
3 4 4 5 6  0 3 6 5 9 7 8  9 

t 

__L__c_ ...... _I_x _................. 



NY laLr16. i .... __^, . . . . .  ............................... -. ...... ._. . .. __. . 
P . .  . . . . .  ...... _..,,..-....- .....x_x........._........ ................. ,,,,,,,..,,,-.._______m__ ..... 



Manuscript Completed: June 1992 
Date Published: July 1992 

Prepared by 
R. P. Wichner, W. P. Barthold* 

Oak Ridge National Laboratory 
Managed by Martin Marietta Energy Systems, Tnc. 

Oak Ridge National Laboratory 
Oak Ridge, TN 37831 -6285 

Prepared for 
Division of Engineering 
Office of Nuclear Regulatory Research 
U.S. Nuclear Regulatory Commission 
W a ~ ~ i ~ ~ t ~ ~ ,  DG 20555 

Under Contract Nu. DE-AC05-840W14 
NRC Frrv ~ 9 4 7 7  

* ~ n r t h ~ i d  A S S O C ~ ~ ~ ~ S ,  rnc. 
132 Seven Oaks Drive 
Knoxvdle, TN 37922 

3 4 4 5 6  0 3 6 5 9 7 8  9 





serac% 

Modular High-Temperature Gas-Cooled Reactor 
( W G R )  concepL$ that house the mcmr vessel in a tight 
but unsealed reactor building place heightened importance 
an the reliability of the fuel particle wl4ngs as fission 
product bmiers. 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 fac ta ,  has caused the Nuclear Regulatory Cornmis- 
sioa W C )  to consider conservative assumptions regarding 
fuel behavior. For this purpose, the conapt 

termed “weak fuel” has k e n  props& on an interim basis. 
“Weak fuel’’ is a penalty imposed on consequence analyses 
whereby the fuel is assumed to respond less favorably to 
environmenM conditions than 
models. The rationale for adopting this penalty, ?IS well as 
conditions that would permit its rpduction or elimination, 
are examined in this report. The evaluation includes an 
examination of possible f ~ e l - m ~ ~ ~ ~ ~ n ~  defects, qilal- 
ity-control procedures for defect detection, and the rncch- 
nisms by which fuel defects may lead to failure. 

Cted by k h d V h d  
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2. 

'The IMBTGR uses 19.9% enriched fuel consisting of 
TFLISC) coated particles that are contained in short graphite 
compacts inserted into the fuel holes of the graphite fuel 
blocks. 

"l'his fuel differs from that produced for h e  Fort St. Vrain 
(FSV) ~ M C ~ W  in regard to enrichment (LEU vs l[-I[EW fuel); 
fuel form [UCO fuel instead of niix 
and US22 fuel]; and parlicle design &emel and coating 
dimensions). 

(ah, U)C& nc2, 

The UC8 fuel forin consists of a mixme of U@ and UC2 
phases distributerl. throughout the kernel, The presence of 
UC2 sews to reduce the oxygen potential within the ker- 
nel, hereby reducing the tendency iiK Sic damage due to 
oxidation. UC2 reduces &e gas pressures generated as a 
rcsult of oxygen release fiom UO2 following fission; 
therefore, the tendency for fuel failures due to kernel 
migration and excessive internal pressure are reduced. 

Despite the change in fuel enrichnient arid kernel wrnposi- 
lion, the basic 6uel m ~ ~ f a c ~ ~ ~ n ~  process remains the 
same, namely: 

e fuel kernel fabrication in an exknal geblon process, 
0 coating of the kernels in a vertid furnace where they 

are simultaneously heated and fluidized by an upward 
flow of carrier gas c o ~ ~ ~ n i n ~  compounds that decom- 
pose on he particles and f ~ m  the coating layers, and 

* fabrication of fuel compacts in an injection molding 
process. 

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

he Fuel Partide 

TheHTGRcaated fuelpartickconsists ofaUCO fuelker- 
ne1 that is surrounded by a pyrolytic wbri buffer layer, an 
inner pyrolyik curbon layer (IPyC), a silicon carbide layer 
(SIC), an oukr pyrolytic carbon layer (OPyC), and a pro- 
tective outer pyrolytic carbon layer (PPyaZ) wih severat 
seal coating laprs in between (Fig" 2.2-1). The coated fuel 
particle is a highly sophisticated fission product contain- 
ment system with a design biased on empirical and mecha- 
nistic justifications. 

The following is a brief description of the attributes of the 
fuel kernel and coating layers and the Fabrication processes 
e m ~ ~ o y ~  10 produce fuel particles;. 

ORNL.-BWG 91M-3577R ETU 

PyC SEAL COAT 
PE(DTEGT1VE LOW DE 
PyG SEAL COAT 
OUTER PyC 
Sic 
INNER PyC 
PyC SEAL COAT 
BUFFER PyC 
UCO OR Tho2 KERNEL 

UCO 9 __ 
DIAMETER (pm) 91 Q 99Q 

Figure 2.2-1 The 
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It is ysrpcralljr awmed that Ekfe Loatiogs are the pip;iiIlar;v 

barrim kc fission product relcase, with the kernel h v k g  
less sigaificancc as a barrier (Gulden and Nickel 1977), 
Ilowcvcr, the kernel, which phys an important. role in 
reducing the release of fission gases f ~ ~ m  broken pariicles, 
is designed provide a ~rmsport delay for fission product% 
The trmsynrt delay is -28 d Cjdichner 1991). so I3 lI1  the 
longest-lived inlclide in this categorj, undergws about fmrr 
half-liva dway prim to release from tPe kerne:. This dday 
and resulting decay of short-lived fission gzsies is an in&- 
gml pape of thc mdels for fission prdocr release from fuel. 
A poorly made kernel of excessive porosity would aclease 
higher fractions of the fission gases ?ban predicted by the 
mode!s. 

Many of the kernel funnctims d a t e  to the required heavy 
mctal loading. Wnwev~er, the lfihavbvirsr of oxygen released in 
fwions of ' 502  111 high-blinlup finel in a high-tempmtme 
environmen: reelates to the UCy'U02 ratio. In addition PO 
the potenrial for excessive CO press-wes in the kernel Etaat 
could cause a presssire vase1 falure of the particle, CO 
could also patcneially CRUSG an oxiktive decomposition of 

the Sic layer by reacting with Sic and fomiiig a prot~tive 
layer of Si02 at tcmpcraaisres be!ow 1400"C, and by 
dwomposing irXo SiO, a gas, at higher temperatures. 

2,2,1..2 Pabrisatioai 

Fuel particle madactilring twhnologgi is descrikd in ~ e v -  
em1 review reports including Rresnick (1991). Huschb and 
Vygen (1977), Yoshima~ta (1990), and Wm ct al. (1981). 
Several variations of thine proccss have ken developed, 
divided mmghly into external and intemp1 gelation methods 
fdlowing droplet famation of a uranyl nitran-a: s~lutian in 
an organic liquid. Internal gelation is reported (Hnas et de 
1981) as superior for large particles (>1 mm> because the 
gelation imgeni need n0t diffuse inwwd from the outer sur- 
face. However, no discemable difference in properties is 
noted b e t ~ ~ e ~  the two methods for kernel sizcs in eke 
350-pn range selecw for bhc I"GR. Tntemlmal gelation 
has been selected for ~ I C  W-I-ITGR. While no final 
selection has heen msde for tb:: csinmercial HI'GR, late 
infomation sugges& ;ha$. exacmal gelation may he favored 
(Breswick 1991). 

Tnbfe 2.2-1 Fuel kernel characteristics 

UC~''iiO2 rzio Optimum composition of 85 WE % BTQ2,. 
15 WE % 'LC2 minimizes fission meml 
mobility and internal gas pressure due 
to liberation ofoxygen from UO2 

loading and particle !ifeebime in PES- 

e x c  of multiple coating layers 
Keep imparity level low to reduce Iikeli- 

hood that coiltarninants are introduced 
during g~occsshg and iduc:e potential 
for Sic ar'mck 

EIighcs: aChkVab!e density is desired to 
optimize Fnwvy-meral loading maid 
redwcc fission-gas release per failed 
paiicle early in lifi 

Dimensions Ensures rqlli-red minimum heavy merid 

Impurities 

IDe o si@ 

High sphericity reduces irradiation- 
induced stresses in coating layers 

~ 

e Excessive CO presszrrz can camc particle 
failure 

81 Potentid for oxidaiive deccmpsiiion of 
S iC 

Exwssive kernel size leaads to high internal 
gas p~ssurc 



Figure 22-2 



HTGR 

for these permissibk intemptions i s  the knowledge that 
s t r u c t ~ d  imgrity requirements arc met by c ~ n t ~ ~ l l i n g  the 
thickness and lracsction in the critical r e g b  on the oninkx- 
rvlptcil portion of the PyC, Sic, OPjC, and protixtivz 
laycrs to r n e ~  coating thickness requirements. 

'I'ne drposidon process and coating propeitics partidly 
depend on &e coater design. However, for any caater 
design, a h ~ c  prscess variables str onglj infineme the 
irriyortmt PyC coating properties of porosity and density: 

1. coating r a g  -9 porosity, 
2 active coating gas ratio + porosity atid density, 
3. degasition tcmperaturc 3 density. 

2-23  Buffer Coating 

Kernel volnme and buffer layer void volumc (~hickness 3rd 
density) arc important parameters influencing Lmdiation- 
induced stresses in the coating layers due to internal €is- 
sion -gas piiressrs re. 

22.3.1 Attributes 

Thc attnbrrtes of !he huffs layer aie sirrnrn~&d it-: 
Table 2.2-3 The purpcse of the buffcr layer i s  to 

provide void volume for gaseoiis fission pmducts, 
t accommodate fuel swelling, and 
Q attenriaic: fissile recoils. 

2 2 . 3 2  Fabrication 

Tae low-de6~sity, pornus pyrwabcrn Ssffer coating w& a 
thickness of 100 pm is the firs: coating applied to the fuel 
keinels. It is applied by vapor deposition in a flriidizcd bed. 
The vapoi i s  formed though the cracking of accty"lenc at 
1200°C with aqpn  being the fhidiaing gasL$. The kernds arc 
added io  the coam at a temperatux of 1000°C and heated 
in the bed before coating begins. The coating dericiey i s  
controlled by the bed temperature, coating gas ccioy rate, 
arid the xgon eo acetylene ratis (Sclneffcl and Tang 1989). 

N-UKEG/CR-58 10 6 



Density (maxx) * Provide void vcrlume for 8 

fission products 

fuel swelling by yielding * 
e Low strength accommodares 

High density can cause 
failure due to lack of void space for 
fission products 
Excess strength can cause kemd damage 
due ~ C I  failwe IC, yield 
Missing or thinner than specified buRers 
cafi cause early particle failure because of 
high pRssu1.e 
Missing buffer allows fission produets to 
recoil info IPyC and accelerate 8t.msp-t 
w sic: 

7 



Density (min) and 
WiOsity (ma) 

.... 

.... 
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'Thickness (rali1-l) * 



Function 
Consequences 0% specific 2-k t' aon 

ViaililbiOXi 

Thickness (min) . 
. 

Density (min) 0 High-density coating layer is iequired to 
enswe sufficient strrength to provide com- 
pressive preswesdrig of the Sic layer 
A low wdue for crystdlite anisotropy 
required tn icduce difference b e k ~ ~ ~ i  h a -  
diation-isidwed strains in radial md ckcurn- 
ferentia1 dkwhon of the pyrocaxbon; experi- 
mend data showed that BAFo and OPyC 
layer failure are not well con-elaad aiad that 
microporosity also has Bo be considered to 
better conelate the BAFo value with OQC 
layer failure 
Upper limit on micrsporosity is nmessary to 

Lower microporosity specification limit is 
needed m ensure adexpate ~a~~~~~~~ stability 

reswice ~rmeAbilizy 

If OPyC layer cannot prestress S ic  layer as 
expected according to design criterion, parti- 
cle failure can W,UT under accident rondi- 
tjons 
Thinner thzn specified OPyC does not per- 
form its fimction as backup bmie.r to 
gaseous fission products in care of SIC layer 
failme 

limit oxo partick size, potential for imdia- 
tion-ind~ced failure increases 
IAN-density OPyC layer does not have 
strength EO prestress Sic  layer and increases 
potential for failure naader irradiation 
If upper bound for time BAFo value is 
exccded and large ci-yslaUite sizes appear, 
failure probability for BPyC increases 

Tf OPyC layer exceeds specification and 

If micsopmsity i s  too high, OPyC is not 
efficicnk barrier to fission-gas releme 
If microporosity is B low, OPyC failure 
rate increascs rapidly 

Punstion 

'I'hickness (min) 9 Specified PPyC thickmess is maxirnurn 
prrnit~ing required HTbl loading cf 
MHTGR fuel compact 
Protea OPyC Rnd Si@ layers from damage 
during compact fabrication 

avoid pmtick damage during compact fsr- 
matian atid to avoid mechmicnl interaction 
with other PyC layers 

Dcsnsity (max/minTn) Low-density graphite layer i s  rquired to 

Cawsequences ob ~~~~~~~~t~~~ 
violation - ~ 

Deficient PPyC layers incrmse probability 
for partick damage during compact €abii- 
cation, thus increasing as-mandac%ilFd 
defca fraction 

High-density PPyC layer could. be of suffi- 
cient slrengtia to interact with .adjaCeAt Q C  
layers and cause damage 

10 



A ~ ~ ~ - ~ - ~ ~ c k  layer of amorphous carbon is applied, 
sinlilar to the application of the buffer layer. Tfie coating 
gas i s  acetylene Q H 2 )  to ensure thae a low-slrength pro- 
tective coating is applied. It has been observed that the use 
of propylene as a cwing gas resu&s in coatings that are ton 
strong and often shows crack propagation under irradiation. 

Three thin seal coatings are applied consisting of 
anisompic PyG. A seal coat deposited as ai thin 

permits a clean separation of the buffer fmm the PyC for 
the measurement of the P y G  coating density. 

derisiky €'yC layer between the buffer layer and c 

Tkre second seal coat deposited as a thin high-density Py-C 
laycr is between the OPyC and 
terizalion and to protect the 
shrinkage and fihiluxe of the PQC. 

C for ease of chaw-  

The third s e d  coat is applied as a thin high-density PyC on 
the exleikr of the finished particle to reduce the friction 
md abra..ion between particles so that they can flow k e l y  
in the metering, blending, and mold-loading operation 
needed for &e €ud compact fabrication, as well as to frrcili- 

withaout dust f m a t b n .  
e particles dunrig compact fabrication 

The fucl particles are bonded into a fuel compact to 

4 prevent mechanical interaction between fuel partides 
atid modemtor paphite, 

e maximize the thermal conductivity of the fuel, and 
* provide a secondary b a n k  to metallic fission prduck 

release through adscarpbon mechanisms. 

graphite flour, w~adc@axed, ;inti plystyrene injccaed under 
ppessm inlo the die. 
removed Erom the di 
coinpact dimensions, and car 
carbonization, organic CQEI 

volatized teslving a solid carhoxa compact. 

conipixt has couled, i t  i s  

~ ~ ~ ~ f ~ ~ ~ ~ n ~  defects me, in bmadeesi sense, deviations 
from fuel spifimtions. Most commonly, mmufaciarring 
defects are missing, defective, or incomplete coating hyers 
and heavy-metal ~ n ~ ~ ~ i ~ ~ o n ~  For example, atissing 
buffers can result from deliciencics in the cmtm design thai 
perrnii unwalpd panlicks to be trapped during buffer 
deposition and rekasecil in later coating steps 



Because tbxe d m ~ i c  modulus of @C is significantly less 
than that of SIC, fracture of the Sic  layer might. wciir while 
the OCyC layer i s  sdlll intact. 

n e  contamination of the matrix with heavy metal can be 
camed by broken pxt.klles and contact with. contaminated 
surfaces and equipment. 

Among the rnariy possible manufacturing defects, the most 
severe are missing buffers and missing or defective Sic 
1ayers. Missing buffers cm cause early particle failure due 
to cxcessive stresses in the Sic layer. MisGng or defective 
Sic layers permit a greater haction of fission products to 
escape from the fuel particles even under noma1 operating 
conditions. 

z4 further discussion of the range of potential manofactur- 
ing defects and their role in generating fuel particle failures 
in normal or accident conditions i s  provided in Sect. 3,  

2-5 Stabus of Fa rieatian TechnPslogy 
for Wigla-Quality Fuel 

Largc quantities of’lXISO coated fuel have k e n  produced 
for the FSV reactm, However, this fuel was produced to far 
less demanding frnel spifications than ihose for the 
MkKGR. Fwthemore, this fuel never reached the target 
bminp in the FSV rcackm, although test fuel did achieve 
full bumup. 

Fuel fabricatexi rwently for in-pile irradiation tests i s  often 
referr& 10 as “high quality fuel.” The design requirements 
far this newer fuel are more exaxing compared with fuel 
manufactured for the FSV reactor: an as-manufactured Sic 
defect fraction of 5 x 1 6  is now rquired campwed wi 
3 x 10-3 for FSV fuel, and a mmiurn contamination level 
of 10--5 i s  now requird compared wilh 3 x 10-3 for &e 
older fuel, The new fuel was fabricated for capsule J3RB- 
21, which has recently completed its irradiation (March 
1992), and for capsules MPR-1, la,  and 2, which contain a 
very sirnilat fuel for the NPR version of the MIUGR. 

Despite the designation as high quality, the newer fuel is 
funcdmentally similar to the older fuel; kernel composi- 
tkms differ, but methods for coating the buffer, inner, and 

outer PyC layers and the Sic layer are identical. An impor- 
mt difference is the addition of the PPyC layer to %he 
newer fuel. This i s  effective in reducing damage incmed 
during the compact fabriwtion step and may be credited 
with contrbuting 2a the observed improvement in the 35- 

mamfa@turd defect fraction. ‘The performance of this fuel. 
during the capsule irradiation is still under study; however, 
early indications are that failure rates, at least far the NPK 
czpsules, are significantly higher than were predicted. 

It should be menrioned that the fuel for capsule HRB-21 
was manmfactured using the full-size coating equipment to 
be used 011 a commercial scale. Nowcver, some portions of 
the UCO fabrication syst@m may be less than full scale. 
While the QC techniques employed were generally proto- 
typic of the full-size process,* manual scanning of radio- 
graphs still played an hportsnb role. In conLrast, Tuel for 
the NPR capsules was fabricated using Iahratory-sale 
equipment. In addition, more extensive QC testing was 
performed on the MIP fuel than i s  currently planned for the 
commercial MHTGR. 

2.6 Evaluation 

MBTGR fuel fabrication involves a moderately compkx 
series of steps resulting in a €uel that consists of seven 
separate compneots, excluding the three sed coatings and 
the graphite moderator block. All stages ofthe manufactur- 
ing process are at leas2 expal to OH niore complcx thaai 
corresponding steps for LWR fuel. While the all-ceramic 
product is highly suitable for the intended service, the corn- 
plexieies of the manufacturing prmess a d  sf the fuel form 
present some potentially negative aspects. 

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

*Peisonal COIII~TIUXI~CX~~Q~ from M. J. Kania, OEVTL, to R. P. Wichner, 
O N ,  March 1992. 
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The procise came of some of the manufacturing defects 
may be difficult to isolate and conect. Defective coatings 
of various typas can result from occasional, unfortunate 
exposure histories of @des in the coater. Parciclcs may 

or temporarily attached to surfaces and, as 
a result, miss exposure to a portion of a coating run. The 
frequency of such coating defects i s  a function of the coater 
design, as well as &e mode of operation. Sjmilarly, out-of- 
round kernels and particles may result from both the inher- 
ent features of h e  fabrication apparatus and its mode of 
operation. 

A second category of defew may result from process con- 
trol errors. Each step in kernel, coatings, and compact 
manufacture is controikd wi?h respect m duration, 
temperature, p~~ssure,  and fwd composition. Most of these 
controlled parameters are critical for obtaining a 
salisfactory product. Undoubledly, careful design and 
control redundancy will minimize process control errors. In 
addition, the QA program will include documentation 
verifying the process contra1 conditions. Nevertheless, the 
large number of critical manufacturing steps provides 
opportunities for process control e m s .  

take into account that certain fractions of fuel, not BO 
exceed specified limits, will exhibit .some properties 
beyond desired Limits. In addition, defective particles may 
result from unfortunate combinations of properties each 
within specifications limits (e.g,, a wniewlhat large kernel 
combined with an Sic layer of below average thickness), 
Fuel failures that result from expected pmneter viuiabiiity 
can be reduced by tightening the allowable range of the fuel 
specifications around the mean, a process &at usually 
involves evolutionary improvements and process expeai- 
ence. 

An additional type of defect should be ci 
Containment of fission products deelpends upon adeqimtely 
low diffusivities of the principal sealing boundaries, the 
Sic, and OPyC layers. HQW~W, diffusivities can vary 
between apparently identied Sic layers, often for quite 
subtle reasons. 

It is not intended here to be overly negdeive, but merely to 
point out that the complexity of the n ~ ~ ~ f ~ ~ ~ r ~ ~ ~  process 
provides opportunities for pitfalls between successful tests 
using bench-scale fuel and proper reactor performance of 
fuel from a commercial fabrication system. 

Two types of ~ ~ ~ f ~ ~ ~ g  defects cat result from the 
expected ~~~~~~~~ of properties. The behavioral models 
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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, 
his occurrence signifies fuel paicle  failure. While failure 
of the OPyC does nol 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 mchmicd phenomena and 
hmse failures are difficult to observe directly in post- 
irradiation examinations. a model format has evolved that 
is based on slatisticuI correlation of empirical &a. Impetus 
for this trend was caused by &e difficulty of earlier, 
mechanistic models to adequately describe fuel failure &a 
For example, dam from Kovacs et aI. (19831, as cited by 
Martin,* indicate that trends in observed pressure vessel 
failures often nin counter to the predictions of models 
bused on known mwhanisrns. In such cases, the root cause 
is attributed to unobserved manufacturing defects, and sta- 
tistical correlation of the observed failure data offers a 
modeling altmative. 

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

Nevertheless, a g d  understanding of potential fuel failure 
mechanisms i s  a gaat advantage, and perhaps a necessity, 
to provide a bundation for developing further confidence 
in the consequence estimates. 11. is seen in Sect. 6 {LWR 
Fuel Reliability Perspective) that an important factor in the 
continued improvement of LWR fuels has been the gradual 
unfolding of the failure mechanisms, which, ita turn, has 
permitted progressive inipmvernents in fuel design. Hence, 
recognition and understanding of failure modes a n  be an 
imprtant factor in gaining confidence in HTGR fuel d i -  
ability. 

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 program rests directly on 
recognition of potential failure mechanisms. The QC plan 
needs to be prioritized toward measurement of hose 
parameters that most significantly affect fuel failm. 

A large number of ~ a n u ~ c t u ~ n g  defem are conceivable. 
These defects are ~ ~ n ~ e n t i ~ n a l ~ ~  gmuped as follows for the 
purposes 01 fuel design p n M  1987): 

1 a missing or defective bufkx Layer, 
2. missing or defective 
3. missing or defective Sit2 layer, 
4. missing or defective OPyC h y w ,  and 
5. missing or defective PPyC Sayer. 

In addition to these five defecrs, h following two heavy 
metal (HM) concerns are generally included in the list of 
manufacturing defects: 

6. HM contairnimalion, and 
7. HM dispersion. 

Two of these manufackm%g dcfects, missing or defective 
SiC and HM conmination, may be considered as manu- 
facturing failllres (as spposed to defeets) in the sense that 
the fission product conwinment function is lost by virtue of 
the defect. The remaining ijve defects cantribute IO fuel 

fuel weakness under accident conditions. 
failetrt: during norrn use in various ways and consiaiute 

Note that expsed kernels are not explicitly included as a 
~ ~ n u ~ a c t ~ n ~  defect. However, if defect types (2) through 
(4) occur sirnultuneously, the result would be an exposed 
kernel. In addition, HM contanination is considered in h e  
Same category as exposed kernels because the current Oe 
procedure does not diTtinguish bctweeti the two. 

A distinction is made between HLW conLaminalron and HM 
dispersion, The former refers to I-JM material outside tile 
Sic layer and thus contributes at the outw to fission prod- 
uct release from fuel, HM dispersion refers to a condition 
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I hc fission product ietexkn hinctian of i 
clcq is relatively insensitive to vcxiiability 
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levels in the coafng layers Z-G b'rmtcd by ihc presvce of 
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A laigc ailmber of as-wamfactiireti coating Wcrts ax 
possible as a m i i l t  of incorrect settings of the coating tern- 
pcratdre and xtive gac piessoic. ar other*isa impiopcr 
coater operation (such i is poor gas, particle distributioil, or 
interrnktcnt operation) T i l  add;t;?r, particle tiansfcis during 
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the coating operation may cause mechanical damage. The 
more significant pssible defkcts axe listed below. 

yelr PQroSity. S ~ C i f i C l l t h . S  dl 
of -50% lo limit ?he gas: pressure 

the particle due to burnup (Scheffel and Tang 
oxosity results from a high coating rate that, 

in turn, i s  reg-dated by the partid pressure of the actrve 
coating gas (acetylcne for the buffer layer) and the coating 
tcmpemterre High coating gas pmssure and high 
temperature both tend to increase the porosity of the bufkr 
layer. 

4. Low Sic  Strength. Low-densiiy §iC deposits that con- 
tain free Si also possess low strength, in addition m high 
~ ~ r ~ e a ~ ~ ~ ~ ~ ~  for fission metals. Weak Sic  hyers are a 
result of deposition at eemwxuatures bdow -2950°C (Rice 

coating run (Scheffel and Tang 1989) that creaks a 
sgheericdtly laminated stnrcturr. In addition, too high or loo 
low coating temperattires (i.e.. >I700 or 4400T) also 

igh suscepfibilily to thermal demnpositim 
~ ~ c ~ e ~ ~ e ~  and Tang 1989). 

&ess may also result from an interrupted 

5. Exce.ssive Gas ~ ~ ~ ~ ~ a b ~ ~ ~ y  of the OQC. The princi- 
pal lSunceio~ of &e OPyC are to ensure low gas petme- 
ability and to protect the Sic kyer. Both functions require 

maintenance of structural integrity &ring kiiat ion.  
Adequately low gas permeability i s  developed by placing 
an upper limit on the coating rate; that, in turn, i s  regdated 
by h e  partial pressure o l  the active cesaeing gases. E qxces- 
sive coating gas pressure results in excessive porosity. 
There is also a Lower himit to the coating rate and active gas 
prmsure, as noted in item 6 below. 
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with faceted particles, with no clear trend with aspect ratio 
(defined as the ratio of maximum to minimim diameter) 
for aspect ralios of 4 . 1 5 .  In contraqt, ellipsoidal particles 
show a gradual decline in Sic  strength w i h  aspect ratio. 

Current spwiflcations limit aspect ratios of fuel particles 
such that 4 0 %  of the pwtclcs exhibit aspect ratios >1.% 
(SclnePkl and Tang 1989), evidently for both faceted and 
spheroidal parEicles, Such stipulation limits sic strength 
loss to 10% for 90% of the ellipsoid 
However, much larger degrees of swngt3 loss may be 
expected €of faceted paticks for this q x x t  ratio range, 
perhaps mufc than a factor of 2 (Scheffel and Tang 1989). 

33.1 Categories of Fuel Particles 

The peak service conditions for the fuel assumed for design 
are 12500~ irradiation teemperatlm, 8.0 x 1025 nentrons/m2 
fluence of nei.mons in excess of 29 PJ, and 26% FlMA 
bur?a.Jp (ScheffeB and Tmg 1989). 'The fuel lifetime in h e  
core i s  3 yean pSID 1986). 

.4 range of pairicle types inevitably exists within the as- 
rnannmfacmrexl compact, each of vhich responds differently 
to the normal sesvlce csndifions, Fm the purposes of dis- 
cussion, it is useful to define three such categories of fucl 
particles. (These definitions may differ somewhat from the 
u s ~ a i  terininslogy .) 

1. Ideal Fitel Pariides, This type of p&raick possesses all 
the properties selected by &c fuel dcsigrner, within ai 
extaemdy small mngc about the mean. Assuming a correct 
design for thc conditions of service, ideal particles will not 
fail bnndcr aor-nal operating coraditiows (NOCs). However, 
this is a hypotorhetical. category only, bzcause no particle or 
group of particles can he shown to k ;daaP without di:srruc- 
tive testing. 'The underlying reaqon i s  that sr;sine properties 
are not precisely prdicable even under die most stringent 
fabiication conditions. For exampie, properties such as Sic 
teasik strength or diffwvity for metals appear to depend 
on subtle and incomplekly understood fabrication parme- 
ters. Thcreforc, behavior2B models are generally wriiten in 
statistical tcrms, with the specified mean ~.nd standard 
deviation being selected eo yield an acceptable 1evd of fail- 
ure for the k m ~ n  service conditims. Nevertheless, ideal 

fuel i s  a useful concepl, both as a p d ~ m m c e  standard and 
as a long-range goal in fuel development. 

2. Standard FUP! Particles. This category is defined as a 
group of pmicirs that are within the wngc d dl specifica- 
tions, i.e., the partides pass t'le prescd~d  QA/QC proce- 
dures. Standard f k l  pmicles experience some degree of 
failure under NOCs for basically two msons: (a) some 
fraction of the fuel possesses adverse features within the 
tails of the property dkmibmiona cume and wonld therefore 

mance models, and (b) failures may also be caused by 
combinations of adverse. properties, each of which is never- 
theless wdl  within specified tolerances (e.g., a mmcwhat 
large kernel occnrring in conjunction with a somewhat thin 
or weak Sic layer may combiae to cause failure, whereas 
individudly a deterministic behavioral siodel would not 
predict failure). Note that as defined here, this category 
excludes obvious manufacturing defects cited in 
Sect. 3.2.1. In practice, howcwx., fuel particle batches hat 
pass QA/QC procedures will contain some particles with 
such manufactwiiag defects b x u s e  of the statistical namc 

k PEdiCitcd BO fail. by the st;atktkcally k ~ d  fuel P&P- 

of QC methods. 

3.3.2 Normal Sesv ic~  Failure Mechanisms 

1. Pressure Vessel F;?Riius.e. This pm&m to the burs~ng 
of rhe S i c  layer due to the gememtion of excessive internal 
pressure. The source of the pressure is the generation of 
noblc fission ga.ses and iodine and the fission prciccss that 
has a net effect rf releasing oxygen from U02, which 
reac:s with fission products 
oxides, &ne excess converting principally en CO- 
Mechmiseic premm ~cs.s6".1 m~xlels gerae;dly predict no 
failwcs under N W s  for paaicFles that nay be considlerd a? 
appioximately ideal. StatisSjcal modells FDDM 1987) 
c m m l y  predict an exaeemcly low degree of failure by 
this mechanism when applied m standad particles. 
IIowwtr, the chance h i  pewwe ;.c~se: failui e increases 
with cemin types of maraufamring defects, notably, (a) 
missing buffer or irradeqme void spce  in buffer layer; Qb) 
missing or defective QPyC, which provides prswcfion am1 

U Q  to fom reefracmy 
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stabilization 10 the Sic  layer; and (c) out-of-round or 
faceted pardclcs ha t  zxhihit stress pc&ing. 

the Sic Layer. This is often cited as a 
potential fuel hilure mechanism; however, die must recent 
authoritative study ( h u l  et, al. 1984) downplays i ts  signifi- 
cance. Sic corrosion may mcw when the reduced form of 
chemicdly active Fission metals (is.. metal carbidcs or f r ce  

s) contacts &e Sic layer. In particular, Sr ,  La, and 
other ragc earths tend to form more stable carbides than SIC: 
dws; hence. thcse metals are incompatible with S i C  
Mowe~er, kernel 3koichiomeuies in which U02 is the major 
species elrhnbit sufficiaidy high oxygen pressure lo ensure 
that such active metals exisk entirely as oxides, in which 
form they do not attack Sic, According LO Hornan (2977), 
kcme1 cornpositions cunki-ining as little as 32% LJQE suffice 
to convert S F and the m e  earths to the oxide form, 
compared to fhr7 reference composition of 85% U&&. 
Therelore* Sic corrosion by means of this mechanism is 
unlikely, except for partick defects in which the IJC2 con- 
centration h i t  is grossly exceeded. 

At least thrce other mechanism for corrosive attack on Sic 
a w  b r a  cited. Gmbmeier et aihil. (1977) have shown that 
iC may be chemically attacked by NCI fomed f r ~ n i  the 

cmiting gas diirmg Sic  deposition. Tn addition, the FDDM 
(1$87) cites H M  dispersion LIS a likely cause far SIC' come- 

These two mschmisms may be cl~sely related in k a t  
rlisprsion is caused by ?&e presence of a damaged 

IPyC layer that permits contact of FSCl with the kernel. 
Thus, the rmt cause of both these corrosion rnechanisrns is 
likely the presetice of a damaged XayC layer. Finally, 
kerrief ~ ~ n ~ ~ ~ ~ ~ o n s  that contain substandard levels of he 
IJCz would permit significant service life with only the 

' 

U82 ce.t.maining in the kernel. Such a situation would ele- 
vatc the oxygen potential of the atmosphere ncs the keniel 
and cause oxidative amck on 

In sum, Sit2 C O P P O S ~ O ~  as a possible f d u ~  mechanism is 
not likely to wcw in ided partirks, but may be enhanced 
by four types of ~ ~ u r a c ~ u r j ~ ~ ~  dcfects: ('ai tl grossly incor- 
rect kernel composidon of more than 68% ZJC2, cornpmd 
with 8 nominal level of 15%; (b) a defective IPyC layer that 
panits He1 ~ e ~ e ~ ~ o n  to the kernel dunng coating; (c)  
excessive Fc, Cr, and Ni irripurity levels in the kernel; and 
(d) m incorrect kernel composition in which the liC2 phase 
i s  significantly ~ 1 5 % .  

'T'liie manufacturing deftxis that would signii'lcarmtly con- 
tribute to he1 Pdilures by kernel migration me as follows: 
(a) a low concentration of IiQ in the keniel relative to die 
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selccted design levd of 15% would J l o w  higher oxygen 
pressures within the IPyC at end of life; md (b) an exces- 
sively large kernel would tend to increase the internal gas 
pressure, and if accompanied by correspondingly thinner 
coatings, would also enhance h\e failure probability. 

4. Irradiation Damage of the OPyC. 'The SPyC layer is 
the part of the fuel par~clc  that undergoes the most pro- 
nounced property changes as a result of fast nemon inadia- 
eion (Harmon and Scott 1977). Coating conditions for the 
CPyC are selected to yield an optiriiurn set of properties 
with respect to strength, gas impemability, and imadia~on 
stability, as required for the overall function of the OFyC. 
Although failure of the O b @  docs not of itself result in 
loss of fission product retention capability, provided the 
Sic layer is intact, it does cause a loss of Sic protection 
and, hence, an increased probability of subsequent Sic fail- 
ure. Irradiation stability for the NOC design conditions is 
enhanced by a judicious selection of coating conditions that 
minimize the crystallite anisotropy and cause a deposit 
density in the range 1.85 to 1 -95 ing/m3. The principal 
means for assuring adequately low anisotropy is selection 
of a sufficiently high coating rate. 

5. Diffusive Failure. Although not usually thought of as 
failure, fuel particles may lose cnnrainmenr function by 
means of diffusion though the intact coating layers. Even 
particles ideal in every respect lose significant fractions of 
,4g above -1300 K in a neutron iriadiation field (Groos 
et al. 1977). '[he same experimental data also indicate that 
Cs loss from ideal particles in a neiieron flux may also 
begin to be at Imst measwabk at about the same tempera- 
ture, Thus, an hD1'ER fueled entirely with ideal fuel 
would still exhibit meamrable Ag and Czs contamination of 
the primary systerta, 

The fabrication defect cited above @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 NWs.  

3.4 Fuel Failure echanisnns Under 
Accident Conditions 

1. Thermal r~~~~~~~~~~~~ of Sic.  Exposure of Sic to 
excessive temperatures tends to shift the chemical aquilib- 
xiurn towad the individual elements Si  and C .  According to 
Price (1977), such decomposition is genierally consideral to 
at least begin to achieve significant levels at -lsoO"@, at 

which point unirradiateed and exposed Sic devdoyr; an Si 
vapor pressure d -0.1 Pa. .A recent evaluation reported by 
Martin (1991 j concludes that thenmial decomposition is the 
principal failure mode of Sic at 16W"C and above. 
Physical removal of S i  by v rizarion is nor Equired for 
loss of function. DesmnpsiGoo with the Si retained in 
place, as may occw with fully contained Si@ within intact 
IPyC and OpYC coatings, still ~ s d t s  in Boss of capability 
for containing fission metals. It i s  unclear whether the 
retention capability rcapprs on cooldown, which favors 
reforming SIC, albeit in a different crystal sbue~ure, 

Empirical formulae given in FDDM (1987), based on a 
Weibull statistics format, provide an estimate for the SIC 
fahre  fraction due to ttremal decomposition. Evidently, 
these formulae have recently k e n  revised [see the review 
by Manin (199I)l. The revised formulae indicate a fairly 
strong dependence of faihue fraction on integrated fission 
density and9 rn a lesser extent, on fast neutron flnence. 
From a f~~~~~~~~ point of view, it is not at all clear why 
these two parameters should effect thermal decomposition 
of sic. 

Gases. Even with no smctnrd alteration that may be con- 
strued as darnage, diffusivities of fission products within 
the coating barriers increase with temperature fairly 
rapidly. For example, data summari 
Venfondem (1986) indicate that the 
Sr in Si@ each increase by a factor of -30 between P25OoC, 
the upper limit tempwature for NWs,  and 1600°C'. Similar 
large i n c ~ a w s  in diffusivity me 3hown for the fission gases 
in PyC Payers. (This rapid rise in noble gas release must be 
caused by something oher ahan an inherent rise in 
diffusivity, because gas diffusiwities increase only as thhe 
1.5 power of temperature that would result in only 36% 
increase over the sated rangeme.) 

by Mmmann and 
sivieim of Ag and 

It is iriayilrtarit to recognize enliariced release from fuel due 
to diffusivity increase hecause it is a completely reversible 
"failure," provided it is not accompanied or caused by an 
irreversible microstructural change. 

3. Fuel HytSrdysis in Steam Ingress Accidents. The 
introduction of s tem into the primary system creates 
nmemus effects, most prominently, chemical reactions 
with exposed fuel kemgncls. Though such reactions arc gen- 
erally called "hydrolysis," ehah term applies sttlicely ro the 

hydrocarbon gases and Hz. While chemical data predict the 
raction of steam with uc2 to fom1 uoz, plus various 
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effect of steam on U02 to be much milder than with UC2, 
fuel capsule data indicate an approximately equal response 
to steam ingress of IJCO and U@ kernels [Myers (1991)l. 

3.5 Conclusions Regarding Fuel Failure 
Mechanisms 

At low steam pressures, Myers found that the degree of 
stored fission gas promptly released (4 h) varied as the 
square of the steam pressure, reaching -3% at 200 Pa. 
Since steam ingress events could cause steam pressures of 
up Lo lo6 Pd 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 

trend up to -1d Pa steam pressure. However, they contend 
that a steam saturation effect occurs within the fuel, limit- 
ing stored fission gas release to -30%. 

Evidence indicates that a properly designed fuel particle, 
fabricated to within tight variations about the selected mean 
for all attributes (is., an "ideal" fuel particle), 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. 

would tend to be reduced by both the reduction in the num- 
ber of manufacturing defects and property variability. 

exposure* Richards et a'* (1990) a@eement with that nus, a proger design, rue). failures during 

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 OF'yC 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 illuslrated by photomicrographs presented in 
the MRB 17/28 capsule report (Ketterer and Myers 1987). 
Particles adjacent to hydrolyzed kernels arc 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 temperdture of Sic, can 
cause pressure vessel failure of the coatings. Certain types 
of manufacturing defects or normal fabrication variations 
cm enhance the probability of pressure vessel failure dur- 
ing accidents. 

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 satistical 
terms and based mostly on empirical evidence. When 
applied to accident conditions, they generally yield 
extremely low 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 rnecha- 
nisms has its negative aspects. Most importantly, statistical 
and empirical evidence alone may not be fully convincing 
that all important factors have been considered. Experi- 
ments cdn 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 niust 
be viewed as a drawback. 

In addition, it appears advisable to prioritize Qe 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- 
me mode. (QC tests are discussed in Sect. 5.) 

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

*&viewers were divided as to whether this was a real effect or an artlfact 
of the meullographic prclcess Because the phenomenon also appears in 
cnrly hydrolysis expenmctlts in an identical way, the aurhors believe it lo 
be m real effmt. 

Of the various manufacturing defects cited in this section, 
three may be noted as being potentially important with 
respect to he1 reliability, These are (I)  fuel particle damage 
during man,,facture, (2) HM dispersion, 
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(3) fuel particle faceting,* TIIC first two defects result ~ r o m  
processing cmc)rs that should be prevcntcd by the process 
control system a d  proven SO by accompanying QA docu- 
mentation. However, should tkcy mcui through some sys- 
tem flaw, it nay be difficult, tising current QC procedures, 
to reliably inkt hki r  adequately low freqiimcy (see 
Sect. 5.). 

The third defect, partklc facethg, i s  not dsae to a processing 
error, but may res& from subtle operahmal or design 
vmiations of a coater. Principal means for assairing its low 
frequency in the product is the tabling speaarion (sce 
Sect. 2). Howevcr, infmnation is not available regarding 
the rcliahility of the tabling operation for rejection of 
faceted particles. The planned QC p r o i c d u ~ ~  for detection 

*Reviewers indicated that dcfcctive Sib: wirh excessive pmeabiliry may 
be added as a fourth significant mmufaduaing defect. 

of laonspherical paiicles, the aspcce raih test (see Sect. 5), 
is not appropriate for detection of facetiiwg.* 

Menace, these threc types of defects. potentially exhibit the 
attributes of we& bel. The concepz o€ wrAc hel ,  initially 
expressed a? an intuitive conscma~ism on the part of the 
NRC, does have a mechanistic compncwt. Adoption of 
QA/QC procedures that convincingly eliminate ehcse three 
types of manufactwing defects wodd contribute towaid 
rcducing the currently imposed weak f i id restrictions. 
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E;uel &sigai recguirernenfs define the behavior of the fuel 

restor. The most recent dmumennlalion, presented by Tang 
(19891, appears ~a tK: consistent with a more extensive 
~ e s c r ~ ~ ~ ~ ~  pr~vidrsb in a p~ior docmenit ( 
f o ~ ~ o w ~ ~  Pop-kevel goals that ulrimakiy define the fuel 
design requixements are stated in the PSED (1986): 

qllired Lid xrleet the top-level pfomance goals of the 

Goal 1. ~ a ~ n t ~ ~ n  Plant ~ ~ e ~ ~ t i o ~ -  This encompasses all 
phases of normid operation including shuld~wn, routine 
maintenance, refuelling, and swup. 

I .TOP LEVEL GOAL 
10 CFR 50, APP. I [GOAL 11 I PAGs [GOAL 31 

FLUX 6 AT EA$ 

I 

I INRY 

aaintaile Control of R ~ o ~ ~ ~ ~ ~ ~ ~ e  Release (Le., 
to the environment). This goal is to limit releases dlKing 
accidents so the dose limits stated by the EPA Protective 
Action Guidelines (PAGs) are not exceeded at the Exclu- 
sion Arm Bc~unda-y (EAB). Thus, meeting his goal pre- 
cludes the need fox public evacuation ~ ~ ~ ~ n ~ .  

Gsah 4. ~ ~ ~ ~ t a ~ ~  Emergency Preparedness. An exrullple 
of the logic for deriving the fuel design requirements from 
the top-level gods is ihstxated in Fig 4. 1 - 1, which is an 
adalpration of a similar figure shown by Tang ( I  989)- The 
f i w  also illusuatcs the ~ e ~ ~ ~ l ~ n ~ ~ ~ ~  between the so-called 
Core Performance Criteria, ofkn cited along with the Furl 
Design Criteria, as well as the Fuel Product Spcrltications 
~ C K ~ V C ~  Froin the design r ~ q u i r ~ i n ~ ~ ~ .  Figure 4.4 -1 applies 
to ihe requirements that satisfy the aspects of Coals 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. 

CORE PERFORMANCE 
(RELmSE) 
CRITERIA -- 

1 
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Fuel 

The arrows shown in Fig. 4.1-1 signify the direction of 
iadinmivity flow from rhe fission source to the atmo- 
sphere The magnitude of the flow along the pathway from 
the source to the EAB is estimated by a series of models 
that describe retentions by the various barriers and atmo- 
spheric disprsion~ However, the calculation proceeds pre- 
dominmtly in the reverse direction, from f ie  given goal. 
backward to thc source. Defuiing the fuel criteria i s  a pro- 
cess of selecting the retentions by the principal fission 

the fission source and a c~n.semative estimate of atmo- 
spheric diqpersion. 

product b2irsjers r q u k d  ta meet the top-level goals, given 

The process can involve a good deal of tkal and error or 
iteration. Note also hat  alterations of either the models for 
the various transport barriers, sel~ction of accident sce- 
nwb, or just about any feature of the reactor conccpt can, 
in principle, lead to modifications of the fuel requirements. 
However, programmatic and lead time consideration$ for 
fuel developmeaat call for as much s?a.bility in the fuel 
iquixcments as possible. Therefore, model or concept 
modifications x e  likely to bc accommodated first by design 
alterations that do not require fuel alteration. 

Core Perfomance and Fuel Dcsign Criteria i p ~ e  often cited 
together. As Fig. 4.1-1 S ~ Q W S ,  the difference betwecn the 
two relates to actention of radioactivity by fuel element 
graphite and the graphite associated with moderator ele- 
ments through ebe core. Fuel Product Specification refers to 
the design details of the as-manofactiared fuel element, 
including dimensions of the kemd and coating layers, 
prop~des of all parts of e fuel element, and impurity 
levels (as required to meet the Fuel Design C8itetia). 

According to Tang (1989), top-level Goal 3, relating bo 
radioactive release to the atmosphere caused by accidents, 
is the most restrictive requirement tor defining core per- 
fommce and fuel design criteria. Second in importmce 
(according to 'lhnyj is Goal 1, in particular 
to limit occupational exps>ssms m 4 0 %  of 
iqukrnerats. Tang cites unpubkhed cstimates that indi- 
cate this occ~npational exposwe liarnit may be satisfied when 
primary circuit platmut of radionuclides causes doses of 
<10 m R h  during scheduled maintenance activities. 

Core perfommce criteria that allegedly satisfy the q e c t  
of Goal I relating to rekwcs from the core during n~~-nmal 
operation ape presented in Table 4.2-1. Tables 4.2-2 and 
4.2-3 cite the core performance requirements relative to 
Goal 3 for long- and short-term accident events, respec- 
tively (Tang 1989). 

Table 4.2.1 Maxirrmaam allowable releases fro 
elennennt during normall ~~~~~~~o~ av 

(Goal 1 or 3 requireme 

able fractional release 

Nuclide 250% confidenee 295% c~nfidence 

<['I'BL>] 
<7..5 x lo-' 
4 . 5  x 
<1.9 x 
<5 x 10-3 
4 x l G 4  
<7 x 10-6 
<'I x 104 

Sowre: I. U. Tang, MHTGR Fw?I Product Specification, DOE-HTGR- 
88140, 1989. 

10 CFR IO0 
(Reg.) limits 
P 2 IS0961 

PAG (user) limits 
P 2 50% NUCliCk 

Source: I. U. 'Tang, MHTGR Fml Product Spccijicotion, 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) h i t s  10 CFR 100 (Reg.) limits 

Nuclide P 5.50% P215% P2SO% P 2 95% 

I_-- 

Source: L U. 'l'ang, MHTGR Fuel Product .Spec@cation, IX)E-IITC;K-R8140, 1989. 

A variety of situations may be assumed as a baGs for 
developing the criteria shown in the three tables-preciselly 
which ones assumed were not stated. For example, N W  
releases from the c m  (Table 4.2-1) may be limited by 
either 10 CFR 50 considemtiom on routine releases or by 
occupational dose considerations defined in 10 GflR 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 God 3. 
For example, dry depressurization consequences relate 
directly tu the ex-fuel radioactivity that develops over 81,: 
course of normal opcration. 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 ~riteria, upper limits on 
fuel parlick manufacturing defects are given in Table 4.2-4, 
reproduced from Seheffel and Tang (1989). 
bases for these limits vary for dilferent defects, as noted in 
the footnotes to the table taken directly from the reference. 
Figure 4.2- 1 taken from Bresnick (199 1) defines the vari- 
ous types of fuel populations used to formulate the 
sampling p h .  All of the cited defect leveis are based on 
QC tests to be performed on samples of locase particles, 
except for defective SIC, which is barred on the burn-leach 
test procedure. (See Sect. 5 for a summary of QC proce- 
dures.) 

Table 4-24 Maximurn allowable manufacturing defects of fuel particles in fuel element 

95% confidence level Alhwabile specification 
Manufacturing defect category for defects limit at 95% confidence 

~ ~ ~ a c t i ~ ~ )  level (fraction) 

Missing or incomplete buffer 

?&issing of defective inner ZlyC 
Missing OF incomplete Sic 
Missing or incomplete OPyC 

Missing or incmple@ protective coating SI .a x 28-3a 11.0 x 10-2b --.-_ -̂I_ 

aSegment ineilli of particle composites. (Mean valae of composite defect fractions in a segment.) 
b95Q ccmfidence that e% of the particle composite means iu a segment exceeds the specdied !unit. 
"lhe spcificaucm h i t  is on tlie mean fuel compact propcny, apphed IC, the segment atid not at the cornpad. lot level. 
0135% confidence that S% of the compact lot mean mearmmnrnts in La core segment exceecis h e  h i t .  ~n adctitlon, the numtxr d 

"Based on bum I a c h  quahty control technique. 
Source: W. J. Schcfiel and I. U. Tang, Techtzicd Suppori Docmtai for the M W K H  Fuel Producfion Specrficdrwi, GA 
Dmiment 903728, ksue D, 1989. 

compact lots in the Mgrncnt exccediiig the lilts must conmh 55% of the total conipactu in the segments. 
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ORNL-DWG 91M 3578 ETD 

1 G*;TLS MANUFACTURED IN ONE SINTERING RUN 

F. HOMOGENEOUS S E N D  OF ONE OH MOGE 
BA!%HES OF KERNELS 013 COATED FAWT'ICLES 

A FUEL C0biP"aL"T BLEND is A EAlXTURE OF COMPACT 
LOTS ,AT A SPECIFIED URANIUM LOADING 

W GRAPHITE BLOCK LOADED W1Tr-l FUEL COMPACTS 
TO SPECIFIED LOADING FEQUIRFltliENTS 

THE FldEl E l  EMENTS IN h CORE SUBJECT TO 
WEFUELING AFTER h FUEL CYCLE 
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Table 4.2-5 As-manufactured and EOL fuel particle failure fractions 
for release of fission gases and metals, projected for Mtil'GR 

&-manufactured 
End of normal 

service life 
~- 

Fission-gas release 1 x 10-5 s x  10-5 
Exposed kernels (01 (5 x 10-5) 
Contamination (1 x 1u-5) (1 x I@-) 

Fission-metal release 6 x 12 x 10-5 
Exposed kernels (01 (5  x IrrSj 
Contamination (1 x 10-5) ( I  x 10-5) 

(6 x 10-5) Defective SIC" (sX 10-5) 
._.._ ....-.... ... .--.. - 

Sorace: P M Williams et al., "Draft Preapplication SEK foi the MHTGK' NUREG-1338, 
1989. 

of Fuel Design 
Requirements 

Appendix A outlines ai order-of-magnitude comparison of 
Goals 1 and 3 requirements with the fuel design q u i r e -  
ments listed in Tables 4.2-1 ta 4.2-3. 

Accorcfing LO Table 4-2-3, the Goal 3 requkement for shoil- 
tern accsdental discharges will be met with 95% confi- 
dence tsy criterion restricting 1311 release from the core to 
2.2 x 10-5 frmion sf the inventory. T~IC objective is to 
h i t  EAB doses to sufficientiy low levels that preclude the 
need for protective action planning. This level is given by 
EPA (1973% which states that anticipated thyroid doses to 
the general population exceeding the range 5 to 25 rent 
would requirr: protective action planning. The lower limit 
applies if here are "W major local constrainfs in providing 
ymrection at that level." Therefore, the quantitative Goal 3 
limit of 5 rem is in accord with the EPA guideline, 

The resulting dose at the site buntdary, using an EAR 
radius of 475 na (F%TD 1986), a breathing pate recom- 
mended by Reg. Guide 1.4 (1474), an atmosphcxia disper- 
sion appropriate for ground relase, and a dose conversion 
factor cited by ~~~~~i~~ et al. (29Sl>, leds  'tu a dose esd- 
axlate of 20. i rem at be site ~ ~ ~ n d a y  due to 131 II (sex 
Appendix A.1 j. If the 
I3 lI ,  the total dose to h e  thyroid due to ~ ~ . ~ a ~ ~ ~ ~  for a 
short-term event is estimated to be 3 1, Z rem. This exce 
the Goal 3 requirement by about a txmx ol6. 

design requirement is simdu w 

*Coiidensarim of s tem UI die RN may be 811 effective atleenuation 
mehanism for ra wet depmssunmticm eYeiit. 



Fuel 

routine mairitenaiice opcratio:as. As i: device for meeting 
this aspect of Goal 1, Tang (1989) iqmrts that Goal 1 will 
be satisfied if such exposaie levcls are h i r e d  to <lo% of 
the limit set by 10 CFR 20. At the current level of design, 
accoiding to Iang (1989), it is believed that this will be 
accomplished if "thc gamma radiatioil fie& z m n d  the 
piirnai y cirri& due to €rss:on product platmiit were limited 
to <lo rnrad/Ii ' 

'I he exposaze rate to workers performing contact mainte- 
nmce on primary system pxts is roughly estimated in 
Appendix A.2. It is awnmed that LIE. cxpos~~re i s  dm solely 
to 137@s released horn the fuel dt the fractional rate o f  7 x 
10 5 ,  as cited irl die fuel design criteria givcr; in Table 
4.3 1. (Ns~o, this is the criterion for satisfying Goal 3 No 
equivalent cxiterim is given for Coal 1 ~ C R I W  Goal 3 is 
held to be limiting.) 'It i s  furthc; assunied thzt l3 ICs plates 
iN7ifOiiI7:y along primary system surfaces. 

This iougbz inodd leads to a radiation field of 728 nriad/h 
adjacent. a:: the contaninaird pipe a c x  the end of rwcior 
life (at 35 9 x 5  cf opeiation), which is about 78 times the 
drstcd liiriir of 10 mr2&%. Seczusz additional contribii- 
tions to ttic radiation field f:om 134~s, 1 3 6 ~ s ,  and 110,4g 
may lis expected, it is felt that t h e  may k some qucstisn 
regarding ihe consisicacy betwen meeting Goal 1 and the 
pcrtinm fuel design rqtri?" di-IClIiS.* 

4.3.3 Comparison 0 4  Fuel Rliement and Fuel 
Particle Weqaircmmts 

rabks 4.2-1 thicpagh 4.3 3 eiie djactiond release limits 
from tbe fvel element averaged over ;lie coic and service 
life of the elemen;, 2s rc@d to satisfy t\c top-level goals 
(Tang 1989). I;n addition, piCduc$ aitexia arc cited that 
limit f w J  par?irle defect fiacfions [e.g:., rahles 4 2-4 arad 
4.3->). Consistcncy betwexi ZPirsc lsro types of spCci5ca- 
tions may be k%d 3s follows. 

I'ahlt: 4.2-1 indicates at) exyecctci? fractional release of 
< l . B  x 1 F 6  &wing noma1 opxAnn i q  reqkiied. In com- 
pariwn. Table 4.3-5 cites an cx-pected defccc: fraction of the 
type itmi relcaxs tissioti gases to isc 3.5 x ~ - 5 ,  avcraging 
the as-manrrfaciimd aiad old-of-life vahles i i ~  the table. 

:he du;at,iw of thc h4diI3 of fission gascs in 
e pxt;c.les q p w s  tn bc about 1 mcnth (Wichiler 

1991,). arid becausr. all of ;'x ' m y s m t  fissioai gases haw 
ielatively S ~ G :  half-lives, adioac y significantly 

. I I J C .  n F ,  dvl. An 
evaliration presented by W:cllw~ (1391) indicates that the 
defect fraction cited in I'able 4 2-5 rcsdts in an I3lI 
fiacznnal relea32 cf 3.37 x 1 0  6, witi? the predomLmt 
share due to UBlIilmili coirtarnination. Eccaue ve, y little 
ioclioe holdup is expected in the ficl e!eri1cni graphitc, the 
expected release fiedon fiuiil the citrx? particle defer! 
fractkm aceads the spccitia allowable f~iel elemeat 
reka;lsc by a k i t  a factor of 2. 

rdrrccs idease cf fission saws fr 
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Techplan (1987) characterizes current deficiencies of Ihe 
burn-leach ~ ~ O C E S S  as follows: 

31 



Each element of the proposed QA Plan will be 
s u m m ~ z e d .  In addition to these demem- Frscess Contiol 
is also expected io be a pan of the sverali QA system. 
Processing conditions along the manufacnhing route are 
expccted to lx included in the trainvebing r~orrls 
accompanying each batch of fuel* 

52-1 Fuel Quality Control 

‘Table 5.2-1 shows typical steady-state MHTGK fuel 
p i o d d s n  qumtitics. 

Tahk 52-1 Typical steadyslate MHTGR fuel 
probwction quantities 

Numk: of fertile ’FRO2 paticlesikg 

Number of fissile UC8 partidcdkg 

Numkr of fertile pmicles,lcompact 
Nrrrnber of fissile paxeicles/csmpact 
Number of fuel comyactsb-egsda r hel 

Nurr~ber of fuel compacts/Int 
Fertile fuel batches/compositc 
Number of fissile bakhes/caanpssitc 
Number of fertile par?iclcs/csre 
Number of fissile particIes/corc 
Nutnkr of fuel clcments/core 
Number of core segriieaTs/csre 

heavy meal 

heavy metal 

element 

1.5 x lo6 

4.05 x 106 

12M 
4500 
3 126 

40,000 
13 
4 

9.2 x lo3 
660 
2 

2.5 x 109 

Source: C M. Miller et a1 , “MHTGR Fuel Manufacturing QA Plan,*’ 
WE-XlCK-88091, Rev. 0,1988. 

Both destructive and noiitlesixuctive quality wn t~o l  
iiiethods are proposed to determine ~ h c  attributes of the fuel 
pa:ticles/compacts. The a v i h b k  quality control methods 
are summariz~ in Table 5.2-2. 

Becamse of the large number of particles involved and the 
need for destructive testing, a mtispically based sampling 
program is planned to ckmact@i<ze the particle/compact 
quality to ensure that t h y  confom with s p x i f i e d  limits 
proptxties and defect levels. 

Raw material samPpPiaag plan: ‘8able 5.2-3 shows h e  
proposed saxpiing pim frr  raw n7fiatcnlais. The actual 
sample sbe 411 be detcrrnined by Fuel Quality Control in 
accordance with the MH“X specificadon rquimnentr. 

Fuel p ~ t i t l e  pr tduct io~~  sampling plan: ‘T’abie 5.2-4 
show &e sampling plan for fuel kernels and TRISO 
pa~ic!es, The sampling i s  dofie at Ike composite level (a 
compoyitc cmsisrs of a hnmogerieous mixture of 4 batches 
of fwl,  aid a fuel batch consists of 20 million particles), 
The composite wnpling process depends on the amibuie 
that n&s to be controlled. According to Miller et al, 
(1988), the sampling plan is  structured to operate under the 
followifig aceepancce criteria: 

1. Snri~ple each composite according to Table 
[5.2-4] for v a i a b k  propeitiees at a 50% 

cornlmsite requiremenis. IC the property meets 
this acceptance criterion, die property is 
saccep~d and the batches making up the 
composite arc physically blended. 

confidence Bevel to meet ehc segment or the 

Nternately, if the composite batch fails this 
acceptance criteria, the individual batches 
making up the campsite are sampled and the 
property rnasurexl to determine which 
baiclaes: should be icjected t~ incmsns:: the 
campsite quality caough to be accepted. 

2, Sample each composite for attribute 
properties, i s . ,  defective buffer, TQC, OPyC, 
and PPyC layers, to de~ermine if zero defects 
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Technique 

1. Emission spectrogaaphy 
2. Atomic absorption 
3. Spectrophotometry 
4. Burnlgravimeby 
5. Massspecfrometry 
6. Wet chemistry 

7. Gas chromatography 
8. Mercury pycnornetry 
9. Mercury intrusion 

IO. Gradient column 

11. Bulk density 

12. Methylene iociide 

13. Radiography 
intrusiodX-ray 

14. Particle-size andyzcr 
15. Metallography 

16, Seibersdorf unit 

17 + X-ray diffraction 
48. Couiter count, 

Sartorius . ~ ~ e ~ ~ t i o ~  
balance, Tyler screefa 

19. Gamma ~pecbro~copy 
20. Burn-leach 

21. Bum/gas analysis 

22. Burnlco1orimeLt-y 
23. Gas OT liquid leach 

Property 
.....__ -... . ._._ 

Xmpuri ties 
lrnprides 
Impurities 
Carbon, wt 747 
U isotopics 
Tow1 w wt % 
U loading 
'I% loading 

Density 
Microporosity 
hnsi ty  

oxygen, wt % 

Density 

Porosity 

Diameter thickness 

Faceting 
Missing/incomplete 1mffer 
Missing/incompIete OPyC 
Particle shape 
Diameter 
Porosity 
Macroporosity 
Anisotropy 

Filler crystallite 
Filler gartide size 
Particle-size distribution 

Fuel homogeneity 
Defective Sic 
HM contamination 
Defective PyC: 
Sulfur content 
outside Sic 

Iron impurities 
contamination 

Component 

Green compact 
Fired compact 
Fired compact 
Fired compact 
Particle 

N O  

Yes 
Yes 
Yes 
Yes 

Yes 
YCS 

~ ~- 

Suurcc: C. M. MiUer et al., Y W G R  Fud Mmufacturing QA Plan,'' KWNTGR 8801,  Rev. 0, 1988. 
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Table 5.2-3 Proposed raw mat~rials sampling plan 

Material name Pop. size Sample 
size 

Urminrn oxide 
Thorium oxide 
Argon, nitrogen2 

Propylene 
Aceiy Iene 
Methyrsichlorosilane 
Calcinaicd alumina 

Carbon cement 
Carbon cement primer 
Anhydrous hydrogen 

Methylchloroform 
Petmkxini pitch 
Yetroieum pitch flow 

MaiWfdCm"?A graphite 

oc@dsxa7ol 

Shim 
hkOb0l 

hydrogen 

p w d e r  

chloride 

SUlftllr) 

flour 

Polystyreenc 

Mate~al  certification 
Materia: ~et i f icat i~i i  

0.21 m3 100 ml 
IO00 ib 50 g 

10 gal 800 ml 
10 qt 50 g 

Material cecification 

55 gal 1000 ml 
550 gal 200 g 
550 gal 200 g 

500 16 

._....~......_I_...____ . . . . . .. 
Source: C. M. MiIlcret al., "MI-ITGR Fuel hlanirfactaciuring QA Ran," 

DOE-HTGR-88091, Rev. 0,1988. 

A1~emately, if a defective parrick is obsernred 
in the mininaum sample, trle rneawernc~t 

prior accept& campsites for the segment. If 
the -pmkd d m  passes die core segment 
specification iequlrements, then the marginal 
(previous failed) composite i s  accepted. 

data is ptmkd md evaloa&ed WiLh respect to 

Fuel compact pcnbrastim sampling pian: R'he tue! 
compact production sampling plan ;s applied to a loa level 
of prodrictbia, with 40,000 fuel compacts consiitutiny a lot. 
The Bot is divided into 5 sublots of 8000 compacts each, 
with hlc fii st 8ooO compacfi produced in the first sublot, 
the next 8OQO compacts prodxed in the second subbe, etc 
The fuel compact Lsmpling plan showing the miiiimimin 
number of properties to bc sampled is shown in 
Table 5.2-5, According io Miller et al. (1988), the sanryling 
plan i s  based c l i p  ihe Cdlowirrg acccptaance criterb, 

Samples arc to be tbken from sequrcrxtial increments of the 
lot (coasisting of 40,000 file! cornpac&s), with mash 
increment representing -20% of the compacts in? a b t .  

The sampling stiategy is a two-siage process Products are 
tested and arc fomnd acceplable if thcy mme acceptance 
criteria. TIO.;@ prodancts that at this preliminary r;:a.ge are 
found matginally anacceptablc arc placed on a ""Rid" 
status and then poled and evaluated with prew-iclasly 
accepted l o r s / s n l . l o t ~ . / e o r ~ s ~ t g ~ i ~ ~ ~ ~ ~ ~ ~ .  

52 .2  Administra%ive Controls 

According io Miller e: a1 (1988), a Qrlaliry Assurance 
Program Document (QAPP)) i s  expecteA to esazblish 
qnality assurance reqtAiei~i~nts that will be implemented 
The QAVD i s  a cnr:ra;sb:ed dwararient that irivnkes ;he 
Quality P.ss:arai~ce manual (QP,M) for usc on the M W G K  
progmrn and establishes the aiithoriiy of qmlity ~ S S I I ~ P C C  

activiiies. 



Table 5-24 Proposed MHTGR particle production sampling plan 

Composite process 
Specification requirement sampling 

Acceptance 
Number of Weight criteria 

particl&ernek (g) Category Property 

Kernels Chemistry 
Impurities 
Density 
DiameteT 

TlUSO Bufferthickness 
Buffer density 
rqcthickness 
LPyt density 
Pyc anisotmpy 
SIC thickness 
Sic density 
OPyC thickness 
QPyC density 
0q.C anisompy 
OPyC micreporosity 
OPYC (-tal porosity) 
PprC thickness 
PpVC density 
Eaceiing 
Defective buffer 

Defective O M  
rpyc porosity 

2100 
250 

?50 

210 
250 

250 

250 

2.50 
250 

2.70 
2104 
%lo4 
rrd 

210 a 

a 
210 a 

a 
210 U 

a 
210 a 

210 a 

210 a 
a 

210 a 
a 
b 
b 
b 

0 

a 

a 

0 

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

Sperifuroltb requirements 
Laat sample Acceptance ll_l- - 

size (compacts) criteria 
Category Property 

Green compxt Matrix filler content 210 a 
Fuel homogeneity 210 a 

F i  compact Uranium loading 110 a 
Thorium loading 210 0 

Dimeta b b 
Length 210 
Stack height b b 
Coke content 210 a 
Macrqmmity $10 0 

Mean heavy metal 2uw) a 

Mean defective Sic plus 2300 U 

Mean defective Sic 260 
Mean rkfcxtivc rqic r60 a 
Mean impurities bumable, 260 0 

h n  content and rrandtim 210 a 

conwnination fraction 

heavy metal contamination 

nonburnable, hydrogen. 
chl-, and sulfur 

metal impurities 
I_ 

asampling for variable pqxnh Y the 50% mnlidencc be4 of spfcifvd 0rmpoSire a p d c a d o n  limiu. 

SOWCL: C. U Mil&r u aL.'Ml€K;R Fuel Manufacturing QA Plan." DOE-HER-$8091, RN. 0,1988. 
b l r n  Samplin& 
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Quality S Y S ~ C ~ S  
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5.3.2 Factors Enfluencirig Sample Size 

-. 
I ae co~aen;!y avwlablc :ests, from which the QC progmn 
will I-;c foirrrulated, are listed iii TablP 5 2-2. The majority 

selected samples. A potentially i rosrlslmme feature is the 
availability of only dcstilrcii~c :es:s for thc h ished  
prodact, i t i t :  fwR coinpact. As mtd in Sect. 2, compac; 
fabiicatinrr constittales a significant Theat to the inregrity of 
the I ‘ d  paiticles. Hence, QC testing of the finished 
compacts i s  a c ~ t i c a l  .WG. The acknowledged nncertainties 
icgarding the principal QC piaedirre avaniabk for the 
comyct the bum-lcxh test G Z X C .  bate3 this problem. %?e 
bmi-lacb procedure i s  the only available m t  for the 
integrity of the Sic‘ layer. 

rc dest~ucdvc ad vould be perfokm& on 

It is clso noted that there i s  no GC IS!. being considered 
cfprapei- fmctinoing of rhe 

t bal-i”icrs, the Sic arid OPyC: layers. 
on is infend Esom densiry and 

thickness rneasurernen;s wqe:her with process contra! data 
Thc !mer indicates that the banicry k.C:-iavc propcly when 
formed at the c~secsifkd conditiociu Eewever, ;he ’ark of a 
spec& tcsi f G i  pi opt: fnnclion is a disadvantage. 
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Fue er 
es 



LWR 

PhaerRsmeoon Cmse correction 

HyQiding Excess nioisrx-e in as- K c d ~ e d  S ~ C S  O ~ I  moistuie 

........................... ............................... __I___ 

manufactured pellet in fuel 

urisimpported cladding higher firing ernprattre) 
and he!ium pressurimfion 

Fretting Vibration of fuel i d s  against I rnp rov~  assembly design 

Cladding cdlapsa Fuel d.ensi.5catinn leaving More stable pellet (i,e., 

space grids 

Pellevcladd ing Stress C~i~os ion  C'rackinag 
intemtim (PCl) (SCC) of cladding dlle to 

cotitact w i h  pellet; secoc- 
daily,  power ranips and 
iodine release from the 
pellet 

Cladding coxusiraaa Induced by CuO corrosion 
product in BWKs 

Cladding perforation (1) Debris-indracd failure 
and (2) lmalixd erosior, 
(beffk-jetting) 

Breakage Improper fael haidling 
-. ............................. . ..................... 

(1) SCC-resismt cladding, 
(2) modified plane 

find pella 
opera.thm, and (3) annular 

Maintenance cf low Cu 
concentsation in water 

(1) Avoid debris in coolme, 
(2) assembly in la  firten, 
and (3) mdified assembly 
&Sag(? 

.................... 
*Personal ~rxnrn~unicatior? from M. M. G l t n t ~ ~ x ~  Nuclear Fud 
Manufacturing, to R. P. Wichrrer, ORNL, March 14, 19991. 





_- 
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Table 63-1 QC tests on LWR PueP 

Component Test Comment 

Fuel pellet Isotopic cuntent 2x104 Destnrctive chemical 
Stoichiometry analyses 
Impurity level 
Boron 

Porosity 
Density 

Grain size 

Diameter 
Length 
End shape 

Composition 

Tensile strength 
Burst strength 
dimensions 

PO= SSZe 

Zircaloy tubing Corrosion m e  

Metal 1ography 

5 x 10-5 

Fuel element Utrasonk, weld test 1 
Ulrrasonic, wall 100 
Helium test 100 
X-ray, radial gdp, and pellet 

locations 
Dimensions 
Weld 

Perfom& by tubing sampler 
or fuel vendor 

Nondestructive 

Fuel assembly Vibration response Nondesuuctive 
__ 

acornpiled f m  emvernalions with several QA miuiagers. 
b.l'ests and sample sizes wi l l  differ from vendor fa vendor. 

zero fuel element defects on discharge, "he principal 
motivator for &e change appears to have been INfQ. Also, 
intmse competition between five fuel vendori; has been a 
significant factor in improved fuel reliability. 

product conforms to the designers' spxificaiioais. Fuel 
reliability in service i s  att;aincd by proper design and care 
that the design is aGcurateIy fabricated by means of QC 
and process control procedures. 

2. The principal means by which improved fuel reliability 
evolved has been the identification of failure mechanisms 
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 calaloguing fuel failure 
statistics initiated in the mid-1970s. 

3. A specific fml reliability goal is not a direct objective 
of the selected QC procedures. The purpose of QA and clc: 
activities is more limited, namely, to ensure that the 

4. The key element in the LWR fuel QC methodology is 
the 100%, nondestructive testing uf the ~ o ~ p ~ e t ~  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 perform& alter the last process step that 
threatens the integrity of the fission product barricr. The 
equivalent Mf-TTTGR rest would entali nondesmictive 
examination of individual particles in each fuel compact 
for function. TAe c m n t  lack of such an equivaIem test 
may be a major disadvantage in MHTGR fuel manufacture 
relative m LWRs. 
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1. The objective of this study is to review issues hearmg 
on MHTGR fuel reliability, principally Lo assess the 
advisability of retaining the "we& fuel" penaIty, This 
penalty has been adopted by NRC on an interim basis for 
MIFTGR concepts with no conventionally s d e d  
c ~ ~ n m ~ ~ ~ .  Conditions conducive to reducing or 
eliminating this burden are defined (see Conclusions). 
We& fuel is a conservative cortcept whereby the fuel is 
assumed lo respond less favorably LO ~ ~ ~ V ~ o ~ m ~ n ~ ~  
conditions thm Ifaredtcted by fuel behavior models. Usage 
to date has entailed presuming apparently sansfactory 
behavior under noma1 operation but assuming an added 
degree of fuel damage during accidents beyond anadd 
predictions. The main reason loor adopting the weak fuel 
penalty i s  the increased dependence of sdtisfxtory accident 
consqarence results on 
sealed ~ ~ ~ ~ n ~ e n t  vessel. 

reliability in the absence of a 

2. Fuel reliability i s  defined as fuel khavior undu ncsrmd 
and accident conditions that is in accord with model 
predictions. Fuel reliability &Tends on {a) proper fuel 
design to mtisfsl perfomancs requirements, (%) fabricatition 

process conuol techniques that accurately praum tfie 
gn, (c) w ~ l ~ ~ ~ ~ n s ~ ~ u ~ ~ e d  QA and 

(d> behdvior of the product in service that is in accord with 
expectations. Hence, evaluation of fuel reliability muso 
cover these areas. 

3. "here are Pactom oher than absence of a sed& 
containment aid the associated added reiiance on the fuel 
panicle hat  suggest adoption of a weak fuel penalty at this 
time: (a) 'Fhe MHGm fuel is of a relatively new design 

kernels and a somewhat modified set of 
coatings. (b) As a result, a comprehensive d m  base for this 
fuel under normal and widcat conditions does not 
currenciy exist (while &e dam base f i r  @her fuel types IS 
highly supportive, it is not an adequate substimtc). (c) A 
sufficient capability hr relating the range of possible 
manufacturing defects to failure rates does not currently 
exist; such ~ ~ ~ ~ ~ ~ l i ~ y  is necessary for confident agpl i~ ion  
of the empiried fuel behavior models to &e reference fuel. 
(d) QC and fabrication process rconmli methods, borh of 
which bear &ircctly ~n fuel reliability, we curreni.Iy still 
under development. 

of 15% UC2 with the balance VOz. Seven cwting layers 
are applied to the kernel in a ievitating bed appmtus. 
Coating characteristics are regulated by tke composition 
and feed rate of the levitating gas, temperam, and 
duration of the process. Coating pri>cess paranweas 
strangty affect the. rnicJ.ostructure, irradiation stability, 
thickness, uniformity, and ~ ~ f u s ~ ~ ~ t ~  of the coatings. 
Physical conditions in the cmer need to be c;rrefuHy 
selected tn p l u c k  formaition of various types of mating 
defects. NQE that the mmpm fabrication step, in which 

0 fuel partides are inwmaM into a &nacms 
cmpaet by high-yxpsswe injection of an oil md fiUe.r into 
a mold followed by cudg, involves a pornti39 threat to 
tbe integrity of the fuel partictcs. 

5, Section 3 pmvides a brief O V ~ N I ~ W  of fuel failure 
rntxchanisms grouped as (a) r n a ~ ~ 1 ~ ~ t ~ ~ n ~  defects tki  m y  
I& to failure, (%j failures under noranal operating 
~ o n ~ ~ ~ n s ,  md (cj failures amder accident conditions. 
Several types of manufacturing defkm can cause general 
weakening of the fuel partick. Most of these are detatabiie 
only by mems of Aesmctive sampling methds. In 

'culm, damage ts fuel particles caused by the compact 
fabrication process is noted as being potentially 
aroublesoine due to a kick of a satisftttory QC method for 
sic defect derection.. 

6. A quasi-mechanistic basis fur the possibility of weak 
Bud is outlined in Sect. 3. It i s  reasoned that weak fuel may 
ocwc as a result of a manufacturing defect type that has a 
high probability for caustng failure, md for which these is 
canly B w& defeme aggainst appmncc in the prorluct. The 
weak defense may consist of (a) a eosd y and diffEult QC 
p m d m ,  (b) iaakqm& sample size, or (c.1 the possibiiity 
of unnoticed processing emrs. 

'J,Thr*: types of rnannul'ictwirig defecrs tllat may fit the 
ve description and thuq lead to weak fuel ace cited in 

Sect. 3: (a) fuel damage dming compact fabacation, which 
involves significant threat w the fuel panicle; (b) defective 
IPyC iayea, which may result in excessive dispersion 
ami comsive failure of the S iC layer; and (c) faceted 
particles, which may iead eo icailure due to exccwive sr.ress 
coiicenmtion. An irnpMfect Sic layer, which exhibis 
higher then expwtd diflwivity a0 fission products, may & 
the fourth type of nawufaceuring defect ~ o n ~ ~ b ~ ~ ~ ~  ta 
weak fuel. 
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8. Fuel design requirements a c  re%xxd in Sect, 4, ‘ihey 
define thc behavioral propextien of the fLieA rqa;ird to meei 
the top-kvd reactor goals AS SWR, t k y  ax ihc targets hi 
th: fuel devclowr and fab?imtor. An order of magnitude 
evaloation of the consiszcncy between thc fuel design 
requirements and mp-level Goal 3 is outlined in Appendix 
A.1. The re5ult shows that top-leve! Goal 3 (Maintain 
Contrid of Radionuclide Release) can be met 5y thc fitel 
design requirements when a significmt degree of iodine 
trapping by primary systems aid RB suiaces ( a b u t  80%) 
can be denionsfxaated €or all depecssurizzfinn accident 
sequenscs. Imposition of a we& fuel pendty will r q u i w  
proof of higher degrws of iodirtz trapping for satisfachi 
of Top Level Goal 3. 

9. Fuel design rqu i ieaents  for ncumnl oper2fon arc also 
inBaenieA by Top-Level Goal 1 (hbintaip Plant 
Operation), one s s p w  of which deals wiih doses to 
employees involved in maintenance opemions. As a 
prchriiwy device, designers sekcted 10 mrad/h as Ac; 
maximum allowable radiation field in the vicjiaity of 
mrairnsisinabk cxpiprnent. This approac\ 3vould limit rsntine 
mainienancc doses to ~ 1 0 %  of 1O.CFH3.20 limits, which 
was deemed to be in cornpliancc wiib the top level god. 
However, ;lip approximate c,-,lcmlation (Appendix A.2) 
shows tha: the msdting fuel design crir 
resirle in sigriificamly higher ~adhtion field than the 
10-mradVh r u b  of thumb in the latm years of opemt’nn &le 
to the accumulation of long-lived metallic fission products. 
Sicactor designers, newrfheless, assert that the seltxted fuel 
design critieria do, in fact, lead to compliance wihl the 
<lo% of 10.GR.20 limitarion when Snm rqiircd for 
maintenance operradofis are more fully mdyzcl and doses 
are disiributed over rhe mainienarice employee population. 

10. helirninary QA/QC pIms for the manufacturing 
process are described in Sect. 5.  Past pmclke einpbyed for 
Fort St. Vrain fuel providcs the basis for the proposed 
QNQC methods. Most of the QC techniques have k e a  
developed for fuel with im initial defect fraction :n i k  

range of 1013; these now nerd to k a h p t d  to a much 
loww initid defect fraction of - 5 x lW5. A prograin for 
development of improved QC methods is currently in  
progress within the DOE he1  development program. 

11. Note that the available QC procedure for detecting 
flawed Sic layers, the so-edkd bumleach method, may 
entail a significant degree of onceminty as qpEied to both 

12. Sample si7es rcquked for QC tests coimseieute a 
complex issue. Stat.is5:d infercaw of an extremely low 
defect rate with high confidence squires large wmpk si7e 
~ornghiy, a 16 sample size is reqUnii-4 for inference of a 
10 -5 & k t  rat2 with 95% confidence. Bccausc thc 
available tests arc genmdly destructive, such proof cf 
quality by a,cms of destructive wmpling can be 
prohibitively expensive, especially for ihc finished 
coinpact Wequkcd wmpk sizes dwir i sh  zs the proccss 
matures; ultimately, only pmof of product stzbi1it.y is 
required ii; a M y  ma!~? process. 

13. A review cf the 1,W fiicl qxlity situation, iiicluding 
discnsioms with seveid (2.4 managers for kWR kel 
vendssrs, is outlified in Sect, ti The riiotivatioa w s  to gain 
insights from a s~icccssful, mature f x l  Fbrication inCPmtry. 
that ;nay be reievani to ihc MHTGR. The success of the 
inknsrry is indic;l,t,cA by a %eady increase in fuel quality so 
that defect rates for dischxged LWR fuel are currently. in 
the vicinity of the ar8~&d as-ma ctur& MW‘rGR r a m  

14. Several characteristics of the L W X  fuel fabricaiicm 
industry may be woiahy of cnnsidcration for the MH’fGR: 
(a) The LWR fuzl industry as ;? whole has a target of  em 
defects on disclhargc While this may never be ~chieverl, it 
piavides an incentive for continued improvement. ‘1 Re 
economic and ins~iiaiiimal forces i h t  created this 
ambitious god may liitewk apply m MI?TGR. (b) As Icaqt 
some LWR fuel fahricmxs caiefa.nlly prioritize QC 
procedures with iespect to importance for fuel quality. The 
most cignificmi QC’ tests are perforrncd at a lOO% r a ~ .  (c) 
A great advantage for LW, fabricators is that the final 
product, the fuel pili, can be tested nondesmctively for 
finnc~ium This tcst is pe2omed at a 100% rate by all 
fabric am^ (d) Tbcrc is a closed loop of activities 
including material selccdon. fael design, fabrication 
process controls, Q,Q‘QC ~ in-neactor suweil!ance, 
examinatinn of disch2;;ged finel, and iden:i€acatian cf dcfec: 
causes. The laqt activity feeds back to the first, leading io 
impraved prcrririct design, 
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Summary 

2. Because the c o ~ ~ ~ ~ ~ ~ s  given above do not currently 
exist, it, may be pnident to maintairi some type of a w& 
flue1 penalty for concepts with no sp. 

3 .  ~ ~ ~ ~ F ~ e ~ ~ ~ ~ j ~ ~  defects that result in a high ~ r ~ b a ~ ~ l ~ f y  
for fuel S'arluse arid for which there is a fairly wwk defense 
aggainst appearance in the product provide a nrechaaaistic 
bassis fbr he  we& he8 concept. Such we& defense could 
be a result of a difficult ox expensive QG procedure, 
inadequate sample size, or v ~ ~ ~ ~ e ~ ~ ~ i ~ i ~ y  10 a single-process 
caamol enm. Several types of such defects are noted 
as a result3 may be consider& as a mechanistic basis for 
the concept, 'These defects are (&) particle defects caused 
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Appendix A 

Comparison of Fuel Design Requirements and Top-Level Reactor Goa 

A.1 Goa1 3, Short-Term Accidental 
Discharges 

A.l.1 Assumptions 

1. The principal contributors 20 the dose at the EAB are 
the nuclides I3l1 and 1331 via breathing. 

2. The tnaximum fraction of the iodine inventory in the 
core specified for rapid release under accident conditions, 
as cited in fuel specifications (Tang 1989), is discharged 
rapidly 20 the reactor building (RB) gas space. (This is a 
conservative, but fairly realisiic, assumption for a wet 
depressurization event.) 

3. The iodine i n  the RB gas space remains in rhe gas 
phase. 

4. The RB gas leakage rate is 100% of i ts volume per day. 

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

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

2 

i=l 
Dose (rem)- z R i ( t ” ) x Q ~  (DCFBji , (A.3) 

x = atmospheric dispersion factor, s/m3; 
W h e R  

QB = breathing rate, m3/s; 
DCFB; = dose conversion factor to the thyroid, 

rem/Ci. 

A.11.3 Parameter Values 

Pumeter values requited for the estimate are provided in 
Table A.1 of Sect. A.1.4. Dose conversion factors were 
obtained from Dunning et ai. (1981). Core inventories of 
13II and 1% 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 
vaiue recommended for the initial 8-h period. The selected 
disprsion factor is the recommended value for the initial 
8-h period for ground release and transport to a site 
boundary at a dismice of 600 m. 

A.1.2 Dose Model 
A.1.4 Estimated Dose at the EAB 

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

Ai ( t )  = Aoi exp[-( hi + Q/v)t] 9 (A. 1) 

where 

A& = initial activity of nuclide-i in the RB gas 

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

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

space, Ci; 

hi = decay constant of nuclide-i, s-l; 

Results of the estimated dose are presented in Table A. 1. 
As noted, the estimated dose according to these 
conservative assumptions is 31.1 Ci, which exceeds the 5- 
rem objective by a factor of 6. It appears that ip significant 
degree of attenuation in the KB 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 seam in rhc RB. In a dry depressurization 
event, attenuation is provided by sorption of iodine on 
surfaces. 

The initial activity in the KB gas Agi is the product of the 
core inventory of nuclide-i, as given in PSID (1986), and 
the specification for fractional release due to a rapid event 

(Tang 1989). A.2.1 Assumptions 

The release rate to the atrnosphsese Cils i s  given by 
QA;(t)/V, where Ai(t) is defined by Ecl. (A. 1). The total 
release to the atornosphere, R;(t’), up to time t’, is obtained 
from the difference, Aa--Ai(t’); 

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

1.  The maintenance dose results principally from 137C3,. 
Contributions froin 134Cs9 136Cs, and *llkilAg are 
neglected. 
2, The source of thc 237Cs activity in the primary system 
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Appendix 

Solving Eq. ( A S )  for S yields 

s ::- ..-[l-exp(-hrtR)] x , 
A I  

18-24 EsEimatcd Maintenance Dose Rate 

NUREG/CR-58 10 54 



Appendix 

where 

Av = Avagadro's number, 6.023 x 

EE = photon efficiency for 1 3 7 ~ s ~  0.9 ph~tons/ 
atorns/msl. 

disintegr;ltiotr. * 

The following photon flux is oblained €rum Eq. (A.7) and 
the cited plyramekr values: 

P 5"83 x IO5 cm-%-~ . 
The dose rak to the tissue, D (ram), is estimated from the 
following: 

where 

The above values substituted into Eq. (As) yield the 
foliowing estimated maintenance dose fate: 

which is equivalent trp 0.72 reanh, assuming B relative 
biological effectiveness (RBE) of unity far exposure to 
gmmas. 
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t n ABSTRACT 11d0 ratrw w MI 

Modular High-Temperature Gas-Cooled Reactor (MliTGR) concep t s  that  house  t h e  r e a c t o r  
vessel i n  a t i g h t  b u t  unsealed r e a c t o r  bu i ld ing  p l a c e  h e i g h t e n e d  impox ' txnce  o n  t h e  
reliability of the f u e l  p a r t i c l e  c o a t i n g s  as f i s s i o n  product  b a r r i e r s  .. Though ac(:I.dent 
consequence analyses c o n t i n u e  to s h o w  favorable resu1.t:~; the inc reased  tlepenclence on 
one t y p e  of b a r r i e r ,  i n  add:it.ion t o  a number o f  o t h e r  factors ,  h a s  caused t h e  Nuc1.ear 
R e g u l a t o r y  Commission (NRC] LO c o n s i d e r  c o n s e r v a t i v e  a s sumpt ions  regaxrdi tig :fuel 
b e h a v i o r ,  For t h i s  purpose,  the  concept. termed "weak. fi.ie.1." has beerr proposed on an 
interim b a s i s  '%leak €uel"  i s  a p e n a l t y  imposed o n  consequenc:.c a n a l y s e s   hereby the 
f u e l  is assumed to respond less f a v o r a b l y  t o  envi ronmenta l  condi t ions  t:haa predict .ed 
by b e h a v i o r a l  models,  The r a t i o n a l e  f o r  iXlopting this pen;il.t:y, as w e l l .  as c ~ ~ i d i . t i o n s  
that would permit: i t s  r e d u c t i o n  ox  elimination, a re  examined i n  t h i s  r e p o r t .  The 
evil. ua t i.o n i nb 1 ud es a n  exarnina 6 i o  n o f prt s s :i bl. e f t ie1 -manu f a c  t u t :  i ng d e  f ec t s , qua I 1i.t y - 
c o n t r o l  procedures €or defect: d e t e c t i o n ,  and the m e c h a n i s m s  by wii i .ch  f u e l  d e f e c t s  may 
l e a d  t o  f a i l w e .  
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