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Summary

A computer code, COPA—FPREL, has been developed to estimate the releases of fission
products from a high temperature gas—cooled reactor (HTGR) fuel under normal and
accident conditions. The COPA—FPREL code treats the fission product releases from a
coated fuel particle, the diffusion in the fuel element and structural graphite, and the
leakage into a coolant. The code uses a finite difference method to calculate the fission
product migration. In the finite difference method, the kernel, buffer and the coating
layers of a coated fuel particle are divided into small intervals, respectively. A Fickian
diffusion equation including birth rates is applied to the intervals. The effect of a failure
of the coating layers on the release from a coated fuel particle is described with a
relatively higher diffusion coefficient than usual. The fuel element and structural graphite
are also divided into various small intervals, respectively. A Fickian diffusion equation
including source terms is applied to the intervals. In a prismatic HTGR fuel, a sorption
equilibrium i1s assumed to form between the compact and graphite sleeve surfaces, and
between the graphite sleeve surface and the graphite side of the boundary layer which
forms on the graphite sleeve surface facing a coolant. In a pebble—bed HTGR, a sorption
equilibrium is set up between the pebble surface and the graphite side of the boundary
layer which forms on the pebble surface. A mass transfer occurs through the boundary
layer into the bulk coolant. For the isotopes “'Cs, °Sr and ''"Ag™, the fractional releases
from a TRISO—coated fuel particle, a pebble and a fuel block under heating and irradiation

were calculated using the COPA—FPREL.
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Nomenclature

A 1/12 of the coolant hole area in a fuel block (cm?)
Ar 1/6 of the fuel surface area in a fuel block (cm?®)
B Birth rate per volume (umol cm ® s7 1)

Bﬁssion Fission product generation rate per volume due to fission (umol ecm™® s™')

B,..,; Recoil rate per volume (pmol cm™® s™')

Cc Concentration (umol/cm®)

! Initial concentration (umol/cm®)

Cy Concentration at the graphite side of a boundary layer between graphite and

coolant (umol/cm®)

Ceap Concentration in a gap (umol/cm?)

&

Cm Mass concentration at a surface (pmol/g)

Chn.t Transition concentration (umol/g)

Cp Concentration at the surface of a particle (umol/cmS)
C Mixed mean concentration in a coolant (umol/cm?®)

C, Concentration at the left side of node m (umol/cm®)
cr Concentration at the right side of node m (umol/cm®)
D Diffusion coefficient (cm?/s)

Dy Pre—exponent factor of a diffusion coefficient (cm?®/s)

F Fission rate per volume (fissions cm ® s7')
J Current (pmol ecm™” ™)

M Total number of nodes

N Number of intervals

P Vapor pressure (Pa)

Pr Freundlich isotherm vapor pressure (Pa)
Peap Vapor pressure in a gap (Pa)

Py Henrian isotherm vapor pressure (Pa)
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CcP
CPF

Activation energy (J/mol)

Gas constant (8.314 J mol™' K™)

Source term (umol s™' cm™?)

Temperature (K)

Volume (cm?)

Failure fraction of coated particles

Heavy metal contamination fraction in a layer J

Heavy metal contamination fraction in matrix graphite
Heavy metal contamination fraction in structural graphite
Mass transfer coefficient in He coolant (cm/s)

Mass transfer coefficient in a gap (cm/s)

m—th node

Coated particle density in a pebble or a compact (particles/cm®)
Radial coordinate (cm)

Pebble radius (cm?)

Time (s)

Recoil length (cm)

Decay constant (s™!)
Fission yield (atoms/fission)
Density (g/cm®)

Partition factor

Buffer

Coated particle
Failed coated particle
IPyC

Kernel

OPyC
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Fuel

Graphite

[sotope

Layer (KX, B, I, S, O)

Layer on layer j
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‘ Dividing a fuel element by a finite difference method

|

C Time loop —

|
@ ‘ Burnup and fluence ‘
]

4’( Tteration loop >
il

| Coolant temperature |

‘ Temperature distribution in CPs ‘

T ‘ (Guess concentrations for iterations
Material properties in CPs l
I C Iteration loop _x

‘ Source terms in CPs ‘

| Temperature distribution in a fuel element |

]
New concentrations by solving @ L
finite difference equations | MMaterial properties in a fuel element ‘
| !
| Source terms in a fuel element ‘
Convergence |
® ‘ New concentrations by solving finite difference equations ‘

No

Convergence

13 4.1. COPA—FPRELo|A 2 AArz}A

3% 4.1. COPA-FPRELY F8 Fx=zay 9 11 7|5

Subroutines Functions

TEMTR Temperature distribution within a coated particle
FPREL_CP Concentration distribution within a coated particle

TEMPEB Temperature distribution within a pebble

TEMBL Temperature distribution within an equivalent slab

FPREL Main module. Concentration distribution within a fuel element
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o . b o 13 90
e 2 24 244 g NEYA, A8, s7RHds gEge s, sy,

Agmgl WS AREeA T & 5.19 cesium, strontium, silverd] EAHAIFE Ve
2—5.49] HE, AHNE W SAFLZE FHA cesium, strontium,

0.
sitvers] 29 BA5FE YBIRATH7,12]. A2As el Ak AL 2 FA7EE

THo] FAHE AAZNAN ARAYNES BAAGASE B2 Do 71&s4t
[0.11]. J2# 2 Az dAEE= ¥ 550 Jeaoi13,14]. " Cs, sr,

Mag"e] sl az=g.0 7+7t 0.0658, 0.0577, 0.003050]TH15]. I 5.60] Aol 2L
B2zt T, ¥4, BulASFE JEI ST
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¥ 5.1. Cesium, strontium 2 silver®] 32HAS

Isotopes Materials Dy (cm?/s) Q1 (J/mol) | Dy (ecm?s) | Qo (J/mol)
U0, 5.6x10°" 209000 5.2 362000
Buffer 1x107* 0
PyC 6.3x107* 222000
PyC, PMR”| 5.0x107" 318000
Cesium SiC 5.5x10 1% ®| 125000 1.6x10° 514000
SiC, PMR® | 6.7x1071° 106000 1.1 437000
A3-3 3.6 189000
A3—-27 3.6x10* 189000
H-451 1.72x107% 148900
U0, 2.2x10" 488000
Buffer 1x107* 0
PyC 2.3x107° 197000
Strontium SiC 1.2x107° 205000 1.8%x10" 791000
A3-3 1x10° 303000
A3—27" 1x10° 303000
H—-451 1.66x10? 268000
U0, 6.7<107° 165000
Buffer 1x107* 0
PyC 5.3x107° 154000
Silver SiC 3.6x107° 215000
A3-3 1.6x10" 258000
A3—-27¢ 1.6x10* 258000
H-451 1.38%10° 226000

(a) Values for FPR calculation in a PMR.
(b) o= fluence (10° nvt).
(¢) The values of A3—3 are used.
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¥ 5.2. #HE FEHIA cesium, strontium 2 silver®] 42 A4
Element A B G E i 090
Cs 25.14 | —44930 | —3.118 6707 0.122 0.
Ag'® 24.0 —35700 ~1.56 6120 2.04 [1.79x107°
Sr 22.8 -50617 | —0.913 5214 —1.897 0.

¥ 5.3. AFE FHA cesium, strontium 2 silverd] F&3 A -

1 [e]

Element A B G E d d> Data'®
Cs 19.33 |—4.729x10% 1.518 4338 3.397 16.15%107Y  Yes
Ag 19.3 |—4.73x10*| 1.51 4340 3.40 |6.15x107* No
Sr 54.3 |—1.49x10°| -8.52 |2.85x10*| 3.13 0.0 Yes

(a) Indicates whether experimental data exists for sorption of the FP in graphite, and the type
of graphite.

¥ 5.4 TAFZE FHAAA cesium, strontium 2 silverd 2 A 4

Element A B G E i d» Data®
Cs 24.00 —35730 —1.561 6123 2.035 [1.786x107°] H-451
Ag 24.0 —35700 —1.56 6120 2.04 1.79x107° No
Sr 19.38 —40090 —0.324 4088 —2.12 0.0 H—-451

(a) Indicates whether experimental data exists for sorption of the FP in graphite, and the type
of graphite.

£ 55 98U R FA9 GAEE

Materials Thermal conductivity (W m * K1)
UO2 kernel MATPRO [14]
Low—density pyrocarbon 0.5
High—density pyrocarbon 4
Silicon carbide 16
Graphite 25
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3 5.6, YEdAY FA, BE 3 Al

Layers Thickness (um) | Density (g/cm®)
OPyC 40 1.90
SiC 35 3.20
IPyC 40 1.90
Buffer 100 or 95 1.02
Kernel 500° 10.83
Partition factors between layers
Kernel — Buffer .3
Buffer — IPyC 1
IPyC — SiC 2
SiC — OPyC 1
" Diameter
A1A AAzANA BRG] WE

137 .
Cso] WEdes

71X D =Dt/ 8|9k COPA—FPRELZ A4
.
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29 5.2 7k9 %9 TRISO FEJAe| A FEHE s,

S Y o 7FE S AL 200 A 7F BeHE 1600

Fractional release
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1600 °C

— = COPA-FPREL
—— Analytical solution

1200 °C

20

—71r 1 r1r - 1rr 11117
40 60 80 100 120 140 160 180 200
Heating time (h)

a9 5.1, U0, dgdloa ¥Cse] &8 &

90
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Fractional release

a9 5.2, 7FE
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A

ob o LAATE A2 4x107 nvt R 860 = AT EFAx Ak A}
o C

F& @Al Ao ASAG. LA Fo %ﬂXH £EE 500

N
©
o
=
=)
i
PH
_E
Jloi
re
rlo
>
w
w
i
AL
|
N
sl
X,
ol
0

AE WEEE0] Ag, " Cs,
BEEL T2 F 95 Hl 3 3] Ak £dAIzke) 8609 W Cs, TSy, TAg"Y]
HlzRge 747t 1.03x10 0 ~ 7.15%X10 °, 4.67x10 ' ~ 8.88%10 ', 3.14x10 ° ~
2.73x107 2 ALY, 19 5.4 2 559 ma Vcs, VSr, Ag"] WE e W7t
A o ZA oEsta U

3% 5.7. A1g8AAHS 918 pebble—bed reactor

Design parameters Values

Active core height/inner diameter (m) 11/3.7

Fuel material U0

Enrichment (wt. %) 8

Thermal power (MW) 400

Power density (W/cm®) 4.3

Inlet/outlet temperature (C) 500/900

Coolant mass velocity (kg/s) 185

Primary coolant pressure (MPa) 9.0

Number of pebbles in a core 450000

Number of coated particles per pebble 15000

Diameters of fuel region/pebble (cm) 5/6
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0.1
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a2 5.5 Y4 €% 900 T uf PBR #EdA WE=+E (s,

“sr, MAgTe WEES

A 4 A PMR $AZANN S4EHoHq =

4

1x107° 1x107" 1x107°% 1x107° 1x10 "0z 7}H &Y} o] AL ghZ=o] =

7AE 95 umE 3FQATH HAE B SAFEE 5HLS H-451032 7148 AT
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= =83 Y4 L5 wWE equivalent slabe] Zo] WM3EZ YehH AT
z719] A F YL 317 mW, HF A FoAMY dA F 2 123 mW=E ALt
HAth 5P T o] Azt mEt Walr] "ol COPA-FPRELZ §ZHEE
Ao WEES AAE u o A vtk A2 equivalent slab®] Zol7F 1Y 5.69]

w2} H.7F (interpolation)sdte] AAFET 18 5.7 2 580 2z W4 &% 590 C
90

Ag
331, ¢k 760 C o] Ao Ae digjg "ot o] Wi WA €57 590 C 2 950
T ) Ag"el Cse) wrER g o) I HutEh LA 7] 860 W Y Cs,
Ysr, Ag"e] W R Zhz 1.34%10 C ~ 1.67X10 5, 0 ~ 1.14X10 °, 9.25%10 " ~

5.7 2@ 589 =1 “'Cs, ~ Sr,

137 90

1.99x10 "2 AxgAe. 2
A Lo =LA oEsta At}
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3 5.8. AlFAAHS 93 prismatic modular reactor

Design parameters Values
Active core height/inner diameter (m) 7.93/2.96
Fuel material UOq
Enrichment (wt. %) 19.8
Thermal power (MW) 600
Power density (W/cm®) 6.6
Inlet/outlet temperature (C) 590/950
Coolant mass velocity (kg/s) 320
Primary coolant pressure (MPa) 7.0
Number of fuel columns in a core 102
Number of fuel blocks in a fuel column 10
Number of compacts in a fuel block 3126
Number of coated particles in a compact 4830
Compact diameter/length (mm) 12.45/49.3
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Length (mm)

10 Coolant
temperature (°C)
—a— 500
9 —s— 700
M 900
—v— 1200
8 - 1600
7 1 .—//
6 - -_/1‘./'//.
5 ' 1 " 1 ' I " 1 ' 1 "
0 100 200 300 400 500 600

Power per particle (mW)

a8 56. =89 @ WA %o mWE equivalent slab 2 o]

1 3}
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Fractional release
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(umol/cm®),

= YWztAlo| - AEDNAHE =% (umol/cm?),

s
h

A4 (em?/s),

(cm),

r=r—3%

o] .
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Il
Jloi
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o
(R of

o 29 % (umol/cm®),

i, —d,T __ .. .
me = e ® = transition concentration (umol/g),

x=A+ BT

I
D
+
&
~

o]},

ZIA e EA £ FEe o)A A o s 2o

A 1HAAMY currente U o] HI D

J=9C—x ,
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ZEA o] Abolel A" ZIAHAAM FA FoM 7|4 (Pa),

(B.4)

(B.5)

(B.6)



e ) o7
x=hC, (B.8)
o] .
B2 TAE 5297
A3 B4 Atolel FAHE ZIA g FA FolM o AFZIANEY ST
= AR FAEYeE Y e 2o
o] 714
u; =7 +6,10°/ T, (B.10)
Pyono: = 101325 exp(4, + B,10°/ T) (B.11)
A;=a;+vn(C i) (B.12)
B; = B;+6;I0(Chono.i) (B.13)
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C=Cu=%
Cinono =
Prono =
a, B,

O

Mol e F% (umol/cm?®),

geometric monolayer concentration (umol/cm?),
Cmonooﬂ m%?ﬂ'l—‘: 7]’6}(gas phase)g ?ﬂ]‘E—:} (Pa),

& = Freundlich sorption isotherm parameters

o]t}. Freundlich sorption isotherm parameter® 3% B.19] YeEhH AT

3t B.1. Freundlich sorption isotherm parameters

Cmono

[sotope a e v o) (umol/em®)
Sr 12.8 -38.7 0.034 1.78 20.8
Ba 5.90 -34.3 0.566 3.28 20.4
Cs 26.0 -56.3 -6.3 10.5 14.0

A (B.9)E 4 (B.4)ol tdsid v 2.

ij = C’i CZ ’
o 714
_ Pmono,iS“771
Crj
5=22G
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olt}. S 33tk 0.0330]H}.
2 (B.1H)E 2 (B.D)el didsta Hestd o3 2ok

S =0, C—X;
(B.17)
o 7] A1
wz:hzg ,
(B.18)
Xi = h; Cs;
(B.19)
o]},
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HE Edede ARINHE FEG FA0 2HHIL ol23 Yrkm g

Evaporation Deposition

compact gap graphite

—— realsituation
----- equilibrium model

g Cl. AYE % SAFEE Alo]l9 gap
A

el FEIYY= =
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P, = QU Cpp)= (Ol 4 Oy Co) (C.1)
o 7] A

Py = gapoll A9 71AI (Pa),

Cn = mass concentration (umol/g) = ¢/p,

C = volume concentration (umol/cms),

Cme = " “" = transition concentration (pmol/g),

x=A+ BT
v=G+ ET,
7T =% (K),

A; G’ d] = /6]—.{[: (_)7
B E, d» = 45 (K),
A7} f= ANE

= T1—)

A g = 5

o)},
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Cf - Cj<0r7) .

2l (C.2)E Taylor /st thex 2o}

(k) (k) _
(Jf —aC’g =b ,
o 714
(k—1)
- dCf
(Lot ’

: y,— 1 y,— 1

dCf _ pferg<yycgiﬁg + qlrJl,qt.g )
— - L

e, pyexf<yfcrlrlzf.,f + ngft,f )

k = iteration number
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Gap W RolAe) ARG Wade Tev 2.

ac;d})
/V ot dVgap:‘]fAf_‘]gAﬂ_/\/V Coap WVyap (C.7)
o 7] M
t = AZF (s),

Ve = gap2] F-3 (cm®),
Vep = drl-l (em®),

r=r &% (cm),

J = current (umol cm™ s7Y),

A= A9 E ¥HA 1/6 (cm?),

)
o
—
~—
—
N}
J §
®
=)

Do

dCyqp
S Vap = A = Ty A = NCooy Vi - (C.8)

dt gap ¥ gap

A 4 (C8)e FaARA0e Yehyd gen 2o,
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o 7] A

(n) = time step,

X= [1+wAt<"))\} 1% C(n)* [1+(17w)At(”))\] v C(nfl)

gap —gap gap ~gap

_ (lfw)At("’) [Af(]f(nfl)iA J(n,fl)}

g

(n)
C(n) _ P!]flp

9~ RT,

gap

olth. 4 (C.11)oA gapellA o] 2B d=2 F7I

T A

2

S
) .

C.3. AHNE % 5T FHAAY F3a}E2

(C.9)

, (C.10)

(C.11)

4 (C.DE o) 83k A

I DN, | gap } DN!” |

N N+l Np+2 Ny+3

| | |

| 27, | | By |
2% C.2. gap FW9 FEAETIL



Gap FHIAM HEIAALE

Lo
-
offl
rlo
Au)
o
::1,
m
-
=
<)
Jor
2
1>
(o
fru
=
0,
£
Au)

aC(r,t)
ot

= 5r) - ACt0) + =2 p(er ) 290D (C.12)
T

o 7] A

. Ve (C.13)

Clrt) = ABEGNAPE] =% (umol/ecm?),
Srt) = AL (umol cm ™ s71),

D(Crt) = F2AF (cm?/s)

ok,
4 (CA2)E ry+ Ay A 1y, 742 F3) dstel AEsE Bhest

/.M1 TB—OdTZ/MH rSdr—)\/ o rCdr+ o i(rDB—O)dr . (C.14)

Tyt Ay ot Ty, + A Tyt Ay Ty, + AN[ or

TN aC dCy 1
/ ra—dr% Hé,lyf+1¢¢yf+1d7£ ) (C.15)

T, + A ¥, t
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(C.16)

I
\I+I

rSdr = HZ,Nf+ 1 SNf+1 J
I"\}‘F A.\;

)\/’A;A TOde/\Hé.Nf+1¢Nf+1QNf+1 ) (C.17)
/‘ N+l i(rDa—C) dr

ry Ay or or

N AN, D, , (C.18)
~ T Ty 1JNf+1 F ﬁ(rwf + ANf)(be,Jr IQVf+ 1 ON,)

1
714
(C.19)

Hyyoo1= [vaﬁl - (TN/-&- AN/_)Q] /2,

— ot —
QVf+1 - CVJVr+1 T O]Vfﬁ-l/quVﬁ-l ’

(C.20)
Ci., = AA NH1olA 2289 B,
Oy = BF NAlAA 989 5%,
on1 = AH Net1lolx el EujA 4

oty 4 (C.15)°A4 4 (C.18)= 4 (C.14)d W
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dCy 11

HZ,N,+1¢N,+1T: HZ,NI+1SNr+17)‘HZ,N/+1¢N/+1 ON,+1
Dy (C.21)
- m(ﬁvf + Am)(‘ﬁzvﬁ 1Cn, 41— CNf>_ TN+ 1841
s
(C.21)& Alzkell el q HEstd thaa 2o
oyl — v
Hyn v 198,41 . A
_HfN+1[‘US53)+1+(1_ )513111 ]
>‘H€N+1¢Nf+l[wc +1"‘(1 )Q(\Z;})
! (n) I (n—1)
oAt Aoy +-w) ey "]
v
(n)
Dy .
- 2Af (TN +A]V)¢N+l{w07(\?+l +(1-w) Cz(vrfl+%)}
N
Tzvf+1[w<]N+1+( )J;\;;Ill ]
(C.22)
(C.22)8 B3HA thedt Lo FRRHEAS 2+ Uk
N,+1 C(n N,+1 C(n+1 +wAt™ TN, +1J1(vn+1 Xz(vr;)+1 ) (C.23)
714
Wi =l (C.24)
Vz(vn+1 [1+WAt”)/\]H/N+1¢N/+1+W’YN/¢N/+1 ) (C.25)
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XNf+1 = At(n)Hz.Nﬁl [WSE\TIL/Ll + (1_‘0)5(\7111)}
+1-(-w )At(n) ]Hsz+1¢Nf+1 ijnli (C.26)
+(1_¢U)’Y(n [C ¢V,+1O\;;;%)} ’ '
- (1—w)At " erHfN';;ll
(\;:,)
V%f)zﬂt(”)ﬁ(wﬁﬂm) (C.27)
f

z(vr;+2 C’V +27 +2 OV+3 wAt(7I’)J1(\};’)+2=X1(\,T;)+2 ) (C.28)
o] 7] 4]

V(\};lLQ = [1+ wAt("))\]hﬂ.%+2+w’y%}+2 , (C.29)

Ug;fl+2 —W’ng,+2¢1v,+3 ) (C.30)

Xiho= At H, o [w S+ (1= w) S5
[1_( )At(n) ] TN+ 2 C]\ZI%
(1_¢U)’sz +2{0A;:;% ¢N,+3C\ZI§) ,

(C.31)
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X
=
A
(i
0%
oX,
i
1o
i
i,
I-‘N
iy
i)
ol

= D. g

dF FAAdAN AZEYPE o AT a3 2

1 12

D =D T 1.65 P’rcf M+ MHe

AN P 1 1
ref i + Vi , (Dl)
ref He
7165 [ 1/2
= 8.984 2 (M+0.25)
o 7]

D,; = 0.1682 = 1 atm, 0 Collx 9] aA L (cm?/s),
T,.; = 1000 (K),

P.; = 23.83%101325 (Pa),

M., = 137 (g/mol),

7 =373 % (K),

P = Z (Pa),

M= FFIdBPEY EA4F (g/mol),

A2 i = YEEYE=

A LN

B £o] fF (annular flow)oll X At Fol o3 HEIYHE] &
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DHe,i

for Re < 2100 and#> 0.7

3.66 d. d.Re Sc —
d. \"* Dy ; L
_ c 0.33 ¢ ,0.33 ~He,i =
h; = 1.86(f) Re33 g 5 for Re < 2100 and d_Re Sc <0.7 |
0.83 ©.0.44 DHrni
0.023 Re " Sc 4 for Re = 2100

(&

h = 8F AN JEGAEEY S2-GAT (em/s),
D= AF YA NN NEIHPE] F2ASF (em?/s),
d. = Y244 =9 FE83 AF (em),

L = hydrodynamic entry length (cm),

Re = Reynolds number,

Sc = Schmidt number

o]t}. Reynolds number®} Schmidt number+ Z+72; o3 2t}

d.v :
Re— P _ 4m ’
Iz Tt
1
Sc= ,
pDHe,i

v = YA 7% (cm/s),
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p = YA 45 (g/em®),
g =904 58 A% (g cm ' s,

4
o= WA A% fE (gfs)
oty AF WA FAPEE e 2

0.678
u:5.31><10’4( T)

o (D.5)
o|t},
PBRY] slZon WAz rddge) BAAGASE ST 2T
= P (D.6)
dp ebble
o] 714
dpebb/e = pebbleQ] Z]% (Cm),
Sh = Sherwood number
o]t}. Sherwood number+ &3 2t}
1/3 1/2
Sh=1.27 ffls Re’?°40.033 ffm R, (D.7)
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o714 e= HEZ (pebble bed)9] =% (void fraction)©°]t}.
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F= E. Line inversion Holl &3t 4 oz 2 A 9] 3

o

2 21 Al (a system of tridiagonal algebraic equations)s ThS3} o] %

==
3
A~ }\(3}"\1: .

et

[4 |

o -u,6,=% (E.1)
_I/I/mcymfl_ﬁ_VrrLarI,_arI,QrL+1:erL’ m:2737“"M_1 ’ (E'Z)
= WGy + VayCoy = Xy (E.3)

21 (E. DA (E.3)Y Y¥ES VE Uy FeEstd s 2o

Cy=Fy , (E.4)

Co=E,Cpiy+F,,m=M-1,M=2,,2,1, (E.5)
o 7] A

E =U/V, , (E.6)

F=X/V,, (E.7)
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U,

m

E, = W m=2,3,, M—1,
r Xm+ WmF’rnfl 2.3 M
e Vm_ WmEmfl PSS

o)},
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