer of below average thickness),
Fuel failures that result from expected parameter variability
can be reduced by tightening the allowable range of the fuel
specifications around the mean, a process that usually
involves evolutionary improvements and process experi-
ence.

An additional type of defect should be cited as a possibility.
Containment of fission products depends upon adequately
low diffusivities of the principal sealing boundaries, the
SiC, and OPyC layers. However, diffusivities can vary
between apparently identical SiC layers, often for quite
subtle reasons.

It is not intended here to be overly negative, but merely o
point out that the complexity of the manufacturing process
provides opportunities for pitfalls between successful tesis
using bench-scale fuel and proper reactor performance of
fuel from a commercial fabrication system.
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3 Fuel Failure Mechanisms

3.1 Introduction

This section reviews the mechanisms by which a fuel parti-
cle may fail to perform its function of fission product reten-
tion. Attention is paid to the two principal fission product
barriers, the SiC and the OPyC layers. Failure of the SiC
layer causes loss of containment for fission metals; hence,
this occurrence signifies fuel particle failure. While failure
of the OPyC does not of itself indicate loss of function for
the particle, it provides an additional barrier for fission
gases and structural support for the SiC layer.

Because failures generally result from complex causes
involving chemical and mechanical phenomena and
because failures are difficult to observe directly in post-
irradiation examinations, a model format has evolved that
is based on statistical correlation of empirical data. Impetus
for this trend was caused by the difficulty of carlier,

mechanistic models to adequately describe fuel failure data.

For example, data from Kovacs et al. (1983), as cited by
Martin,” indicate that trends in observed pressure vessel
failures often run counter to the predictions of models
based on known mechanisms. In such cases, the root cause
is attributed to unobserved manufacturing defects, and sta-
tistical correlation of the observed failure data offers a
modeling alternative.

‘When applied to accident consequence estimation, the fuel
behavior models generally lead o encouragingly low esti-
mates. Moreover, the body of accident condition test data
and reactor experience indicate their general validity
regarding the overall fuel performance.,

Nevertheless, a good understanding of potential fuel failure
mechanisms is a great advantage, and perhaps a necessity,
to provide a foundation for developing further confidence
in the consequence estimates. It is seen in Sect. 6 (LWR
Fuel Reliahility Perspective) that an important factor in the
continued improvement of LWR fuels has been the gradual
unfolding of the failure mechanisms, which, in tarn, has
permitted progressive improvements in fuel design. Hence,
recognition and understanding of failure modes can be an
important factor in gaining confidence in HTGR fuel reli-
ability.

*R.C. Martin, “Coempilation of Interim Fuel Performance and Fission
Product Transport Models and Data Base for Initial NP-MHTGR
Design,” ORNI/NPR-91-16 (io be published).
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Because the fuel behavior models are mostly empirical,
there is some question regarding their validity outside of
the parameter range used for development, including the
inevitable modifications of the fuel manufacturing process.
In addition, a soundly based QC program rests directly on
recognition of potential failure mechanisms. The QC plan
needs to be prioritized wwward measurement of those
parameters that most significantly affect fuel failure.

3.2 Manufacturing Defects

3.2.1 Commonly Cited Manufacturing Defects

A large number of manufacturing defects are conceivable.
These defects are conventionally grouped as follows for the
purposes of fuel design (FDDM 1987):

missing or defective buffer layer,
missing or defective IPyC layer,
missing or defective SiC layer,
missing or defective OPyC layer, and
missing or defective PPy(C layer,

Al

In addition to these five defecis, the following two heavy
metal (HM) concerns are generally included in the ist o
manufacturing defects: ,

6. HM contamination, and
7. HM dispersion.

Two of these manufacturing defects, missing or defective
$1C and HM contamination, may be cousidered as manu-
facturing failures (as opposed to defects) in the sense that
the fission product containment function is lost by virtue of
the defect. The remaining five defects contribute to fuel
failure during normal use in various ways and constitute
fuel weakness under accident conditions.

Note that exposed kemels are not explicitly included as a
manufacturing defect. However, if defect types (2) through
{4) occur simultancously, the result would be an exposed
kernel. In additios, HM contamination is considered in the
same category as exposed kernels because the current QC
procedure does not distinguish between the two.

A distinction is made between HM contamination and HM
dispersion. The former refers to HM material outside the
SiC layer and thug contributes at the outset to fission prod-
uct release from fuel. HM dispersion refers to a condition
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wherein an toaceeptable level of HM has moved from the
kerne! throughout the interior of the particle within the SiC
laver, If present in excess, such material tias a high poten-
iial for damaging the SiC layer. HM dispersion is usually
atiributed to a defective IPyC layer that exposes the kernel
to HCI gas generated during the SiC coaiing process.

3.2.2 Other Manufacturing Defects That May
Affect Fue! Failure

In addiiion to the above-listed manufacturing defects, a

variety of defects can occur that could lead to faijure. Some
of the more significant defects, togeiber with the manner in
which each may infivence fuel failure, are identified bolow,

3.2.2.1 Kernel Fabrication Defects

The fission prodiict reiention function of intact fuel parii-
cles is relatively insensitive to veriability in the as-mayi-
factured kernel. The effects of shape variaiions on stress
levels in the coating layers axe blunied by ithe preserce of
the rclatively thick buffer layer, However, the reteniion
capability of particles with exposed kemels can be quite
scasitive to ceriain features of the manufaciured kernel.
This is especially wrue of the fission gases, which arc gener-
ally short-lived and, thus, seasitive o holdup time in the
cxposed kemel.

1. Ar mnpoitani part of the fission product reteniion capa-
bility of fuel particies is provided by a dense keenel thai
prevenis rapid evolution of fission gases. Because many of
the important fission gases are shori-lived (e.g., the 8.1-d
1311y, the iranspoit detay provided by the kerncl allows
significant radioactive decay prior to release from the ker-
nel. Kemel densiiies significantly below specificaiion
limits permit higher fission-gas release raies ffom expose
keerncls than predicted by fie! transport models. Low kernel
denstiiies may result from cxcessive gas evolution rates dur-
ing sintering or impioper UC formation conditions.

2. Excessive kemiiel size elevates coating sticsses by redac-
ing the available buffer layer voluins (assuming constaii
outer diameter) and raising the fission-gas generation raie
by virtuic of the larger inass, Kemel size limiis are st
(Scheifel and Tang 1989) go that <1% of the keimicis
cxceeds 400 um, compared to the overall imean of 350 um.
This size distribution is stated to resuli in <1 X 106~¢ failure
fraction of particles with intact IPyC/SiC/OFy{ layers of
design thickness at the end of normal service, using the
pressure vessel failime estimation procedure described by
the Fuel Design Data Manual (FDDM) (1987).
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3. Certain chemical irpurities ii ihe ¥emel are known 1o
have a deleterious effect on the SiC fayer. Iron, nickel, and
chromium corrode SiC by forming more stable carbides or
silicides. Impuwity levels of <100 ppm are specified for
each by FDIDM (1987) to limit SiC corrosion.

4. Tmproper adjusiment of UCO kemnel stoichiomeiry
results in less inan optirnal fue! performance. The selected
compcsition is an optimized balance to iake advaniage of

products and ihi¢ chemicz! contribuiion of UC5 for reduc-
tioii f the oxyger pressuce in the fuel particle.

The major consiiteent of the UCO kerrel, UOy, provides a
retention capabilisy for stronfium and the rarc carths.
Several studics have shown that ihe rare earths may corrode
the SiC layer if present in the reduced forin {i.e., as either
the glement or the casbide (e.g., Giubmeier et al. 1977)].
An adegiate level of UO4 in the kernel creates sufficient
oxygen picssire such that these metals are present in the
less mobile oxidized form.

Uranium dicarbide in the UCO kemel acts as a sacrificial
material, piacing an upper limit on the oxygen pressie
generated by UQ; and the fission process. It does so by
allowing tormation of UG and C by reaction of oxygen
with UCp, instead of forming CO and CC; by reaciion of
oxygen with C. Analyses by Lindemer and deNordwall
(1974) indicate ihat the kel migraiion coefficient for
basicaily U3 kemmels is markedly reduced as the oxygen
pressure is reduced for teraperatures in the normal operat-
ing condition NOC) range (e., T < 1250°C).

Thus, an absence cf carbon in ihe kerael would resuli in
excessive pressure and kKerncel migration. At the other
exireme, an excess of carbon in ihe kemel would result in
cxcessive fission mctal migraiion and possible harm 1o the
SiC layer. Hence, the kernel is designed for an optirnal
composition cof UCp 101 7.

3222 As-Manufactuved Coating Layer Defacts
(OGiher than those Cited in Sect. 3.2.1)

A lacge number of as-manufactnred coating defects are
possible as a result of incorrect seitings of the coating ten-
perature and active gas pressure, or otherwise iraproper
coater operaiion (such as pocr gas, particle distribuiion, or
intermiiicnt operation). In addition, particle iransfers during



the coaling operation may cause mechanical damage. The
more significant possible defects are listed below.

i. Inadequate Buffer-Layer Porosity. Specificatioas call
for a bufler-layer porosity of ~50% to limit the gas pressure
developed in the particle due to burnup (Scheffel and Tang
1989). High porosity results from a high coating rate that,
in turm, i3 regulated by the partial pressure of the active
coating gas {acetylene for the buffer layer) and the coating
temperature. High coating gas pressure and high
temperature both tend o increase the porosity of the bufler
layer,

2. Excessive Permeability of the IPyC Layer. The prin-
cipal function of the IPyC is protection of the kernel from
HCl formed during the SiC coating process. Therefore,
Py coating conditions are selected to maximize density at
the expense of irvadiation stability. Excess IPyC porosity
would aliow some redistribution of uranium within the SiC
layer, a defect that is texmed HM dispersion. If present in
excess of some padefined limit, HM dispersion has a high
probability of failing the SiC layer during normal service.
(FRDM (1947) cites an SiC failure probability of 50% at
discharge burnup in cases of excessive HM dispersion.]
High [Py density is achieved by setting coating conditions
for a low deposition rate (1.¢., low active gas concentration
and optimum coating emperature).

3. Excessive Permeability of $iC to Metals. The 5iC
layer can become excessively permeable to fission metals
sither by inclusion of free Si in the microsiruchire or by
gxeessive porosity. According to Price (1977), free Sican
appear when coating temperatures fall below ~1430°C and
also by improper adjustment of the hydrogen to argon ratio
in the coating gas. According 1o Scheffel and Tang (1989),
excessive porosity can also develop when coating tempera-
tures exceed ~1700°C.

4. Low SiC Strength. Low-densily 5iC deposits that con-
tain free 8i also possess low strength, in addition 1o high
permeability for fission metals. Weak 5iC layers are a
result of deposition at emperatures below ~1450°C (Price
1977). Weakness may also result from an interrupted
coating run (Scheffel and Tang 1989) that creales a
spherically laminated structure, In addition, too high or too
fow coating temperatures (i.¢., > 1700 or <1400°C) also
cause high susceptibility to thermal decomposition
{Scheffel and Tang 1989).

5. Excessive (Gas Permeability of the OPyC. The princi-
pal functions of the OPy( are to ensure low gas perme-
ability and to protect the SiC layer. Both functions require
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maintenance of structural integrity during irrsdiation,
Adequately low gas permeability is developed by placing
an upper limit on the coating rate; that, in torn, is regulated
by the partial pressure of the active coating gases. Exces-
sive coating gas pressure results in excessive porosity.
There is also a lower limit to the coating rate and active gas
pressuge, 2s noted in em 6 below.

6. Inadequate Irradiation Stability of the OPyC.
Coating rates below specified limits, as controlied by the
active gas pressure, resulf in an anisotropic crystal structure
that performs poorly in normal service. In addition 16
anisotropy produced by low deposition rates, poor irradia-
tion stability may also be caused by excessive crystallite
size, which generally increases with deposition tempera-
ture. A crystailite size funitation is achieved by limiting the
coating emperature 10 <1500°C (Scheffel and Tang 1989).

7. Broken Particles Due to Compact Fabrication. As
noted in the previous section, compact fabrication entails
high-pressure injection: of a binder and graphite filler into a
closg-packed array of fuel and graphite particles contained
in a cylindrical mold. Following injecticsn, the green cor-
pacts are heated 1o 1850°C in incremerdal steps 1o drive off
volatiles and 1o partially graphitize the binder, The process
involves some risk of damage to foel particles by a number
of potential mechanisms: {a) mechanical inlsraction
between adjacent particles may cause fracture to the OPy(
and/or the 3iC layers; (b) matrixfparticle adhesion during
graphitization, at which time a significart degree of shrink-
age occurs, may damage the PPyC and/or OPyC layers; and
(v} the final graphitization temperature of 1850°C involves
some risk of thermal degradation to the 5iC layer.

These risks are known and minimized by the seiected pro-
cess. The function of the protective PyC coating (PPy() is
to protect the OPyC during compact fabrication. Moreover,
the duration of the curing at 1850°C is lmited to minimize
thermal degradation of the SiC. Nevertheless, the compact
fabrication step entails at least the potential for particle
damage.

B. Faceted and Noaround Particles. Faceting and the
degree of nonsphericity of the coatings are important
parameters with respect 1o the generation of stresses in the
coatings. According to Scheffel and Taog (1989), particle
faceting may occur as a resolt of irregularly shaped kernels
or an improperly operated coating furnace. Generally,
increased batch size and reduced levitation gas flow rate
tend to increase {aceting. Data shown by Scheffel and Tang
indicate that large variations in apparent SiC strength occor

NUREG/CR-5810



Fuel

with faceted particles, with no clear trend with aspect ratio
(defined as the ratio of maximum to minimum diameter)
for aspect ratios of <1.15. In contrast, ellipsoidal particles
show a gradual decline in SiC sirength with aspect ratio.

Current specifications limit aspect ratios of fuel particles
such that <10% of the particles exhibit aspect ratios >1.2
(Scheffel and Tang 1989), evidently for both faceted and
spheroidal particles. Such stipulation limits SiC strength
loss to 10% for 90% of the ellipsoidal fuel particles.
However, much larger degiees of strength loss may be
expected for faceted particles for this aspect ratio range,
perhaps more than a factor of 2 (Scheffel and Tang 1989).

3.3 Fuel Failure Mechanisms in Normal
Operation

3.3.1 Categories of Fuel Particles

The peak service conditions for the fuel assumed for design
are 1250°C uradiation temperature, 8.0 X 1025 neuirons/m2
fleence of neutrons in excess of 29 £J, and 26% FIMA
buraup (Scheffel and Tang 1989). The fuel lifetime in the
core is 3 years (PSID 1986).

A range of particle types ingvitably exists within the as-
manufactured compact, each of which responds differenily
to the normal service conditions. For the purposes of dis-
cussion, it is useful to define three such categorics of fucl
particles. (These definitions may differ somewhat from the
usual terminology.)

L. Ideal Fuel Particles. This type of particle possesses all
the properties selected by the fuel designer, within an
extremety small range about the mean. Assuming a correct
design for the conditions of service, ideal pariicles will not
fail under normal operating conditions (NOCs). However,
ihis is a hypothetical category only, because no particle or
group of particles can be shown 1o be ideal without desiruc-
tive testing. The undexlying reason is that some properiics
are not preciscly prediciable even under the most stringent
fabrication conditions. For example, properties such as SiC
tensile strength or diffusivity for metals appear to depend
on subile and incompletely understood fabrication parame-
ters. Therefore, behavioral models are generally written in
statisiical ermas, with the specified mean and standard
deviation being selected to yield an acceptable level of fail-
ure for the known service conditions. Neveriheless, ideal
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fuel is a useful concept, both as a performance standard and
as a long-range goal in fuel development.

2. Standard Fuel Particles. This category is defined as a
group of particles that are within the range of all specifica-
tions, i.e., the particles pass the prescribed QA/QC proce-
dures. Standard fuel particles experience some degree of
failure under NOCs for basically iwo reasons: (3) some
fraction of ihe fuel possesses adverse features within the
tails of the property distribution curve and wounld therefore
be predicted to fail by ihe statistically based fuel perfor-
mance models, and (b) failures may also be caused by
combinations of adverse properties, each of which is never-
theless well within specified iolerances (e.g., a somewhat
large kernel occurring in conjunction with a somewhat thin
or weak SiC layer may combine to cause failure, whereas
individually a deterministic behaviora! model would not
predict failure}. Note that as defined here, this category
excludes obvious manufacturing defecis cited in

Sect. 3.2.1. In practice, however, fuel particle baiches that
pass QA/QC procedures will contain some particies with
such manufacturing defects becauose of the siatistical nature
of QC methods.

3. As-Mapufactures Defective Fuel Particles. These are
particles that contain some manufacturing defect(s) of the
type cited in Sect. 3.2.1 but are ailowed at low concentra-
tion in an accepied production batch. Some of these defects
cause a high probability of failure under NOCs. Oihers
(defective SiC and HM contamination) represent as-
manufactured failures because the coniamment function is
already partially lost.

3.3.2 Normal Service Failure Mechanisms

1. Pressure Vessel Failure. This periains to the bursting
of the SiC layer due to the generation of excessive intemnal
pressure. The scurce of the pressurg is the generation of
noble fission gases and iodine and the fission process that
has a net effect of releasing oxygen from UQg, which
reacts with fission producis and UC7 to form refractory
oxides, the excess converting principally w O,
Mechanistic pressure vessel madels generally predict no
failures under NOCs for particles that may be considered as
approximately ideal. Statistical models (FDDM 1687)
cuirently predict an exirerncly low degree of failure by
this mechanism when applied to standard particles.
However, the chance for pressure vesse! failure increases
with ceriain types of manufacturing defects, notably, (a)
missing buffer or inadequate void space in buffer layer; (b)
missing or defective OFyC, which provides protecticn and



stabilization to the 8iC layer; and (¢) out-of-round or
faceted pariicles that exhibit stress peaking.

2. Corrosien of the SiC Layer. This is often cited as a
potential fuel failure reechanism; however, the maost recent
authoritative study (Lauf et. al. 1984) downplays its signifi-
cance, 51 corrosion may occur when the reduced form of
chemically active fission metals (i.c., metal carbides or free
metals) comtacts the SiC layer. In particular, Sr, La, and
other rare carths tend to form more stable carbides than SiC
dogs; hence, these metals are incompatible with SiC.
However, kernel stoichiometries in which UQ2 is the major
species exhibit sufficiently high oxygen pressure to eosure
that such active metals exist entirely as oxides, in which
form they do not aitack SiC, According to Homan (1977),
kermnel compositions containing as little as 32% UQO; suffice
to convert Sr and the rare earths to the oxide form,
compared o the reference composition of 85% UQ;.
Therefore, SiC corrosion by means of this mechanism is
unlikely, except for particle defects in which the UCy con-
centration limit is grossly exceeded.

Scheffel and Tang (1989) state that excessive impurity
levels of Fe, Mi, and Cr, incorporated with the kernel dur-
ing manufacture, may also corrosively damage 5iC. Asa
result, contamination timiis of 100 ppm have been set for
each such impurity.

SiC corrosion has also been autributed to attack by Pd.
However, the study by Lauf ¢t al. (1984) concluded that
while noble metals such as Pd may pass through SiC (by
means of a poorly understood roechanism), such passage
does noi dapiage the SiC layer. (This conclusion, however,
needs to be confirmed. At present Pd attack on 51 is sull
considered to be a significant failure mechanism for normal
reacior temperature conditions. )

At least theee other mechanisms for corrosive attack on SiC
have been cited. Grubmeier et al. (1977) have showa that
SiC may be chemically attacked by HUI formed from the
coating gas during SiC deposition. In addition, the FODM
(1987) cites HM dispersion as a likely cause for SiCC corro-
sion. These two mechanisms may be closely related in that
HM dispersion 15 caused by the presence of a damaged
{Py(C layer that permits contact of HCI with the kemmnel.
Thus, the root cause of both these corrosion mechanisms is
fikely the presence of a damaged IPyC layer. Finally,
kernel compositions that contain substandard levels of the
UCy would permit significant service life with only the

19

Fuel

UO; rematning in the kernel. Such a situation would ele-
vaie the oxygen potential of the atmosphere near the kernel
and cause oxidative attack on the 5iC layer.

In sum, 51 corrosion as a possible failure mechanism is
not likely to occur in ideal particles, but may be enhanced
by four types of manufacturing defects: (a) a grossly incor-
rect kernel composition of more than 68% UC, compared
with a nominal level of 15%; (b) a defective TPyC layer that
permits HC penetration to the kemel during coating; (©)
excessive Fe, Cr, and Ni irnpurity levels in the kernel; and
{d) an incorrect kernel composition in which the UCy phase
is significantly <13%.

3. Kernel Migration. This may be considered as a specific
type of corrosive failure of the SiC due to the migration of
the kernel. The mechanism for the migration is essentially a
carbon fransport cycle on an extremely small scale. [See
Wagner-Loffler (1977) and Lindemer and deNordwali
(1974).] Although many details are complex, the process
basically involves carbon oxidation 1o €O on the hot side
of the kernel and twansport via the gas phase o the rela-
tively cooler side. The oxygen released due to carbon depo-
sition finds its way back to the hot side either by diffusion
through the kemnel or by gas transport as COy. The net
effect is movement of the kernel relative to the coating lay-
exs into the direction of increasing temperature, Factors
which tend 10 increase the kemel migration rate are (2) the
magnitude of the temperaiure gradient, {b) the temperatare
level, and {¢) the oxygen pressure within the IPyC. OF
these, only the last item may be considered as controllable
by fuel pasticle design and fabrication.

Because recent, modular HTGR versions have reduced the
maximum fuel Emperature and temperature gradient,
kernel migration is curently not considered 1o be a signifi-
cant contributor to fuel failure. However, the current
approach for estimaiing the kernel migration distance
{(FDDM 1987) uses a statististical methed that vields a
mean migration distance and a range about the mean. As
such, even ideal fuel particies would be predicted fo experi-
ence some small but finite level of kernel migration failure.
Standard fuel particles, which exhibit an accepiable range
of property parameters but no manufacturing defects, are
likewise designed to yicld insignificantly low-failure levels
due 1o kernel migration.

The manufacturing defects that would significantly con-
tribute to fuel failures by kernel migration are as follows:
(a) a low concentration of U, in the kemel relative 1o the
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selected design level of 15% would allow higher oxygen

pressures within the IPyC at end of life; and (b) an exces-
sively large kernel would tend to increase the internal gas
pressure, and if accompanied by correspondingly thinner

coatings, would also enhance the failure probability.

4. Irradiation Damage of the OPyC. The OPyC layer is
the pari of the fuel particle that undergoes the most pro-
nounced property changes as a result of fast neutron irradia-
tion (Harmon and Scott 1977). Coating conditions for the
OPyC are selected io yield an optimurn set of properties
with respect io strength, gas impermeability, and irradiation
stability, as required for the overall funciion of the OFyC.
Although fallure of the OPyC does not of itself result in
loss of fission product retention capability, provided the
SiC layer is intact, it does cause 2 loss of SiC protection
and, hence, an increased probability of subsequent SiC fail-
ure, Iiradiation stability for the NOC design conditions is
enhanced by a jndicious selection of coating conditions that
minimize the crysiallite anisotiopy and cause a deposit
density in the range 1.85 to 1.95 mg/m3. The principal
means for assuring adequately low anisotropy is selection
of a sufficiently high coating rate.

5. Diffusive ¥ailure. Although not usually thought of as
failure, fuel particles may lose containment function by
means of diffusion through the intact coating layers. Even
particles ideal in every respect lose significant fractions of
Ag above ~1300 K in a neutron irradiation field (Groos
etal. 1977). The same experimental data also indicate that
Cs loss from ideal particles in a nentron flux may also
begin to be at lcasi measurable at about the same tempera-
ture, Thus, an MHTGR fueled entirely with ideal fuel
would still exhibit measurable Ag and Cs contamination of
the primary systera.,

The fabrication defect cited above (i.e., inclusion of free Si
in the SiC layer as a result of an improperly low setting of
the deposition temperature) enhances diffusive loss of fis-
sion metals under NOCs,

3.4 Fuel Failure Mechanisms Under
Accident Conditions

1. Thermal Decompaosition of 8iC. Exposure of SiC to
excessive temperatuies tends to shift the chemical equilib-
rivm toward the individual elemenis St and C. According 1o
Price (1977), such decomposition is generally considered to
at least begin to achieve significant levels at ~1600°C, at
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which point nnirradiated and exposed SiC develops an Si
vapor pressure of ~0.1 Pa. A recent evaluation reporied by
Martin (1991) concludes that thermal decomposition is the
principal failure mode of SiC at 1660°C and above.
Physical removal of Si by vaporization is not required for
loss of function, Decomposition with the Si retained in
place, as may occur with fully contained SiC within intact
IPyC and OPyC coatings, still resulis in loss of capability
for conizining fission metals. It is unclear whether the
retention capability reappears on cooldown, which favors
reforming SiC, albeit in a different crystal siructure.

Empirical formulae given in FODM (1987), based on a
Weibull statistics format, provide an estimate for the SiC
failure fraction due to thermal decomposition. Evidently,
these formulae have recently been revised [see the review
by Mattin (1991)]. The revised formulae indicate a fairly
strong dependence of failure fraction on integrated fission
density and, 1o a lesser exient, on fast neniron fluence.
From a fundamenta! point of view, it is not ai all clear why
these two parameiers should effect thermal decomposition
of SiC.

2. Enbanced Diffusive Loss of Fissien Metals and
Gases. Even with no structural alteration that may be con-
strued as damage, diffusivitics of fission producis within
the coating barriers increase with temperature fairly
rapidly. For example, data suramarized by Moormann and
Verfondern (1986) indicaie that the diffusivitics of Ag and
Srin SiC each increase by a factor of ~30 beiween 1250°C,
the upper limit temperature for NOCs, and 1600°C. Similar
large increases in diffusivity are shown for the fission gases
in PyC layers. (This rapid rise in noble gas release must be
caused by something other than an inherent rise in
diffusivity, because gas diffusivities incirease only as ihe
1.5 power of temperature that would result in only 36%
increase over the stated range.)

It is imporiaut to recognize enhanced release from fuel due
to diffusivity increase because it is a completely reversible
“failure,” provided it is not accompanied or caused by an
irreversible microstructural change.

3. Fuel Hydrolysis in Steam Ingress Accidents. The
introduction of steam into the primary sysiem creates
nurmerous effects, most prominently, chemical reactions
with exposed fuel kernels. Though such reactions are gen-
erally called “hydrolysis,” ihat term applies sidictly 1o the
reaction of steamn with UCs to form UO,, plus various
hydrocarbon gases and Hy. While chemical data predict the



effect of steam on UO, to be much milder than with UC,,
fuel capsule data indicate an approximately equal response
to steam ingress of UCO and UG, kernels [Myers (1991)].
At low steam pressures, Myers found that the degree of
stored fission gas promptly released (<1 h) varied as the
square of the stcam pressure, reaching ~3% at 200 Pa.
Since steam ingress events could cause steam pressures of
up to 106 Pa in the primary system, the measured trend
strongly indicates that 100% stored fission-gas release from
defective fuel particles may be expected within 1 h of the
exposure. Richards et al, (1990) report agreement with that
trend up to ~103 Pa steam pressure. However, they contend
that a steam saturation effect occurs within the fuel, limit-
ing stored fission gas release to ~30%.

4. Effects of Steam on Fuel Particles. In addition to the
hydrolysis of exposed fuel, steam ingress can cause other
deleterious effects on fuel particles: (a) some oxidation of
the OPyC occurs due to the reaction of steam with carbon;
however, this is generally considered to be a small effect
for cases with proper safety system response to a steam
generator failure. (b) Particles with defected OPyC may
experience damage to the SiC layer due to a hydrolysis
reaction with steam. {c) Fuel particles adjacent to
hydrolyzed kernels experience collateral damage by means
of an unknown mechanism. The most recent examples of
this effect are illustrated by photomicrographs presented in
the HRB 17/18 capsule report (Ketterer and Myers 1987).
Particles adjacent to hydrolyzed kernels are shown with
severely corroded OPyC layers.”

5. Pressure Vessel Failure. Accident conditions may
cause a rise in the internal pressure of a fuel particle due to
a temperature increase that, when combined with the
expected loss of strength with temperature of SiC, can
cause pressure vessel failure of the coatings. Certain types
of manufacturing defects or normal fabrication variations
can enhance the probability of pressure vessel failure dur-
ing accidents.

The following types of fabrication variations, even occur-
ring within specified QC limits, can enhance the degree of
pressure vessel failure experienced under accident condi-
tions: (a) high buffer layer density, (b) excess kernel size,
{c) thin SiC layer, (d) weak SiC due to nonoptimum coating
conditions, and (e) nonspherical or faceted coaling layers.

*Reviewers were divided as to whether this was a real effect or an artifact
of the metallographic process. Because the phenomenon also appears in
carly hydrolysis experiments in an identical way, the authors believe it 1o
be a real effect.
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3.5 Conclusions Regarding Fuel Failure
Mechanisms

Evidence indicates that a properly designed fuel particle,
fabricated to within tight variations about the selected mean
for all attributes (i.¢., an “ideal” fuel particie), will not fail
under either normal or postulated accident conditions.
Failures that do occur result from either manufacturing
defects, several of which are cited in this section, or
unavoidable coincidences of manufacturing variability.
Thus, given a proper design, fuel failares during service
would tend to be reduced by both the reduction in the num-
ber of manufacturing defects and property variability.,

It is apparent that numerous fuel particle failure modes are
possible, many of which are mechanically and chemically
complex. As a result, failure mechanisms are not fully
understood in many instances.

Currently, fuel behavior models are expressed in statistical
terms and based mostly on empirical evidence. When
applied to accident conditions, they generally yield
extremely tow site boundary exposures. These encouraging
results carry some force because they are based mainly on
in-pile tests and out-of-pile heatup data.

However, incomplete understanding of fuel failure mecha-
nisms has its negative aspects. Most irnportantly, statistical
and empirical evidence alone may not be fully convincing
that all important factors have been considered. Experi-
ments can be complex and open to interpretation, and
reactor designs change with time, rendering the experience
obsolete for current concepts. Hence, the complexity and
lack of full understanding of the failure mechanisms must
be viewed as a drawback.

In addition, it appears advisable to prioritize QC procedures
with respect to the importance of the particular defect to
fuel failure. Doing so requires a recognition of the mecha-
nistic connection between the defect and the resulting fail-
ure mode. (QC tests are discussed in Sect. 5.)

Of the various manufacturing defects cited in this section,
three may be noted as being potentially important with
respect to fuel reliability. These are (1) fuel particle damage
during compact manufacture, (2) HM dispersion, and
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(3) fuel particle facet.inga* The first two defects resuli from
processing errors that should be prevented by the process
control system and proven so by accompanying QA docu-
mentation. However, should they occur through some sys-
tem flaw, it may be difficult, using current QC procedures,
to reliably infer their adequately low frequency (see

Sect. 5.).

The third defect, particle faceting, is not due to a processing
error, but may result from subtle operational or design
variations of a coater. Principal means for assuring its low
frequency in the product is the tabling operation (see

Sect. 2). However, information is not available regarding
the reliability of the tabling operation for rejection of
faceted particies. The planned QC procedure for detection

Reviewers indicated that defective SiC with excessive permesbility may
be added as a fourth significant manufacturing defect.
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of nonspherical particles, the aspect ratio test (see Sect. 5),
is not appropriaie for detection of faceting.”

These thice manufacturing defecis, should they occur, each
have & high probability of causing prematic failure of the
fuel particle during normal operation, 6f more cxicnsive
failures under accident environments.

Hence, these three types of defects potentially exhibit the
atiribuies of weak fuel. The concept of weak fuel, initially
expressed as an intuitive conservatism on the part of the
NRC, does have a mechanistic component. Adoption of
QA/QC procedures that convincingly eliminate these three
types of mannfacturing defects would contribute toward
reducing the currently imposed weak fuel restrictions.

* A teviewer indicated that X-ray radiography can detect faceted particles.
Radiography is included as 2 QC method; however, it is currently wsed
only for monitoring coating thickress and kerncl diameter [see Sect. 5
and Bresaik (1991)].



4 Fuel Design Requirements

4.1 Definitions and Development

Fuel design requirements define the behavior of the fuel
required to meet the top-level performance goals of the
reactor. The most recent-documentation, presented by Tang
(1989), appears o be consistent with a more extensive
description provided in a prior document (DOE, 1987). The
following top-level goals that ultimately define the fuel
design requirements are stated in the PSID (1986):

Goal 1. Maintain Plant Operation. This encompasses all
phases of normal operation including shutdown, routine
maintenance, refueling, and startop.

Goal 2. Maintain Plant Protection. This is an investment
protection goal that limits plant unavailability to <10%/year
due 10 unscheduled events and loss of investment to a prob-
ability of <1073 /year.

{zoal 3. Maintain Conirel of Radionuclide Release (i.e.,
to the environment). This goal is to limit releases during
accidents so the dose limis stated by the EPA Protective
Action Guidelines (PAGs) are not exceeded at the Exclu-
sion Area Boundary (EAB). Thus, meeting this goal pre-
cludes the need for public evacuation planning.

{3oal 4. Maintain Emergency Preparedness. An exarople
of the logic for denving the fuel design requirements from
the top-level goals is illustrated in Fig 4.1-1, which isan
adaptation of a similar figure shown by Tang (1989). The
figure also itlustrates the relationship between the so-called
Core Performance Criteria, often cited along with the Fuel
Design Criteria, as well as the Fuel Product Specifications
dexived from the design requirements. Figure 4.1-1 applies
to the requirements that satisfy the aspects of Goals 1 and 3
relating to radioactive release to the environment. Different,
but similar, logic diagrams are required for satisfying other
aspects of the top-level goals.

ORNL-OWG 91M-3582 ET0
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Figure 4,1-1 Determination and definitions of fuel criteria
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The arrows shown in Fig. 4.1-1 signify the direction of
radioaciivity flow from the fission source to the atmo-
sphere. The magnitude of the flow along the pathway from
the source to the EARB is estimated by a series of models
that describe retentions by the various barriers and atmo-
spheric dispersion. However, the calculation proceeds pre-
dominantly in the reverse direction, from the given goal
backward to the source. Defining the fuel criteria is a pro-
cess of selecting the retentions by the principal fission
product barders required 0 meet the top-level goals, given
the fission source and a conservative estimate of atmo-
spheric dispersion.

The process can involve a good deal of trial and error oc
iteration. Mote also that alterations of either the models for
the various transport barriers, selection of accident sce-
nario, or just about any feature of the reactor concept can,
in principle, lead to modifications of the fue! requirements.
However, programmatic and lead time considerations for
fuel developmeni call for as much stabiliiy in the fuel
requirements as possible. Therefore, model or concept
modifications are likely to be accommodated first by design
alierations that do wot require fuel alteration.

Core Performance and Fuel Design Criteria are often cited
together. As Fig. 4.1-1 shows, the difference between the
two relates to retention of radioactivity by fuel element
graphiie and the graphite associated with moderator ele-
menis through the core. Fuel Product Specification refers to
the design details of the as-manufactured fuel element,
including dimensions of the kernel and coating lavers,
properties of all parts of the fucl element, and impurity
levels (as required to meet the Fuel Design Criteria).

4.2 Core Performance and Fuel Design
Criteria

According 1o Tang (1989), top-level Goal 3, relating to
radioaciive release to the atmosphere caused by accidents,
is the most restrictive requirement for defining core per-
formance and fuel design criteria. Second in importance
(according io Tang) is Goal 1, in particular the stated desire
to limit occupational exposures to <10% of the 10 CFR 20
requirements. Tang cites unpublished estimates that indi-
cate this occupational exposure limit may be satisfied when
primary circuii plaieout of radionuclides causes doses of
<10 mR/h during scheduled maintenance activities.
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Core performance criteria that allegedly satisfy the aspect
of Goal 1 relating to releases from the core during normal
operaiion are presented in Table 4.2-1. Tables 4.2-2 and
4.2-3 cite the core performance requircments relative to
Goal 3 for long- and short-term accident events, respec-
tively (Tang 1989).

Table 4.2.1 Maxirmun allowable releases from fuel
clement during normal operation averaged corewide
(Goal 1 or 3 requirement)

Allowable fracticnal release

Nuclide >50% confidence >98% confidence
34 <[TBD] <[TBD]

88Kkt <7.5%x 1077 <3x10-5
133xe <1.5x10-6 <6 x 10~%

1311 <1.9% 106 <7.4 %106
90g¢ <5x 108 <5x 107
110mp g <5 x 104 <5%1073
137¢s <7 x 1076 <7 % 10°3
134 <7 x10°6 <7 %1073

Source: 1. U. Tang, MHTGR Fuel Product Specification, DOE-HTGR-
88140, 1989,

Table 4.2-2 Maximum allowable releases from fuel
element during long-term transients averaged
corewide (Goal 3 requirement)

_ PAG (user) limits 10 CFR 100

Nuclide P> 50% (Reg.) limits
P>[50%]

88Ky <[TBD] <[TBD]
133xe <1.1x10"2 <2.1x 103
1311 <7.1x 1075 <2.1x10-3
205 <5.7x10~% <1.8x 103
110mp o <[TBD] <[TBD]
137¢s <[TBD] <[TBD]

Source: 1. U. Tang, MHTGR Fuel Product Specification, DOE-HTGR-

88140, 1989.
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Table 4.2-3 Maximum allowable releases from fuel element during
short-term transients averaged corewide
(Goal 3 requirement)

‘ PAG (user) limits 10 CFR 100 (Reg.) limits

Nuclide P=50% P>15% P> 50% P295%
88Ky <[TBD] <9 % 10-0 <[TBD] <2.1%x 104
1317 <[TBD] <2.2x107 <[TBD] <6.6 % 1074

Source: L U. Tang, MHTGR Fuel Product Specification, DOE-HTGR-88140, 1989.

A varicty of situations may be assumed as a basis for
developing the criteria shown in the three tables—precisely
which ones assumed were not stated. For example, NOC
releases from the core (Table 4.2-1) may be limited by
either 10 CFR 50 considerations on routine releases or by
occupational dose considerations defined in 10 CFR 20.
Both of these would relate to the Goal 1 objective.
Alternatively, NOC core releases may be limited by acci-
dent release considerations within the context of Goal 3.
For example, dry depressurization consequences relate
directly to the ex-fuel radioactivity that develops over the
course of normal operation. In addition, the particular long-
and short-term transients assumed for generating the crite-
ria shown in Tables 4.2-2 and 4.2-3 are not described.

In addition to these fuel element criteria, upper limits on
fuel particle manufacturing defects are given in Table 4.2-4,
reproduced from Scheffel and Tang (1989). The statistical
bases for these limits vary for different defects, as noted in
the footnotes to the table taken directly from the reference.
Figure 4.2-1 taken from Bresnick (1991) defines the vari-
ous types of fuel populations used to formulate the
sampling plan. All of the cited defect levels are based on
QC tests to be performed on samples of loose particles,
except for defective SiC, which is based on the burn-leach
test procedure. (See Sect. S for a summary of QC proce-
dures.)

Table 4.2-4 Maximum allowable manufacturing defects of fuel particles in fuel element

95% confidence level

Allowable specification

Manufacturing defect category for defects limit at 95% confidence
{fraction) fevel (fraction)
Missing or incomplete buffer <5.0 % 10794 <2.0% 10742
Missing or defective inner PyC $4.0 x 10-5¢ <1 x 1044
Missing or incomplete SiC <5.0 x 10-5% <1.0 x 10-44¢
Missing or incomplete OPyC <1.0 x 10744 <1.0% 10-3%
Missing or incomplete protective coating <1.0 % 16734 <1.0x 102°

“Segment mean of particle composites. (Mean value of composite defect fractions in a segment.)

B95%, confidence that <5% of the particle composite means in a segment exceeds the specified limit.

“Ihe specification limit is on the mean fuel compact property, applied to the segment and not at the compact lot level.

Y59, confidence that $3% of the compact lot mean measnrements in a core segment exceeds the limit. In addition, the number of
compact lots in the segment exceeding the limits must contain 5% of the total compacty in the segments.

¢Based on burn-leach quality control technique.

Source: W. 1. Scheffel and L. U. Tang, Technical Support Docwnent for the MHTGR Fuel Production Specification, GA

Dacumnent 903728, Issue D, 1989.
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The firsi coluimn of specifications in Table 4.2-4 cites
upper timits of the average value for each defect type based
on an acquired sample, termed the “segroent.” That is, the
specification cites that the segment mean for missing
buffers should be <5.0 X "—5 , with 95% confidence. The
second specificaiion for cach defect iype is a limiiation of
the disiribution of defects in the composites and lois. For
exampie, the specificaiion cites that <5% of the paiticie
composiies should coniain more than 2.6 x 10~ fiaction
missing buffers, again with 95% canfidence.”

Notahly abseiii from this list is ihe specification {or maxi-
muini ailowable HM coniaminatio, cited by other docu-
ments as 1 x 10~ fraction, presumably also based on the
mean of samples from a set of composiics of loose particles
equal to a core segimient. It is gencrally agreed that uranium
coniamination is ihe major source of fission gas release

froin fuel.

Tablc 4.2-5, taken from information presenied in the preap-
plication dralt SER (Willkams et al. 1989) from an informal

*We are indebicd 1o O. M. Stansfield for this lucid explanation.
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souice, lists expecied values of varicus types of fuel
particle defects both in the as-manufactured condition and

at the end of normal service. Tables 4.2-4 and 4.2-5 are
consistent, excepi that the former does not include the
degree of uranivm contaminatioa as a defect. These values
should perhaps be considered as informal and reasonsble
fuel prodiict goals proiected by the poieniial manufacturer.
The types of Tuc! failures in this format that release fission
gases aro expected 0 increase duriag service from 1 X 10-5
10 6 X 10~ fraction ai end of life. Table 4.1-4 shows the
cause: the 5.0 x 10~ fraction of pariicles with missing
buifers is projected to fail in service in a way that exposes
the kermel.

Table 4.2-5 also shows where fuel defecis that release {is-
sion meials from the fuel particle are expecied to increase
from the as-manifacinicd level of 6 x 167 fraciion to 12 %
105 at the end of life. The as-manufactured level is caused
by a combination of uranium coniamination and the
expecied existence of 5 x 10~ fraction of defective SiC
layers in “standard” fuel. The reasons for the expecied
increase with service life are ihe 5 x 1675 particles with
missing bu iffers plus an anticipated service failure fraction
of the SiC layer of 1 x 1073,
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Table 4.2-5 As-manufactured and EOQL fuel particle failure fractions
for release of fission gases and metals, projected for MHTGR

End of normal

As-manufactured DR

service life

Fission-gas release 1% 1073 6x 1075
Exposed kernels (5 % 10-5)
Contamination (1% 1075 (Ix 1_0”5)
Fission-metal release 6% 1075 12 % 103
Exposed kernels ) (5% 10-%)
Contamination (1x1077) (1 x 10-%)
Defective SiC (5x10-5) (6 x 1075)

Source: P. M. Williams et al., “Draft Preapplication SER for the MHTGR,” NUREG-1338,

1989.

4.3 Evaluation of Fuel Design
Requirements

Appendix A outlines an order-of-magpitude comparison of
Goals 1 and 3 requirements with the fuel design require-
menis listed in Tables 4.2-1 to 4.2-3.

4.3.1 Goal 3 Requirement (Maintain Control
of Radioactive Release)

According 10 Table 4,23, the Goal 3 requirement for short-
teem accidental discharges will be met with 95% confi-
dence by criterion restricting 13! release from the core to
2.2 % 1075 fraction of the inventory. The objective is to
limit EAB doses to sufficiently low levels that preciude the
nged for protective action planning. This level is given by
EPA (1975), which states that anticipated thyroid doses to
the general population exceeding the range 5 to 25 rem
would require protective action planning. The lower limit
applies if there are “no major local constraints in providing
protection at that level.” Therefore, the quantitative Goal 3
limit of 5 rem is in accord with the EPA gaideline.

The design requirement of 2.2 X 10~ fractional release of
1311 for a short-term event is tesied in Appendix A.1. As
indicated there, the specified release fraction would result
in the insertion of 257 Ci of 1311 into the xeactor building
(RB) in a depressurization event, assuming no holdup in the
primary vessel. This is 4 conservative assumption, but not
unreasonable for a wet depressurization event. A building

leakage rate of 100%/d is shown to result in a release 1o the
atmosphere of approximately 22.3 Ci of 1311 during the
initial 2 h of the event, assuming the iodine remains in the
gas phase.

The resuiting dose at the site boundary, using an EAR
radius of 475 m (PSID 1986), a breathing rate recom-
mended by Reg. Guide 1.4 (1974), an atmospheric disper-
sion appropriate for ground release, and a dose conversion
factor cited by Dunning et al. (1981), leads to a dose esti-
mate of 20.1 rem at the site boundary due 1o 1211 (see
Appendix A.1). If the 1331 design requirement is similar 10
1311, the total dose to the thyroid due to beeathing for a
shart-term event is estimated to be 31.1 rem. This exceeds
the Goal 3 requirement by about a factor of 6.

Thas, for the stated design requirement to be consistent
with Top-Level Goal 3, it needs (o be shown that the con-
servatisms assumed in the Appendix A1 estimaie, when
more accurately evaluated, would lead to more than a factor
of 6 reduction 1n the dose estimate.”

4.3.2 Goal 1 Requirement

Satisfaction of Top-Level Goal 1 (Maintain Plant
Operation) involves several facets, one of which relaies (o
allowable worker exposure levels during performance of

Condensation of steam i the RB may be an effeciive atenuation
mechanism for a wet depressurization event.
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routine mainienance operations. As 2 device for meeting
this aspect of Goal 1, Tang (1989) reporis that Goal 1 will
be satisfied if such exposiee levels are limited to <10% of
the limit set by 10 CFR 20. At the currenti level of design,
according to Tang (1989), it is believed that this will be
accomplished if “the gamma radiation fields around the
primary circiit due to fission product platcont were limited
to <10 mrad/h.”

The exposure rate to workers performiing contact mainte-
nance on primary system paits is roughly esiimated in
Appendix A.2. It is asswmed that the exposuee is due solely
to 137Cs released from the fuel at the fraciional rate of 7 x
10-5, as cited i ihe el design criteria given in Table
4.2-1. (Note, this is the criierion for satisfyiog Goal 3. Na
equivalent criterion is given for Goal 1 becanss Goal 3 is
held to be limiting.) It is further assumed ihat 137Cs plates
uniformly along primary sysiem surfaces.

The precise geomeiry of the exposure is a critical feature of
the maintenance-dose estiraate. The esiimate iv Appendix
A.2 assumcs that a dose is received by direct coiitact of
tissue wiih the exierior of a pipe coniaminated on the
intcrior suiface, Contributing 1o the radiation ficld are all
photons emanating from 137Cs plated direcily bencaili the
tissue fom both the near and far surface cf the pipe.

This rough model leads to a radiation field of 720 miad/mh
adjacenii to the contaminaied pipe ncar the end of reacior
life (at 35 vears of operation), which is about 70 times the
desired limit of 10 mrad/Mh. Because additional contribu-
tions to the radiation field from 134Cs, 136Cs, and 110Ag
may be expected, it is felt that ihere may be some question
regarding ihe consisiency between mecting Goal 1 and the
pertinent fuel design requirements.”

*A teleconference was arranged by NRC between the anthors and General
Atomics (GA) personnel; alse included were Bechtel analysis perfomming
maintenance dose estimates under subconiract to GA. The purpose was
to disenss the results presented in this section. This discussion concluded
the following: (1) The <10-mrad/h criterion for satisfying the top-lovel
mainienance dose requirement was based on a preliminary evaluation.
(2) This criterion was used to specify the 50% confidence fission product
release levels for routine operaticn. (3) More recently, Bechie] analysts
have concluded thai the fission product release eriteria for roniine opera-
tion, evidently based on the easly rule of thumb, nevertheless satisfy the
requirerncnts of Top Level Goal 1 with respect o routine maintenance
doses. The Bechtel analysis includes time studies of maintenance operz-
tions, dosc esiiration for the population of maintenance workers, and
3-D codes for estimating photon transport.
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4.3.3 Comparison of Fue! Element and Fuel
Particle Requirements

Tables 4.2-1 through 4.2-3 ciic fractional release limiis
froin ihe fucl element averaged over the coic and service
life of ihe element, as required to satisfy the top-level goals
(Tang 1989). In addition, product criieria arc cited that
lirait fuel particle defect fractions (e.g., Tables 4.2-4 and
4.2-5). Consistency beiween these two types of specifica-
tions may be iested as follows.

Table 4.2-1 indicates an expected fractional release of
<1.9 x 107 during normal operation is required. In com-
parison, Table 4.2-5 cites an expected defect fraction of the
type ihat relcases fission gases to be 3.5 x 10-5, averaging
the as-manufaciured and cad-of-life values in the table.
Because the duraiion of the aoldup of fission gases in
defective particles appears to be about 1 month (Wichner
1991}, and because all of the importani fission gases have
relatively shoit haii-lives, radioactive decay significantly
reduces release of fission gases froim defeciive fuel. Ar
evaluaiion presented by Wichner (1991) indicaies that the
defect fraction cited in Table 4.2-5 results in an 1311
fractional releasc of 3.37 x 10~%, with the predominani
share due to uranium contamination, Because very little
iodine hoidup is expected in the fuel element graphite, the
expected release fraction from the cited paiticle defeci
fraciion exceeds the specified allowable fuel element
release by about a factor of 2.

The expected failwre fraction for releasing fission metals
(e.g.. 137Cs) is given in Table 4.2-5 as 9 x 102, averaging
the as-mnanufactured and end-of life values. In conirast to
fission gases, theze is little holdup decay for generally long-
lived fission mesals. Therefore, ot temperaiure below which
diffusive release from iniact pacticles becornes significant
(~1000°C), fractionsl release raics are approximaiely the
sum of the Si1C defect fraction and the aranium contamina-
tion icvel (i.e., the fractional release rate of fission metals
indicaicd by Table 4.1-5 is 9 x 10-5). In coraparison, the
mean release rate of 137Cs from ihe fuel element for satis-
fying top-level Goal 3 is speciiied w Table 4.2-1 as 7 x
10-8, about a facior of 10 lower,

‘This discrepancy is somewhat relicved by recognizing that
there is a strong tendency for cesium sorption in the fuel
element graphite. However, fission mesal holdop by sorp-
tion in graphite thereby becomes a trausport step of equal
significance tc holdup by the particle coatings.



4.4 Summary of Fuel Design
Requirements Evaluation

An order of magnitude estimate indicates that the cited fuel
specifications are consistent with meeting top-level Goal 3
(Control of Radicnuclide Release). However, the compan-
son is fairly close, 2nd a presumption of even a small
degree of “weak™ fuel may reguire high vessel and building
retention factors for Geal 3 to be met.

The cited maximum allowable release fractions from the
fuel element for normal operation appear o significantly
exceed the level required for satisfying the aspect of Goal 1
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pertaining o routine maintenance doses. The discrepancy
may be on the order of a factor of 1000 during the latter
years of reactor operation, unless the equipment is decon-
tarainated, at Jeast for cesium, prior to performing the main-
tenance.

Cited fuel particle defect objectives may permif releases of
fission gases and fission metals that exceed the stated core
performance criteria, The differesce is about a factor of 2
for the 1311 a0d a factor of 10 for 137Cs. The estimated
1375 release from the fuel element would be reduced by
accounting for holdup in graphite. Doing so would bring
the defect fraction objective and the release criterion closer
together,
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5 QA/QC Methods

The fission product retention capabiiity of the MHTGR
fuel depends strongly on the as-manufactured attributes of
the coated particle fuel. Key attributes are the as-manufac-
tured, heavy-metal contamination, dispersion, and the
fraction of particles with coating defects that can lead to in-
gervice failure (see Chap. 4 for details).

The heavy-metal coniamination consists of uranium
located outside the SiC coating layer either in the fuel
particles or the fuel rod. When this uranium undergoes
fissiom, its fission products can easily migrate into the
coolant. The heavy-metal dispersion congsists of uranium
that moved outside the fuel kemel as a result of a defective
IPy(C layer that did not protect the fuel kemel from chiorine
attack during 3iC coating.

Coating defects are missing coatings or out-of-spec
coatings that can lead 1o a failure of the fission product
retention capability of the coated particle fuel (Chap. 3).

Cuality assurance and quality control rneasures are
emploved to guarantee that fuel of a given design is
manufactured with the required degres of precision. The
QASQC methods discussed here deal with as-manufactured
fuel and do not address whether the fuel is properly
designed.

5.1 Past Practice

The F&V tnitial core reguired about 20,000 kg of HEU

{U, Th)C, and ThC, TRISO-coated particles that were
assernbled into about 1500 bexagonal prismatic fuci
clements. Subsequently, three reload segments with 250
fuel elements cach were manufactured, Presently available
techniques and instruments ensured good quality fuel for
¥8V. However, the MHTGR has an oxide-based focl, as
compared to the carbide fuel in FSV, with substantially
lower defect and contamination requirements. According (o
the fuel technology development plan (Techplan, 19873,
present techniques fall short in several areas, particularly
the measurcreent of the heavy metal contamination of the
matrix and determination of the fraction of exposed kernels
in the compact. Furthermore, more reliable methods are
required than the burn-leach technigue to determing S1C
layer defects.
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Techplan (1987) characterizes curreni deficiencies of the
burn-leach process as follows:

The primary limitation of existing technigues
is that the nitric zcid biquid leach methods do
not remove the contamination and exposed
oxide kernels with sufficient speed and
completeness t0 make the fechnigues
commercially vizble. Measarement of
contamination levels on the order of 1 105
fraction is near the limit of detectability in
carbide fuel systems, and when oxide fuel is
present the results often show more variation
and uncertainty, The limitations arise in part
from the fact that for the extremely low
concentrations the chemical activity of the
heavy metal in the leach solution rapidly
approaches that in the matrix and leaching
action stops. Is addition, the oxide fuel form is
mauch less readily attacked by nitric acid than
the carbide form.

Particles with a missing buffer layer are
detected by X-radiography and manual
scanning of the radiograph to detect individual
defective particles. In order to make statements
regarding the presence of defects at <5.0 x
10~ fraction at least 40,000 particles must be
individually examined. This is 40 times more
than required for prior HTGR designs. The
time and associated cost of using curmrent
techniques 1o characterize missing buffer
fayers would be excessive. The application of
automated computerized techniques 10
interpret radiographs of coated particles and
detect defective particles may be a viable
aliernative to current manual methods.

5.2 Proposed Practice

The proposed practice for MHTGR fuel quality assurance
1s described in the fuel manufacturing QA plan (Miller et

al. 1988), and more recently by Bresnick (1991). This QA
Plan consists of three eleroents:

1. fuel production quality control,

2. administrative controls, and
3 record control.
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Each element of the proposed QA Plan will be
summarized. In addition to these elements, Frocess Conirol
is also expecied 10 be a pari of the overall QA sysiem.
Processing conditions along the manufacturing route are
expected to be included in the traveling records
accompanying each baich of fuel.

5.2.1 Fuel Quality Conirol

The MHTGR core will contain about 9.2 x 10% UCO
TRISO and 2.5 x 102 ThQ, particles that are produced in
coating batches of about 20 million particies of either UCO
or ThOy kernels. Typical production rates for a 4 x 350
MW(t) MHTGR would be

8.1 clements per day,

25,500 fuel compacts per day,

5.7 fissile fuel baiches per day, and
2 feriile fuel batches per day.

Table 5.2-1 shows typical steady-siate MHTGR fuel
production quantities.

Table 5.2-1 Typical steady-state MHTGR fuel
production quantities

MHTGR core component Approximate
quantity
Number of fertile ThO, particles/kg 1.5 x 106
heavy metal
Number of fissile UCO pariiclesfkg 4.05 % 106
heavy metal
Number of fertile particles/compact 1200
Nuraber of {issile particles/compact 4500
Number of fuel compacts/regular fuel 3126
clement
Number of fuel compacis/lot 40,000
Fertile fuel baiches/composite 13

Number of fissile batches/composiic 4

Number of feriile particles/core 2.5x% 109
Number of fissile particles/core 9.2 % 10%
Number of fuel elemenis/core 660
Number of core segments/corc 2

Source: C. M. Miller et al., “MHTGR Fuel Manufacturing QA Plan,”
DCE-HTGR-88091, Rev. 0, 1988,
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Poth destructive and nondestructive quality control
methods are proposed to determine the attributes of the foel
particles/compacts. The available quality contro! methods
are sumunarized in Table 5.2-2.

Because of the large number of particles involved and the
need for destructive testing, 2 statistically based sampling
program is planned to characicrize the particle/compact
quality {0 ensure that they conform with specified imits on
propezties and defect levels.

The proposed sampling plan covers the raw materials used
in the particle and compact fabrication, the fuel particles,
and corapacts.

Raw material samapling plan: Table 5.2-3 shows the
proposed sampling plan for raw matedals. The actual
sample size will be determined by Fuel Quality Control in
accordance with the MHTGR specification requirements.

Fuel particle prodnction sampling plan: Table 5.2-4
shows ikie sampling plan for fuel kernels and TRISO
particles. The sampling is done at the composite level (a
composite consists of a homogeneous mixiure of 4 batches
of fuel, and a fuel batch consists of 20 million particles).
The composite sampling process depends on the atiribuie
that needs to be conirolled. According to Miller et al.
(1988), the sampling plan is structured to operate under the
following acceptance critcria:

1. Sample each composite according to Table
[5.2-4] for variable propertics at a S0%
confidence level to meet the segment or the
composite requiremenis. If the property meets
this acceptance criterion, the property is
accepicd and the batches making up the
composite are physically blended.

Alternaiely, if the composite batch fails this
acceptance criteria, the individual batches
making up the composite are sampled and the
property measured to determine which
baiches should be rejected to increase the
composite quality enough 10 be accepted.

2, Sample each composite for attribute
properties, i.¢., defective buffer, IPyC, OPyC,
and PPyC layers, 10 determine if zero defects



Table 5.2-2 Available gquality control techniques

Technique Property Component Destroctive
1. Emission spectrography Impurities Kernel Yes
2. Atomic absorption Impurities Kernel Yes
3. Spectrophotometry Impurities Kemel Yes
4. Bumn/gravimetry Carbon, wt % Kemel Yes
5. Mass spectrometry U isotopics Kernel Yes
6. Wet chemistry Total U wi % Kemnel Yes
U loading Fired compact Yes
Th loading Firec compact Yes
7. Gas chromatography Oxygen, wt % Kernel Yes
8. Mercury pycnometry Density Kermel Yes
9. Mercury intrusion Microporosity OpyC Yes
10. Gradient column Density ipyC Yes
SiC Yes
11. Bulk density Density QPyC Yes
PPy Yes
12. Methylene iodide Porosity PyC Yes
intrusion/X-ray
13. Radiography Diameter thickness Kernel No
Buffer No
IPyC No
SiC No
OpyC No
PPyC No
Faceting Particle No
Missingfincomplete buffer  Buifer No
Missing/incomplete OPyC  OPyC No
Particle shape Shim No
14. Particle-size analyzer Diameter Kemel No
15. Metaliography Porosity OopPy(C Yes
Macroporosity Fired compact Yes
16. Seibersdorf unit Anisotropy PyC No
OPyC Mo
17. X-ray diffraction Filler crystallite Matrix Yes
18. Couiter count, Filler particle size Matrix No
Sartorius sedimentiation  Particle-size distribution Shim No
balance, Tyler screen
19. Gamma spectroscopy Fuel homogeneity Green compact No
20. Burn-leach Defective SiC Fired compact Yes
HM contamination Fired compact Yes
Defective IPyC Fired compact Yes
21. Burn/gas analysis Sulfur content Particle Yes
outside SiC ‘
22. Bumn/colorimetry {ron impurities Fuel particle Yes
23. Gas or liguid leach HM contamination Fired compact Yes

Source: C. M, Miller et al., “MHTGR Fuel Manufacturing QA Plan,” DOE-HTGR-88091, Rev. 0, 1988.
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Tabie 5.2-3 Proposed raw materials sampling plan

Sample

Material name Pop. size .
size
Uraninm oxide 150 kg 250¢g
Thorium oxide 1lot 100 g
Argon, nittogen, Matenia! certification
hydrogen
Propylene Material certification
Acetylene Material certification
Methytrichlorosilane 0.21 m3 100 ml
Calcinaied alumina 1000 1b S0¢g
powder
Carbon cement 10 gal 800 ml
Carbon cement primer 10 gt 50g

Arhydrous hydrogen Material certification
chloride

Methylchloroform 55 gal 1000 m}

Peirolenm piich 550 gal 200 g

Petroieum pitch (low 550 gal 200 g
sulfur)

Manufactured graphite 500 ib
flour

Octadecanol 500 Ib

Polystyrene 500 Ib

Shim Product analysis

Alcohol Material identification

Source: C. M. Miller et al., “MHTGR Fuel Manufactaring QA Plan,”
DCE-HTGR-88091, Rev. 0, 1988.

are observed in the minimum pasticle
amounts listed in Table [5.2-4]. If the
composiic meets this accepiance criteiion, the
property is accepted and the data are pooled
with previous measurements on defective
particle fraciions for the segment.

Alternately, if a defective particle is observed
in the miniouan sample, the measurement
data is pooled and evalnated with respect t©
prior accepted composites for the segmeni. If
ihe pooled daia passes the core segment
specification requirements, then the marginal
(previous failed) composite is accepied.

NUREG/CR-5810

Fuel compact production sampling plapm: The fuel
compact production sampling plan is applied to a lot level
of production, with 40,000 fue! compacts constituiing a lot,
The lot is divided inio S sublots of 8000 compacts each,
with the {irst 8000 compacts preduced in the first sublot,
the nexi 8000 compacts produced in the second sublot, eic,
The fuel compact sampling plan showing the minirowin
number of properties to be sampled is shown in

Table 5.2-5. According to Miller et al. (1988), the sarpling
plan is based on the following accepiance criteria:

Sample cach sublot a1 a 50% confidence level
to the compact lot or core segment
requivements. If the property meets this
acceptance criferion, the propeity is accepted
and the data is pooled with previous
measurements on this property.

Alternately, if the sublot fails the acceptance
criteria, the measurement daia is pooled and
evaluated with respect to previcusly accepted
sublots or lots. If the pooled data passes the lot
and/or core segment acceptance criteria, then
the marginal {previously failed) sublot is
accepied.

Samples are to be taken from sequential increments of the
lot {consisting of 40,000 fus! compacis), with each
increment representing ~20% of the compacts in 2 'ot.

The sampling strategy is a iwe-siage process, Producis are
tested and are found accepiable if they mcet acceptance
criteria. Those products that at this preliminary siage are
found marginally unacceptable arc placed on a “hoid”
siatus and then pocled and evaluaied with previcusly
accepted lois/sublots/composites/segmenis.

5.2.2 Administrative Controls

According o Miller ¢t al. (1988), a Quality Assurance
Prograw Document (QAPD) is cxpecied to establish
quality assurance requiremenis that will be implemented.
The QAPD is a controlled docwinent that invokes ihe
Qualiiy Assurance manual (QAM) for use on the MHTGR
program and egstablishes the anthority of guality assurance
activities.
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Table 5.2-4 Proposed MHTGR particle production sampling plan

Composite process

Specification requirement sampling
Acceptance
Nuwmber of Weight criteria

Category Property particles/kernels &)

Kemels Chemistry =10 a
Impurities
Density

: Diameter =100

TRISO Buffer thickness 250 a
Buffer density 210 a
PyC thickness 250 a
PyC density 210 a
IPy(C anisotropy 210 a
SiC thickness 250 a
$iC density 210 a
OPyC thickness 250 a
OPyC density =10 a
OPy(C anisotropy 250 a
OPyC microporosity 210 a
OPyC (oriented porosity) 250 a
PPyC thickness 250 a
PPyC density =10 a
Faceting 230 a
Defective butfer z10? b
Py porosity »104 b
Defective OPyC 2103 b

9Sampling for variable properties at the 50% confidence devel of specified composite specification limits,
ling for attribute properdes at composite ivvel based an observing zero defects tn stated mintmum

particle population. .

Source: C. M. Miller et al., “MHTGR Fuel Manufacturing QA Plan,” DOE-HTGR-88091; Rev. 0, 1988.

‘Table 5.2-5 Proposed MHTGR fuel compact production sampling plan

Specification requirements

Lot sample Acceptance

size (compacts) criteria
Category Property
Green compact Matrix filler content 210 a
_Fuel homogeneity 210 a
Fired compast Uranium loading 210 a
Thorium loading 210 a
Diameter b b
Length =10
Stack height b b
Coke content 210 a
Macroporosity 210 a
Mean heavy metal 2300 a
contamination fraction
Mean defective SiC plus 2300 a
heavy metal contamination
Mean defective SiC 260 a
Mean defective IPyC 260 a
Mean impurities bumable, 260 a
nonburnable, hydrogen,
chlorine, and suifur
Tron content and transition 210 a
metal impurities
A5 ampling for variable p ies m the 50% confidenor: level of specified composite specification timits.

bio0% sampling,
Source: €. M. Miller et al, “MHTGR Fuel Manufactaring QA Plan,” DOE-HTGR-88091, Rev. 0, 1088,
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The proposed organization for the MHTGR Fuels QA
program is shown in Fig. 5.2-1. It shows that fus!
fabrication and fuel quatity control are performed by
different organizations whose managers eport to the
director of nuclear fuel fabrication. He reporis 1o the senior
vice-president. At the same level but in a different
organization is the quality assurance crganization whoss
director also repoits & the senior vice-president.

ORNL-DWG 21M-3579 ETD

VICE PRESIDENT

QUALITY FUEL
ASSURAMCE FABRICATION

l . ! !

y FUELS QUIALITY
REACTOR 04 Py

FUEL
FABRICATION

FUELS QT
LABORATORY

QUALITY
ENGINEERING

Figare 5.2-1 Organization for fuels QA program

This ciganization provides for the required independeiice
of quality control from quality assurance but brings fuel
fabrication and fue! quality contro! under the same
inanagemient,

5.2.3 Records Control

It is proposed in Miller et al. (1988) that al} records shall be
collected, indexed, and siored in av orderly and legible
form. The types of records ircquired and the storage
responsibilities are showr in Table 5.2-6.

5.3 Samipie Size Considerations

Many faciors involving details of the manufacuiring
process, desired level of qualiiy, level of manufacindng
capavility, cost and availability of QC methads, process
maturity, and selecied confidence levels contribute o the
selection of an optimum QC sampling sirategy. This
complexity is indicated by picliminary discussions of the
sampling plan provided in the QA plan repoirt (Miller et al.
1988) ard the fuel production specification report (Scheffel

Table 5.2-6 QA record retention responsibilities

Record types

Record form

Traesmittal to storage

Storage responsibility N
responsibility

Quality Assurance Prograim Microfilm
Document

Quality Assurance Manual Microfiim

Program/Resource Procedures Manual Microfilm

Design documents

Microfiche

Receiving/Souice Inspection Flans Microfilm

{completed) including their

associated dasa packages
Noencoaformance reports (completed)  Microfilm
Fuel Operating Procedure Microfilm
Product/Frocess Run Sheets Microfilm
Fuel Cuality Depariment Instructions  Microfilm
Froduci Release Records Miciofilm
Product Analysis Results Microfiim
Raw Materials Records Microfilm

Aperiare cacds

Gnaliiy sysicms Quality systems
Quality systems

Records management
Records management

Quality systeims
Fianning and cosi estimating
Configuration management

Quality systems Cognizant QE

Quality systems
Quality systems
Qnuality systems
Quality sysiems
Quality sysiems
Quality sysiems
Quality systems

Cognizant QE

Fuel fabrication
Fuel fabrication
Fael quality conirol
Fuel quality control
Fuel quality conitrol
Fuel quality conirol

Source: C. M. Miller ex al., “MHTGR Fuel Manufaciuring QA Plan,” DOE-HTGR-88091, Rev. 0, 1988.
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and Tang 1989). A recent report indicating the status of the
sampling plan is provided by Bresnwck (1991). The
principal intention here 18 to lustrate the difficulyy in
inferetng an extremely low defect fraction with high
reliability.

5.3.1 Required Sample Size

Assume a sampie of Ng items drawn from a large
population, where cach item may be labeled as defective or
not by some measured criterion. The best sitation
regarding defects in the population occurs when zero
defects are detected in the sample. If g is the'unknown
defect fracton of the popalation, the probabifity P, of
drawing no defects is given by

Py= (1M, . (5.3-1)
If P, is set at 0.05 (for the 95% confidence value) and the
defect fraction is assumed o be 1073, Eg. {5.3-1) may be
solved for sample size required 10 yield 2 0.03 probvability
of containing a0 defects. Smaller sample sizes would
sxhibit higher probability for containing no defects. In
other words, that particular sample of M, iems would
indicate that the defect rate was no greater than 102 with
95% probability. For 107> defect fraction and 95%
confidence, By. (5.3-1) indicates that a minivoum sample
size of 3 % 107 is required.

The relationship between defect fraction, required sample
size, and confidence level 15 shown more generally in

Fig. 5.3-1. As an example of this figure, if 107 jtems are
drawn with no defects, a defect sate of 3 x 1072 or less is
inferred with 95% probability. The wrue defect fraction
may be auy value lower than this. However, larger smmples
would be required 1o infer lower defect fractions with 95%
comfidence,

However, this represents the most optimistic result.
Characteristics of the Bemoulli probability distribution, of
which Eq. (5.2-1) is a special case, indicate that on the
average, iwo defects would be drawa with a standard
deviation of 1.7. Thus, drawing 1, 2, or 3 defects would be
more likely in this case than drawing none. Thus more

*Acmrding 1o the Bemoull disiribotion, the average saunber of defects in
a sample size of M is N g, where g is the defect fraction; the standard
deviation is given by IN (1 — 1%,
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Figure 5.3-1 Helation between sample size and
dstzctable defect fraction

usually, sample sizes facin excess of 10° would be
required to infer 2 3 % 1070 defect rate with 95%
confidence,

Bresoick (1991) asserts that rejections due 1o QC
inspections may be reduced and the overall process
efficiency increased when the production capability for
quality significantly excesds the specification. This is
illustrated by assuming a production capabitity of 109
defect fraction and the same product specification of 3 x
10-5. In this case, a sample size of 10° has a high liklihood
of containing zere defects. (The mean value of defects in
the sample would be 10° % 1078, or 0.1.)" Thus, Fig. 5.3-1
would apply and indicate that the 109 sample size with no
defects infers a defect fraction of 3 x 1079 or less with 95%
confidence.
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5.3.2 Factors Infiuencing Sample Size

The facility for performing a particular QC tesi
unavoidably tends io infivence the sample size. Yor
example, if a production line inchydes zutomated
metrolegy, it would actually cost less to perform such
metrolegy at a 100% rate than by acquiring samples. In
conirast, there would be a natural iendency for carefully
jusiifying the sample size of cesily and destruciive QC
tests.

An irnporiant facior influencing sample size is the maturity
of the process. Established manufacturing processes mainly
require assurance of continued process and product
siability. Such situations may call foi smaller samples than
indicated by statistical inference theory. Inn contrasi, iew
processes with no track record may pradently performn QC
tests on sample sizes in excess of the formal requirements.

Discussions with QA managers for LWR fuel vendors
(Sect. 6) indicated that sarmple sizes for QC tesis performed
along the productioi lifie arc determined in priarity order.
That is, C tesis on propertics deemed most significani for
prodact reliability are perforrned at the highest sampling
rate. As seen in Sect. 6, several such properties are deemed
sufficienily imporiant to warrant 100% sampling. Cf
course, in such cases it is (uite fortunate 1o have available
nondestruciive test.

5.4 Evaluation

The QA/QC program, ouilined in preliminary docuicits,
indicates that the adminisirative plan for the program
conforris to the general outline required for fabricaiion of
nuclear fuel. QC tests pericrmed 21 key points along the
fabrication line indicatc the degree to which the product
caiiforms to the design specifications at various stages of
compleiion. QC test results, with process contiol data and
verification of raw material siandards, constitute the record
of the produciion unit (the batch) that is trassferred to the
QA depariineni. The QA staff, administratively separated
from botn the QC activity and fabrication, may release the
product after esiablishing from the record that the product
conforms to the design specificaiions.

Some depariire from usual practice is planned as a cosi-
savings measure. It is proposed to combine baiches of
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loese particles, some of which may be outside of
specifications, inio composites so ihe composiiz as a whole
conforms to the specifications. If insiituied, this feature
may run counter to the general rend of maximizing fuel
quaiiiy, as has heen adopied by LWR fuel vendaors {see
Sect. 6).

The role of QA/QC activiiies in developmeni of fuel
quality should be noted. Fuel quality is taken hore o nmean
both conformance to design specifications by the
fabrication process and performance in service according
to expectations predicted py the behavioral models.
QA/QC activities relate only to the former (i.€., assurance
that the as-manufactured preduct conforms to specifi-
cations). Overall fuel quality, in the sense used here,
requires a complemantary set of activiiies, including
establislunent of design reguirements, proper fuel design,
fabrication process design and conizol, QA/QC,
surveillance or othier fuel testing, evaluation of failure
modes, and possible corsideration of improved fuel design.
This is a more limited role for QA/QC than indicated in
somc of the reference documeriis.

T'ie currenily available tesis, from which the QC program
will be formulated, are listed in Table 5.2-2. The majority
of the tests are desuuctive and would be performed on
selected sampies. A poteaiially iroublesome feature is ihe
availability of only destruciive tests for the finished
product, the fuel compact. As noted in Sect. 2, compact
fabrication constituies a significant thweat to the integrity of
the fuel particles. Hence, QC testing of the finished
compacts is a critical area. The acknowledged vncertainties
regarding the principal QC procedure availabic for the
compact, the burn-leach test, exacerbates this problem. The
burn-leach procedure is the only available test for the
integrity of ihe SiC layer.

It is also noted that there is no QC test being considered
that is a direct measure of proper functioning of the
priccipal containment barriers, the SiC and OPyC layers.
Instead, proper function is inferred from density and
thickness measuremenis together with process control dara.
The latter indicates that the barriers behiave properly when
forined at the specified conditicas. However, the lack of a
specific test for proper function is a disadvantage.



QA/QC

This issue of proper sample size is complex and remains 1o relative o performance, cost, and availability of test. It is
be optimized. Some of the factors influencing sample size noted that attribute measures to infer low defect rate with
are process maturity, importance of the measurement high confidence require a large sample size.
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6 LWR Fuel Reliability Perspective

This section presents g review of the manufacture of LWR
fuel with the objective of gaining some insight that may
apply {0 the MHTGR, While LWR and MHTGR fuels are
quite different, several failure modes are at feast
analogous. In addition there is a common desite for the
achievement of high fuel reliability, specificatly
minimizing both as-manufactured defects and those that
develop in-service. At the current time, LWR vendors have
achieved a defect fraction for discharged fuel roughly
equivalent to the MHTGR objective for as-manufactured
fuel. Thus evolutionary improvements in LWR fuel
manufaciore have been highly successful.

The continually improving reliability of LWR fue] bas
resulted principally from the efforts of the manufacturers,
with strong support from utilities, the Institute for Muclear
Power Operations (JINPO), and the utility organization,
EPRL The DOE has provided support in some arcas, for
example, funding for tests Jeading 1o improved high-burnup
performance. In addition, the NRC requirements for
surveillance of discharged fuel and itz continued interest, as
exemplified by its annpal summary of LWR fuel
performance, bas undoubiedly contributed a positive effect.

6.1 LWR vs MHTGR Fuel Parameters

Fuel elements for LWRs cousist of sintered UQ, pellets
contained within g sealed tube of Zircaloy cladding. Pellet
sizes vary somewhat between vendors but are roughly 1 cm
in diameter by 1 cm in length. As such, they are
approximately the same diameter as MHTGR foel
compacts, whose function is, however, quite different.
MHTGR conipacts contain about 5000 foel particles, each
composed of several layers of “cladding” that form the
initial seal for fuel and fission products. While LWR pelicts
also provide some degres of fission product contwinment,
none is relied upon; the initial contatrunent funciion is
being provided solely by the Zircaloy cladding, Table 6.1-1
lists some typical parametces comparing LWR and
MHTOGR fuel.

As the table shows, the number of fuel element assemblies
and fuel pellets in LWRs and MHTGRS are roughly
comparable on a per MW(1) basis, taking the fuel column
of the MHTGR 10 be the equivalent of the LWER assembly,
On the other hand, there are far fower fucl elements in the
MHTGR per MW(1), the MHTGR fuoel element (i.c., the

Table 6.1-1 Comparison of LWER and METGR fusl
element parameters (typical values)

MHTGR

PWR BWR
Core power [MW{L)] 3000 3000 350
Assemblies in core 200 £00 602
Fuel clements incore 40,000 40,600 660°
Fuel peliets in core 1.6x107 16x107 2x10%
Fuel particles incore . NA NA 1010
Earichment, % 2640 1928 20
Bumup,4 % 47-55 35-55 26
2Fuel colarmns.
PG ruphite fuel blocks.

“Puel coanpacts.
“racrion initial metal atoms.

fuel block) being a far larger structuee. Also, there isno
equivatent of the MHTGR fuel particle in the LWR. The

* function of the fuel particle coatings that provide the intial

container for fuel and fission products s served in the
LWR by the fuel element cladding.

6.2 Development of Improved LWR
Fuel Reliability

6,21 LWR Fuel Failure Modes

Qver the years, postirradiation examinations have revealed
a series of mechanisms causing failures of LWR fuel rods,
failure being defined as a breach of the cladding. A
summyry of these mechanisms, cormpiled by El-Adham
{1988) and supplemented with information from Franklin
et al. {1983), is presented in Table 5.2-1. While LWR fuel
is quite different from that of an MHTGR, several failure
mechandsms are at least simlar, I we dentify the SiC
coating with the cladding, which has ‘2 roughly comparable
function, we note that the pellet-cladding interacuon (PCI)
failure mechanism has its MHTGR counterpart in the
comnsive failure of 3iC by rare-sarth fission products. In
addition, hydriding failure has an analogy with corrosion of
the SiC layer due 1o mpurities in the kernel (o.g., transition
metals and chlonne), and breskage due to mishandling of
fuel rods is roughly comparable o particle breakage due o
pressure during compact fabrication. Fabrication of both
types of fuel are also subject to mishandling ervors. LWR
vendors have developed computerized logging procedures
that identify cach fuel pin and fuel pellet contents, tracking
thera back W the ravw-maicrial sources. An equivalent
sysiem would be applied to MHTGR fuel clements.
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Table 6.2-1 LWR fuel failurc machanisia

Pheaomenon

Canse

Correction

Hydriding

Cladding collapse

Fretting

Pellet/cladding
interaction (PCI)

Excess mioisture in as-
manufactured pellet

Fuel densification lcaving
unsupporied cladding

Reduced specs on moistuic
in fuel

More stable pellet fie.,
higher firing temperature)
and helium pressurization

Vibraiion of fuel rods against Impioved assembly design

space grids

Stress Corrosion Cracking
(SCC) of cladding due to
comntact with pellet; secon-
darily, power ramps and

(1) SCC-resistant cladding,
(2) modified plant
operation, and (3) annular
fuel pellet

iodine release from the

pellet

Cladding corrosion

Induced by CuO corrosion

product in BWRs

Cladding perforation

Bieakage

(1) Debris-induced failuire
and (2) localized erosion
(baffle-jeiiing)

Maintenance of low Cu
concentration in water

(1) Avoid debris in coolant,
(2) assembly inlet fiiters,
and (3) modified assembly
design

Improper fuel bandling

6.2.2 Evoiution of Improved LWR Fuel
Performance

The sieps by which LWR fuel reliability improved over the
years have not been clearly documented in any single
authoritative source. The view preseaied here has been
pieced together {from information presented in ihe Fuel
Performance Annual reports publishad by the MRC (e.g.,
Bailey and Wu 1990), an EFRI special report on LWR core
maierials (Franklin et al. 1985), and a review article by El-
Adham (1988). Possibly ihe most important source for
developing the record of the mechanism by which LWR
fuel improved was gained from personal discussions with
QA managers of the fuel vendors (see Acknowledgments).

The Laitial Kra, 19601975, The fuel designs of this era
were based largely on iesi reactor data acquired under AEC
programs. The cladding maierial for pressurized-water
reactors (PWRs) was initially siainless sieel. Zircaloy was
introduced in 1968 for neutron economy (Bobe 1976).
Both stainless steel and Zircaloy were used for boiling-
water reacior (BWR) cladding. Essendially all of the failure
mechanisms were tecognized at this time, including
hydriding, which was a unique additional {ailure
mechanism that came with the inireduction of Zircaloy.
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Though fuel failure data were acquired, it was not
systematized or sysiematically analyzed. Bobe (1976)
indicates that the fuel defect fraction on discharge was
approximately 0.01 during this time frame.

This relatively high defect rate was considered to be a
success at ihat time. Since statutory requirements were
met, the cost of improved fiel reliability needed to be
justified in terms of operating cost savings. However, due
to a fairly short expericnce, the full impact of high fuel
defect rates was not fully recognized. A modem estimate
of the true cost of LWR fuel failures, based on mid-1980
defect rates (which were a factor of 100 beiter) indicaies
the aperating cost penalty o be approximately $4 million
per plani per year due to fuel failure fractions on the order
of 104.* Factors relating defective fuel to clevaied
operating costs are {3) loss of capacity factor due to
unplanned shutdowns, (2) loss of efficiency, (3) increased
inspection costs, (4) fuel assembly reconstitution costs, (5)
increased mainienance cosis, and (6) added storage and
disposal cosis.

*Personal communication from M. M. Gloizer, Nuclear Fuel
Manufacturing, to R. P. Wichner, ORNL, March 14, 1991,



Motivation for Improved Fuel Reliability. The initial
impetus for improved fuel reliability was chiefly
competition between the five fuel vendors. The higher
operating costs associated with lower reliability would tend
10 favor vendors with 2 superior product. In additon, the
warranty on the sale, which provides monctary penalties
for losses incurred due to poor fuel performance,
coniributes an economic incentive.

During the 1980s, a marked attitude change occurred with
respect to LWR fuel reliability; it was no longer a matier of
a simpie cost balance, but became a goal in itself, The
current goal of INPO, whose authority vendor represenia-
tives appear o raspect, is zem as-manufaciured fuel defects
and zero defects incurred in normal service.,

Method for Development of Improved Reliability. The
principal steps by which LWR fuel reliability was
improved have been {1) location and identification of the
defective fuel rod by poolside examination using
radioactive sipping, ultrasonic testing, or eddy cugrent
methods; (2) hot cell dissection of the defect zone;

(3) analysis of the defect by various means; (4) elucidation
of the root cause; and (5) fuel design change to eliminate
the cause of the defect. Thus far, design, waterials, or
fabrication modifications have been readily found that
elimingte or reduce the development of the particular
defect. For example, once the cause of the hydriding defect
was recognized, process modifications that reduced the
hydrogenous impurity level in the pellet climinated the
defect. Possibly the most complex fathwe mode has been
PCL Early evaluations based on empirical tests developed
a reacior control strategy that limited the range of power
ramping of individual fuel rods. This served to reduce PCY,
but at a significani operational penalty, More rocent hot
cell tests have now identified the cause to be SCC induced
by icdine when the pellet comes into forced contact with
the cladding. An injerior cladding barrier has been
developed (consisting of zirconium) resistant to PCls
which promises to completely eliminate this type of defect.

The prograssive elimination of defect causes has evolved
10 the point where the current principal defect mechanism
of LWR fuel is debris-induced perforation of the cladding.
The effeciiveness of the fuel improvement activitdes is
illustrated in Fig. 6.2-1, taken from a QA brochure of an
LWR fuel vendor. The Fuel Reliability Index (FRI), which
is a normatized concentration of 131 in the coolant, is seen
to have dropped by an order of magnitude over the most

LWR

recent 7-vear period for this verslor. Note that an FRI of
<53 104 is stated as representing a condition where there
15 a4 high probability of zero defects on fuel discharge.

TFINL PG 8134-3581 ETD

FRI uCiml}
140 B-1
1082
Y
! VY
1.0 €3 VV\ o
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm CLIPIm PR N 6
FALURES
10E4
U ARERERRERRERRRARREEBRREEN
vEARS] 1984 | 1085 | 1986 | 1987 | 1988 | 1989

Figure 6.2-1 Fuel relinbility index (FRY) for an LWR
vendor

6.3 QA/QC Procedures for LWR Fuel

Figare 6.3-1 llustrates a typical organization chart for
LWR fuel manufactore showing the relationship of QA and
£)C activities to production and engineering. The toml
separation of the QA director from the production
organization is generally mandated (e.g., by 10 CFR 50,
Appendix B} in arder to free him from praduction
pressures. The high fevel within the organization is also a
tequitement that provides the QA director with an
authority equal 1o the authority of the other associated
directors. As shown by the figare, QA activitics are
primarily administrative in nature. The maio purpose is
verification and approval of process parameters and QU
data provided in docuracntation developed by the
operations and QC departments. In contrast, QC acrivities
are highly technical and are better performed within
production organizations, but they are generally
completely separated from the operations departiment.

The fuel production facility contains engineering activities
that include product and process design. Both the fuel
design and the details of the process have a history of
continual evolutionary development, The primary driver
for modifications in fuel design has been information
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Figure 6.3-1 Typica! el

devcloped by surveillance programs on discharged fuel,
especially examinations of failed fuel elemenis.

A typical set of QC iests perforned on LWR {uel is listed
in Table 6.2-1, as compiled from disciussions with several
QA managers for L. WR vendors, The principal point in this
table is that cach fabricated fuel element is tesied for
function by means of the helium leak test; that is, therg is a
100% sampiing raic for this critical QC test. It is a major
advantage for .WR fuels to have available an inexpensive
test of the completed product for proper funciion.

Cther critical feaiures of the {uel pin are also
nondestruciively tested at a 100% sampling rate (e.g., fuel
pellet locations, racdial gap, and end cap swelds). In contrast,
the fuel assemibly is tesied only for iis mechanical tightness
to eusuxe s resistance o fretting corrosion; no further tests
are required for the assembly because the process of
assembling the fuel bundls is deeracd & contain no threat
to the integrity of the {ue! clemant.

Destructive chemical analyses and crystallographic tesis
are performed or the fuel pellet before insertion into the
fuel pin at the samipling raies indicated in the iable. For lot
sizes of about 2 million, these rates comrespond to tesis on 1
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tivities in LWR fuel manuwfacture

pellet per lot (for poicsity and grain size) up i perbaps
100 peiiets per ot for density and metology.

The sampling plan for the QC testing prograni is based on
the principle that the most critical iterss are tesied to the
highest level of confidence. Thus, 100% of the fucl pins
are iesied for function. The less critical feaiuies of the fuel
pellet are tesied at much lower sampling rates.
Furthermore, the small sample sizes for ihe destriciive
pellet tests arc indicative of a mature production facility. In
such cases, mich lower sampling raies are selecied
primarily to ensure siability of process parameters raiher
than proof of product qnality (o a high level of confidence,

6.4 1.WR Perspective Relative to
MHTGR Fuel

Examinatjon of ihe matiurc L.WE fuel indusiry leads to
several observations that may apply to prospective
commercial MHTGR fuel manufactare.

1. There appears to be unanimois approval of the change
in LWR fucl reliability philosophy that occurred in ihe
early 1980s, The objective {possibly unatizinable) is now



Table 6.3-1 QC tests on LWR f{uel®

Component Test

Sample size?

Comment
(%)

Fuel pellet Isotopic content
Stoichiometry
Impurity level
Boron

Porosity
Density
Pore size
Grain size

Digmeter
Length
End shape

Corrosion rate
Compaosition
Metallography
Tensile strength
Burst strength
dimensions

Zircaloy tubing

Fuel element Ultrasonic, weld test

Ultrasonic, wall

Helium leak test

X-ray, radial gap, and pellet
locations

Dimensions

Weld

Fucl assembly  Vibration response

2% 104 Destructive chemical

analyses

5% 1070

) Destructive crystallographic
2x 10~

analysis

§x 1073

3Ix 103

3 Metrology, nondestructive
3x 10

to 100

Performed by tubing sampler
ot fuel vendor

100
100
100

Nondestructive

Nondesiructive

ACompiled from conversations with several QA managers.

ests and sample sizes will ditfer from vendor to vendor.

zero fuel element defects ou discharge. The principal
motivator for the change appears to have been INPO. Also,
intense competition between five fuel vendors has been a
significant factor in improved fuel reliability.

2. The principal means by which improved fuel reliability
evolved has been the identification of faifure mechanisrus
by dissection and analysis of the failed fuel element,
followed by design and/or material changes that
circumvent the cause of failure. A necessary adjunct has
been an industry-wide data system cataloguing fuel failure
statistics initiated in the mid-1970s.

3. A specific fuel reliability goal is not a direct objective
of the selected QC procedures. The purpose of QA and QC
activities is more limited, namely, 1o ensure that the

45

product conforms to the designers’ specifications. Fuel
reliability in service is attained by proper design and care
that the design is accurately fabricated by means of QC
and process control procedures.

4, The key element in the LWR fuel QC methodology is
the 100%, nondestructive testing of the completed fuel pin
for function by leak testing. All fuel vendors perform this
product test. The rationale is that the final test for proper
function must be performed after the last process step that
threatens the integrity of the fission product barrier. The
equivalent MHTGR test would entail nondestructive
examination of individual particles in each fuel compact
for function. The current lack of such an equivalent test _
may be a major disadvantage in MHTGR fuel manufacture
refative to LWRs.
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7 Summary and Conclusions

7.1 Summary

1. The objective of this study is 10 review issues bearing
on MHTGR fuel reliability, principally to assess the
advisability of retaining the “weak fucl” penalty. This
penalty has been adopted by NRC on an interim basis for
MHTGR concepts with no conventionally sealed
containment, Conditions conducive to reducing or
eliminating this burden are defined (see Conclusions).
Weak fuel is a conservative concept whereby the fuel is
assumed (o respond less favorably to environmental
conditions than predicted by fuel behavior models. Usage
to date has entailed presuming apparently satisfactory
behavior under normal operation but assuming an added
degree of fuel damage during accidents beyond model
predictions. The main reason for adopting the weak fuel
penalty is the increased dependence of satisfactory accident
consequence results on fuel reliability in the absence of a
sealed containment vessel.

2. Fuel reliability is defined as fuel behavior under normal
and accident conditions that is in accord with model
predictions. Fuel reliability depends on (2) proper fuel
design to satisfy performance requirements, (b) fabrication
and process control techniques that accurately produce the
design, {c) well-constructed QA and QC procedures, and
(d) behavior of the product in service that is in accord with
expectations. Hence, evaluation of fuel reliability must
cover these areas.

3. There are factors other than absence of a sealed
containment and the associated added refiance on the fuel
particle that suggest adoption of a weak fuel penalty at this
time: (a) The MHGTR fuel is of a relatively new design
that uses UCO kernels and a somewhat modified set of
coatings. (Ib) As aresult, a comprehensive data base for this
fuel under normal and accident conditions does not
currently exist (while the data base for other fuel types is
highly supportive, it is not an adequate substitate). () A
sufficient capability for relating the range of possible
manufacturing defects to failure rates does not currently
exist; such capability is necessary for confident application
of the empirical fuel behavior models 1o the reference fuel.
() QU and fabrication process control methods, both of
which bear directly on fuel reliability, are currently still
under development,

4. The fuel manufacturing process is cudined in Sect. 2.
This is a fairly complex process, beginning with the
fabrication of a 350-um-diam, LEU UCO kernel composed

of 15% UC, with the balance UO;. Seven coating layers
are applied to the kernel in a levitating bed apparatus.
Coating characteristics are regulated by the composition:
and feed rate of the levitating gas, temperature, and
duration of the process. Coating process parameters
strongly affect the microstructure, irradiation stability,
thickness, uniformity, and diffusivity of the coatings.
Physical conditions in the coater need (o be carefully
selected to precinde formation of various types of coating
defects. Note that the compact fabrication step, in which
~6000 fue! particles are incorporated int a carbonaceous
compact by high-pressure injection of an oil and filler into
a mold foliowed by curing, involves a potential threat to
the integrity of the fuel particles.

5. Section 3 provides a brief overview of fuel failure
mechanisms grouped as (a) manufacturing defects that may
fead to failure, (b) fatlures under normal operating
conditions, and (¢) failures under accident conditions.
Several types of manufacturing defects can cause general
weakening of the fuel particle. Most of these are detectable
only by means of destructive sampling methods. In
pasticular, damage o fuel particies caused by the compact
fabrication process is noted as being poteatially
troublesome due 1o a lack of a satisfactory QT method for
SiC defect detection.

6. A quasi-mechanistic basis for the possibility of weak
fuel is outlined in Sect. 3. It is reasoned that weak fuel may
occar as a result of a manufacturing defect type that hasa
high probability for cansing faihure, and for which there is
only & weak defense against appearance in the product. The
weak defense may consist of (a) a costly and difficult QC
procedure, (b) inadequate sampie size, or (¢) the possibility
of unnoticed processing errors. '

7. Three types of manufacturing defects that may fit the
above description and thus lead to weak fuel are cited in
Sect. 3: (a) fuel damage during cotmpact fabrication, which
involves significant threat 1o the fuel particle; (b) defective
{PyC layer, which may result in excessive HM dispersion
and corrosive failure of the SiC layer; and (¢ faceted
particles, which may lead 1o failure due to excessive stress
conceniration. An imperfect SiC layer, which exhibits
higher than expected diffusivity to fission products, may be
the fourth type of manufacturing defect contributing to
weak foel.
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Summary

8. Fuel design requirements are reviewed in Sect. 4, They
define the behavioral propertics of the fuel required to meet
the top-level reactor goals. As such, they are the targeis fot
the fuel developer and fabricator. An order of magnitude
evalnation of the consisicncy between the fuel design
requirements and top-level Goal 3 is outlined in Appendix
A.1. The result shows that top-level Goal 3 (Maintain
Control of Radionuclide Release) can be met by the fuel
design requirements when a significant degree of iodine
irapping by primary sysicms and RB surfaces (about 80%)
can be demonsirated for all depressurization accident
sequences. Imposition of a weak fuel penalty will require
proof of higher degrees of iodine trapping for satisfaciion
of Top Lave! Goal 3.

9. Fuel design requirements for normal operation are also
influenced by Top-Level Goal 1 (Maintain Plant
Cperation), one aspect of which deals wiith doses to
employees invelved in maintenance operations. As a
preliminary device, designers selecied 10 mrad/h as the
maximum allowable radiation field in the vicinity of
maintainable equipment. This approach would limit routine
maintenance doses to <10% of 10.CFR.20 limiis, which
wag deemed 10 be in compliance with the 1op level goal.
However, an appioximate czalculation (Appendix A.2)
shows that the resulting fuel design criteria would likely
result in significantly higher radiation ficld than the
10-mrad/h rule of thumb in the latier years of operation due
10 the accumulation of long-lived metallic fission products.
Reactor designers, nevertheless, assert that the selected {uel
design critieria do, in fact, lead to compliance with the
<10% of 10.CFR.20 limitation when times required for
mainienance operations are more fully analyzed and doses
are disiributed over the mainienance employee population.

10. Preliminary QA/QC plans for the manufacturing
process are described in Sect. 5. Past practice employed for
Fort St. Vrain fuel provides the basis for the proposed
QA/QC methods. Most of the QC techniques have been
developed for fuel with an initial defect fraction in ihe
range of 10-3; these now nead to be adapied to a much
lower initial defect fraction of ~5 x 10>, A program for
developmeni of improved QC methods is currenily in
progress within the DCE fuel development program.

11. Note that the available QC procedure for detecting
flawed SiC layers, the so-called burn-leach method, may
entail a significant degree of uncertainty as applied to both

NUREG/CR-5810

48

loose pariicles and the finished compact. Additionally, an
apparent deficiency ir QC capability is the lack of tests,
other than the bura-leach procedure, for proper function of
the fucl as a sufficient fission product barrier.

12. Sample sizes required for QC tests constitute a
complex issue. Statistical inference of an exircmcly low
defect raie with high confidence requires large sample size,
Roughly, a 105 saraple size is required for infercnce of a
10-5 defect rate with 95% confidence. Because the
available tesis arc generally desiructive, such procf of
quality by means of desiruciive sampling can be
prohibitively expensive, especially for the finished
coinpact. Required sampie sizes diminish as the process
matures; ultimaiely, only proof of product sizbiliiy is
required in a fully matvre process.

13. A review of the LLWR fue! quality situation, including
discrssions with several QA managers for LWR fuel
vendors, is outlined in Sect. 6. The motivation was to gain
insighis from a successful, mature fuel fabricaiion indusiry
that inay be relevani to the MHTGR. The success of the
industry is indicated by a sieady increase in fuel quality se
that defect raies for discharged LWR fuel are careenily in
ihe viciniiy of the 1argeted as-manufactured MHTGR rates.

14. Several characteristics of the LWR fuel fabricaiion
industry may be worthy of consideration for the MHTGR:
(a) The LWR fuel industry as a whole has a target of zero
defects on discharge, While this may never be achieved, it
provides an incentive for continued improvement. The
cconomic and instituiional forces that created this
ambitious goal may likewise apply 10 MHTGR. (b) At least
soras LWR fuel fabricators carefully prioritize QC
procedures with respect to imporiance for fuel quality. The
most significant QC tests are performed at a 100% raie. ()
A great advantage for LWR fabricators is that the final
product, the fue! pii, can be tesied nondesiructively for
funciion. This test is performed at a 100% rase by all
fabricaiors. (3) There is a closed loop of activities
including material selection, fuel design, fabrication
process controls, QA/QC, in-reactor surveillance,
examination of discharged fuel, and ideniification of defect
causes, The last activity feeds back to the first, leading io
improved prodict desiga.



7.2 Conclusions

1. The following conditions are judged io be conducive for
the reduction or elimination of the weak fuel peoalty for
MHTGRs with no sealed containment:

a. results of 3 testing program of convincing
scope on the reference fuel produced using
prototypical methods, demonstrating
performance accordance 10 model predictions
for both normal operation and accident
conditions;

b. a good comprehension of {uel failure
mechanisms to provide an unambiguous
imterpretation of capsule test and HTGR
operational data;

¢. identification of the range of possible fuel
manufacturing defects and their mechanistic
relation to fuel failures; and

4. adoption of a carefully considered QC
program based on identification and rejection
of the most significant manufacturiog defects.

2. Because the conditions given above do not corrently
exist, it may be prudent to maintain some type of a weak
fuel penaity for concepts with no sealed containment.

3. Manufacturing defects that result in 2 high probability
for fuel fatlure and for which there is a fairly weak defense
agamst appearance in the product provide a mechanistic
basis for the weak fuel concept. Such weak defense could
be a result of a difficult or expensive QC procedure,
inadequate sample size, or valnerability to a single-process
control error. Aeveral types of such defects are noted that,
as a result, may be considered as a mechanistic basis for
the concept. These defecis are (a) particle defects caused

Summary

by the compact fabrication process, (b) faceted particles,
and (¢} excessive HM dispersion or HCI contamination,
Undetected SiC defects may be a fourih type of
manufacturing defect contributing to weak foel.

4. The unique problem of cstablishing compact quality
needs to be emphasized. Compact fabrication entails a
potentially significant threat to fuel particle integrity.
Therefore, product testing following compact fabrication is
critical. At the same time, the large number of particies in
the compact (about 6000) render extensive destructive
sampling methods prohibitive. In addition, there may be
some unceriainty regarding the accuracy of the current
compact iesting method, the bumn/leach method.

5. Fabrication process conrol and QA/QC methods alone,
while extremely important, can not ensure fuel reliability.
At most, they ensure that the product conforms to the
intended design. Fuel reliability additionally requires that
the design provide the fuel behavior consistent with the
design requirements. In this regard, it may be profitable to
note the highly successful situation in the TWR fuel
fabrication industry. LWR fuel manufacture involves a
closed loop of activities including (a) design and materials,
(b) fabrication, (¢) QA/QC, {d) reacior surveillance, (e)
failure analysis, and then back to step (a) for an improved
design. A similar arrangement would benefit MHTGR fuel
fahrication.

6. The current QA/QC plan lacks a clear prioritization of
control activiies. Such a prioritization is essential and
needs to be based on the relative importance of particular
measuremenis with respect 1o achievernent of the
performance requirements. In addition, there needs tobe a
close comrelation between the QC plan and potential
failures resulting from manufacturing defects.
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Appendix A

Comparison of Fuel Design Requirements and Top-Level Reactor Goals

A.1 Goal 3, Short-Term Accidental
Discharges

A.1.1 Assumptions

1. The principal contributors to the dose at the EAB are
the nuclides 131 and 1331 via breathing.

2. The maximum fraction of the iodine inventory in the
core specificd for rapid release under accident conditions,
as cited in fuel specifications (Tang 1989), is discharged
rapidly. to the reactor building (RB) gas space. (Thisis a
conservative, but fairly realistic, assumption for a wet
depressurization event.)

3. The icdine in the RB gas space remains in the gas
phase.

4. The RB gzas leakage rate 1s 100% of its volume per day.

5. The dose is incurred at the EAB by a stationary
individual directly downwind for a 2-h period.

A.1.2 Dose Model

The above assumptions lead 1o the following expression
for the activity of iodine in the RB gas space:

Ap (1) = Agexp[-{(A; +Q/V)] , (A.1)

where

Ag; = inital activity of nuclide-i in the RB gas
space, Cy;

A;(t) = activity of nuclide-i in the RB at time ¢, Ci;

A; = decay constant of nuclide-i, s°1;

Q/V = fractional leakage rate from the RB, s~1,

Ho#

The initial activity in the RB gas Ag; is the product of the
core inventory of nuclide-i, as given in PSID (1986), and
the specification for fractional release due 1o a rapid event
(Tang 1989).

The release rate to the atmosphsere Cifs is given by
QA;(1)/V, where Ai(t) is defined by Eq. (A.1). The total
release to the atomosphere, Ry(t"), up to tme t’, is obtained
from the difference, Agi-Ai(L);

Ri(t)=Agi{1-exp[-(0+Q/V)]} . (A2)

53

The dose at the EAB to the thyroid due to breathing is
approximated by

2

Dose (rem)= 3 R;(1)xQp(DCFB); , (A3)
1=1

where
x = atmospheric dispersion factor, 3/m>;
Qp = breathing rate, m3/s;
DCFB; = dose conversion factor to the thyroid,
rem/Ci.

A.1.3 Parameter Values

Parameter values required for the estimate are provided in
Table A.1 of Sect. A.1.4. Dose conversion factors were
obtained from Dunning et al. (1981). Core inventories of
1311 and 1331 were obtained from PSID (1986). The values
of the breathing rate and the atmospheric dispersion were
taken from Reg. Guide 1.4 (1974). The breathing rate is the
value recommended for the initial 8-h period. The selected
dispersion factor is the recommended value for the initial
8-h period for ground release and transport to a site
boundary at a distance of 600 m.

A.1.4 Estimated Dose at the EAB

Results of the estimated dose are presented in Table A.1.
As noted, the estimated dose according 1o these
conservative assumptions is 31.1 Ci, which exceeds the 3-
rem objective by a factor of 6. It appears that a significant
degree of attenuation in the RB would be required to bring
levels down to the desired goal. In a wet depressurization
accident, attenuation of iodine will be provided by
condensation of steam in the RB. In a dry depressurization
event, attenuation is provided by sorption of iodine on
surfaces.

A.2 Goal 1, Routine Maintenance
Doses (See footmote on p. 28)

A.2.1 Assumptions

1. The maintenance dose results principally from 137Cs,
Contributions from 134Cs, 136Cs, and 19mAg are
neglected.

2. The source of the 137Cs activity in the primary system
is fuel with defective SiC layers; diffusive release is
neglected.
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Appendix

Table A.1 Estimated site boundary dese due to rapid release of lodine from fuel

- Decay Core Initial  Release to nir to Dose facter Accumulated
Nuclide oo cant inventory imventory timie, ¢/ thyroid, breath dose at EAB to
(1/s) (Ci) (Ci) (Ci) (rem/Ci) t’ (rem)
1311 998207 1178407  2.57E+02 2.235+01 1.OCE+06 2.01E+01
1331 921E-06  2.10E+07  4.62E+02 6.426+01 1.905+05 L10E+01
Dose at EAB tothyvoid, 2 h 3.11E:01

Noie:
Breathing rate  3.475-04 /s
Dispersion 2.60E-03 s/m3
Qv 1.16E-05 1/s
Duration (1) 72060s (2h)

Release fraction 2.20E-05 (specification)

3. Cesium that leaks from the fuel deposits uniformly on
the mctallic surfaces of the primary sysiem.

4, A simple, planar exposuie geomeiry is assuned, as
illlusirated in the figure in Sect A.2.4. Tissuc is assumed ic
be cxposed by close proximity to two plancs of deposiied
137Cs. The dose is assumed to result only froin ihe photons
emanating from the iwe depesit planes directly adjacent to
the tissue.

A.2.2 Primary System Inventory of 137Cs
The release raie of 137Cs from fuel, R (mol/s), is given by
R = (R/BH)fey |, (A4)

where

R/B = the release 10 birthrate ratio of the fuel,
which in accord with assumptioo 2 is the
fraction of SIiC defects, 7 x 10~ (see Table

4.1-1, a1 95% confidence);

fr = the fission rate, 1.81 x 1075 mols for
350 Mw(1);
Y = 137Cs yields, 0.0618 ators/fission.

The mass batance of 137Cs in the ex-fuel primary system is
given by

AB R deaesw) |
at

(A.5)
where
S = the platcoui concentration of 137Cs, mol/m?,
A = primary circuit surface area, 4020 m2,
A = decay constani, 7.28 x 10105,

NUREG/CR-5810

54

Solving Eg. (A.S) for S yiclds
R
S Kx[lw exp(-Aotg)] . (A.6)

is assumed duration of reactor operation, 1.1 X
-

kere

WHEIT IR
1095 (35
These parameier values, assumpiions, aud squations yield
the following reiease rate and plaicout concentration:

R = 7.83x 10711 inoiss,

S(35y) = 1.48 103 mol/m?.

A.24 Estimated Maintenance Dose Hate

The following contact geometry between the phoion source
and the tissue is assumed.

_-PIPE
WMM[[XQ
AARLRL R R AR TR R R AL

PLATECQUT

A U B

Y
7Zr2777:4
e ™ igsue

The photon flux, " (1/cin? s), based on the above skeich is
given by
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T=8510" - Av-1-Eff | (A7) D=Ke(u/p)-Ey-T , (A.B)
where where
Av = Avagadro’s number, 6.023 x 1023 K = aconversion factor, = 5.77 x 10~ rad g s/
atoms/mol, MeV,
Eff = photon efficiency for 1376, 09 photons/ wp = photon encrgy absorption factor, 0.032
disintegration.” cm*/g,

Ey = photon energy, 0.662 MeVv.*
The following photon flux is obtained from Eq. (A.7) and :
the cited paramcter values: The above values substituted inio Eq. (A.8) vield the
following estimated raintenance dose rate:
I'=583%10° em %7,

D=0.72radh ,
The dose rate (o the tissue, D (rad/h), is estimated from the
following: which is equivalent to 0.72 rem/h, assuming a relative
biological effectiveness (RBE) of unity for exposure o
gammas.
*Kocher (1981); sce reference list. TE. P. Blizard “Nuclear Radiation Shielding,” Unpublished Oak Ridge

Naticnal Laboratory Repont prepared for the Nuclear Reactor
Handbook, McCGraw-Hill Rook Co., 1956
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