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Steady-state Thermal Hydraulic Analysis and
Flow Channel'Blockage Accident Analysis
of JRR-3 Silicide Core

Masanori KAMINAGA
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Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

(Received February 4, 1997)

JRR-3 is a light water moderated and cooled, berylllum and heavy
water reflected pool type research reactor using low enriched uranium (LEU) plate-
type fuels. Its thermal power is 20MW. The core conversion program from uranium-
aluminum (UA £,- A£) dispersion type fuel (aluminide fuel) to uranium-silicon-aluminum
(UsSi,-A £ ) dispersiontype fuel (silicide fuel) is currently conducted at the JRR-3.

This report describes about the steady-state thermal hydraulic analysis results
and the flow channel blockage accident analysis result. In JRR-3, there are two
operation mode. One is high power operation mode up to 20 MW, under forced
convection cooling using the primary and the secondary cooling systems. The otheri
s low power operation mode up to 200 kW, under natural circulation cooling between
the reactor core and the reactor pool without the primary and the secondary cooling
sysytems. For the analysis of the flow channel blockage accident, COOLOD code
was used. On the other hand, steady-state thermal hydraulic analysis for both of
the high power operation mode under forced convection cooling and low power
operation under natural convection cooling, COOLOD-N2 code was used.

From steady-state thermal hydraulic analysis results of both forced and natural
convection cooling, fuel temperature, minimum DNBR etc. meet the design criteria
and JRR-3 LEU silicide core has enough safety margin under normal operation
conditions. Futhermore, flow channel blockage accident analysis results show that
one channel flow blockage accident meet the safety criteria for accident conditions
which have been established for JRR-3 LEU silicide core.

Keywords: Flow Channel Blockage Accident, JRR-3, LEU Fuel, Plate-type-Fuel,
Research Reactor, Silicide Fuel, COOLOD, COOLOD-N2
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Table 1.1.1  Description of JRR-3 silicide fuel element (Standard fuel)
¥ H VUYL R (FE®) T F A PR (EERD
A 1% 76.2x76.2x 1150 mm Gy
U-235 8 # B [ 20wt % [Rj £
U235 5% A & |¥) 472 1 300g
5 v EE (B 48gem’ % 2.2 gem®
Jgx # 0.51 mm #J 0.76 mm
RS 7 il ] # 62 mm Eip:a
kX #1750 mm [Al A
#EME X [ 038mm Gy
BX % 1.27 mm # 127 mm
BREHR (18 # 71 mm Ep
EX ¥ 770 mm =
DI IR 20 19
WHMIRHIES ¥ 2.35 mm (x 20) # 228 mm(x19)
;o 5 TS AVTIVIZOAGT T VTV DT LGB AES
© BHEE (UsSi-Al) (UAL-Al)
- T LGSR TIVI=ZTLES
& # A6061. AG3NEXI|IH % AG3NEX I3+ %54
¥R A RIYA
AJRPE |RREE ¥ 0.4 mm
kX %1 750 mm L
WU ‘BB ER (T LEeSs
BEMEX |# 0.20 mm
¥ 42
e KB B E [EHRFEH 60% EHHR Y 50 %
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Table 1.1.2  Description of JRR-3 silicide fuel element (Follower fuel)
B\ B YU A FRE (EER) TILIF+A FERE (ZER]D
48 JE  [¥9 64 x 64 x 880 mm (Rl
U-235 B B |H 20wt % [a] A
U235 3 F & |8 302g #1190 g
75 v EE|# 48 gen’ # 2.2 glem®
B X # 0.51 mm # 0.76 mm
ROl # 49 mm [l A
B # 750 mm GV
wEME X | 038mm [l /e
BX ¥ 1.27 mm # 1.27 mm
PREHER | bE ¥ 60 mm Eipsa
EX #5770 mm [Rl A
A TR R B 16 15
WHMIRE S [ 2.40 mm (x 15) #7 2.38 mm ( x 14)
moK IS VN AVTIVIZOLG IS UTIVI U LRSS
) ‘L“ HEAEE (UsSir-Al) (UAL-Al)
" - " TIVI =T LEE TILI=ZLES
A 6061. AG3NEX T4 5 AG3NEX 340400
¥ A RKITA
R (FRER %) 0.4 mm
Ex ¥ 750 mm L
WAk |tk MR ([ TILI =T LE8E
HEMEX [# 020 mm
N5 34
koK BB E |EEREFEY 60% BHRFY 50 %
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Table2.1.2175°F
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Table 2.1.1 Neutronic characteristics of JRR-3 silicide corc

Initial core Max. Excess ~ Homogeneous-
reactivity corc  Equilibrium core

Excess reactivity (Ak/k) 0.18 (.20 0.09
One rod stuck Margin (Ak/k) 0.04 0.03 0.11
Control rod worth (Ak/K)
(a) Total rod worth 0.27 0.28 0.31
(b) Single rod worth (max.) 0.05 0.04 0.04
Reactivity worth tor heavy water dump (Ak/k) 0.07
Maximum reactivity inscrtion rate (Ak/k/s) <7.5x10"

Reactivity coefticient
(a) Moderator void coetficient (x 107 Ak/K/% void) 41 ~ -70 -2.7 ~ -48 -29 ~ 51
(0 ~ 50 %void)
(b) Moderator temperature coefficient (x 10 Ak/k/PCY -23 ~ 42 21 ~ 32 23 ~ -35
(0 ~ 200°C)
(c) Doppler coefficient (x 10° Ak/k/°C) 34 ~ -18 30 ~ 22 25 ~ -23
(0 ~ 200°C)
Kinetic parameters
(a) Prompt neutron lifetime (s) # 1.52 x 10™ 1.59x 10 1.54x 107
(b) Effcctive delayed neutron fraction (-) 3, 7.20x 107 6.63 x 107 6.79 x 107

Table 2.1.2 Hot channel factors from neutronic design of the JRR-3 silicide core

Factor
Hot channel factor from neutronic calculation 3.03
(Fn=FRreFL*Fe*Fz)
Radial peaking factor (Fgr) 1.41
Local peaking factor (F) 1.36
Uncertainty factor (Fg) 1.18
Axial peaking factor (Fz) 1.34
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Table 3.1.1 Major thermal-hydraulic characteristics of JRR-3 silicide core

Item Forced convection cooling Natural convection cooling

mode mode

Thermal Power 20.0 Mw 0.2 MW

Average power density 155 kW/{ 1.55 kW//

Primary coolant flow rate 2400 m*/min (662.7 kg/s) 2.46 kg/s

Core inlet temperature (Max.} 35.0 C 350 C

Average core outlet temperature 437 °C 549 C

Core inlet pressure 1.55 kg/cm’abs 1.67 kg/cm®abs

Total heated area of the core 55.6 m? 55.6 m’

Average heat flux of the core 36.0 W/cm? 036 W/cm?®
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Table 3.3.1 Fuel specification for calculating engineering hot channel factors

Name of factor Fuel specification Memo
Uncertainty factor for U-235 content per fuel 2248 §40 ¢ C2ONLIN
plate (Frc)
Uncertainty factor for U-235 distribution  (Fg) ' 15%
Uncertainty factor for fuel meat width (Few) 60.0~64.7
Uncertainty factor for fuel meat length  (£9,,) 7505 mm
Uncertainty factor for flow area (Fca) 235 © 0.2
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Table 3.3.2 Hot channel factors including sub-tactors

Name of factor Sub-factor Hot channel Memo
factor
1. Hot channel factor from neutronic calculation (Fn) 3.03
Radial peaking factor (Fg) 1.41
Local peaking factor (Fv) 1.36
Axial peaking factor (F2) 1.34
Uncertainty factor (Fe) 1.18
2. Engineering hot channel factor
(1) Engineering hot channel factor for bulk coolant 1.32
temperature rise (Fb)
1) Heat generation side factor
{DUncertainty factor for power level measurement (Fa) 1.05 statistical method"
2 Uncertainty factor for U-235 content per fuel plate 1.02 statistical method"
(Fre)
(3)Net heat generation rate for coolant (Fnwe) 1.00
2) Heat removal side factor
(DUncertainty factor for flow distribution {Fc) 1.13
\2)Uncertainty factor for flow area (Fea) 1.16 statistical method"
@Uncertainty factor for flow rate measurement (Fa) 1.02 statistical method"
(2) Engineering hot channel factor for film temperature rise 1.36
(F)
1) Heat generation side factor
(DUncertainty factor for heat flux level measurement (Fue) 1.05 statistical method"
@Uncertainty factor for U-235 content per fuel plate (Frc) 1.02 statistical method"
3)Uncertainty factor for U-235 distribution in a fuel plate 1.15 statistical method"
(Fad)
@Uncertainty factor for fuel meat width (Frw) 1.04 statistical method"
& Uncertainty factor for fuel meat length (L) 1.01 statistical method"’
:6Net heat generation rate for fuel (Fnrp) 1.00
2) Heat removal side factor
{DUncertainty factor for heat transfer correlation (Fnre) 1.05
'2)Uncertainty factor for heat transfer coefficient due to 1.1
flow distribution (Fnv)
BUncertainty factor for heat transfer coefficient due to 1.02 statistical method"
uncertainty of flow rate measurement (Fave)
@Uncertainty factor for heat transfer coefficient due to 1.01 statistical method"
uncertainty of flow area (Fna)
(3) Engineering hot channel factor for heat flux (Fo) 1.16
1) Heat generation side factor
‘DUncertainty factor for heat flux level measurement (Fnq 1.05 statistical method"
2:Uncertainty factor for U-235 content per fuel plate (Frc) 1.02 statistical method"
FUncertainty factor for U-235 distribution in a fuel plate 1.15 statistical method"
(Fa)
“DUncertainty factor for fuel meat width (Frw) 1.04 statistical method"
(&Uncertainty factor for fuel meat length (Eom) 1.01 statistical method”’
)Net heat generation rate for fue! {FNnFP) 1.00

1) These factors are treated by statistical method as described in section 3.3.2.
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Fig.3.4.1 Horizontal view of JRR-3 silicide core
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Fig.3.4.2 Vertical cross-sectional view of JRR-3 silicide corc
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Table 3.4.1 Flow distribution analysis results of JRR-3 silicide core

(Rated flow rate of 2400 m’/h)

No Region Flow area Velocity Flow rate Flow rate ratio{%)
(m?) (m/s) (m°/h) Silicide core Aluminaide core
1 Standard type fuel element 0.08750 5.83 1836.8 76.5 75.3
2 Follower type fuel element 0.01564 5.18 291.6 12.2 12.5
3 Irradiation element 0.00226 537 43.7 1.8 2.0
4  Beryllium reflector (B, C type) 0.00267 5.23 50.3 2.1 23
5 Core bypass 0.00563 4.24 859 36 39
6 Be refiector-- Fuel side plate 0.00256 2.43 224 0.9 1.0
7 Fuel side plate-- Fuel side plate 0.00281 2.64 26.6 1.1 1.2
®  radinion sampl cooling pipe) 001021 052 195 08 09
9 Air outlet hole and drain hole 0.00063 10.23 23.1 1.0 1.0
Total 2400.0 100.0 100.0
#£) No.1~7: Flow area and velocity are indicated at the axial center of the core.
No.8  :Flow area is indicated at irradiation thimble outer channel. Vclocity is indicated at cooling pipe.

Table 3.4.2  Flow distribution analysis results of JRR-3 silicide core

(Rated flow rate of 1200 mr'/h)

No Region Flow area Velocity Flow rate Flow rate ratio(%)
(m?) (m/s} (m®/h) Silicide core

1 Standard type fuel element 0.08750 2.91 9159 76.3
2  Follower type fuel element 0.01564 2.60 146.3 12.2
3 Irradiation element 0.00226 2.70 21.9 1.8
4 Beryliium refiector (B, C type) 0.00267 2.64 25.4 21
5 Core bypass 0.00563 2.14 433 3.6
6 Be reflector - Fuel side plate 0.00256 1.23 11.3 0.9
7 Fuel side plate ~ Fuel side plate 0.00281 1.31 13.2 1.1
®  radition sampla cooing pipe) 001021 0.49 104 0
9 Air outlet hole and drain hole 0.00063 5.44 12.3 1.0

Total 1200.0 100.0

71:) No.1~7: Flow area and velocity are indicated at the axial center of the core.

No.g8 : Flow arca is indicated at irradiation thimble outer channel. Velocity is indicated at cooling pipe.



JAERI—Tech 97—015

Table 3.4.3 Flow distribution analysis results of JRR-3 silicide core
(Rated flow rate of 480 m’/h)

No Region Flow area Velocity Flow rate Flow rate ratio(%)
{m’) _{m/s) (m¥h) Silicide core

1 Standard type fuel element 0.08750 1.16 364.4 75.9
2 Follower type fuel element 0.01564 1.04 58.7 12.2
3  lIrradiation element 0.00226 1.08 8.8 1.8
4  Beryllium reflector (B, C type) 0.00267 1.07 10.3 2.1
5 Core bypass 0.00563 0.87 175 3.7
6 Be reflector — Fuel side plate 0.00256 0.51 4.7 1.0
7 Fuel side plate — Fuel side plate 0.00281 0.56 57 1.2
8 :rrrr:g::tt:gr? g:::sll: ((:vggl?ng pipe) 0.01021 0.21 4.6 1.0
S Air outlet hole and drain hole 0.00063 2.40 5.4 1.1

Total 1200.0 100.0

#£) No.1~7: Flow area and velocity are indicated at the axial center of the corc.

No.8  :Flow area is indicated at irradiation thimble outer channel. Velocity is indicated at cooling pipe.

3.5 EEISRETRMY

351 TEIREIRH

EHAFOBOK BT, UTIORTHEINEEROA NI T — 72T,

(1) | RGEHMFEEIL2400 mh& U, 209 LERMBHERER LR HKEIT. &
U NBREHF.LO R ERL S BT RIZEE-T%76.5% (1836.8m3/h) & L7,

(2) FOATTBEMEEEIL3S °Cy O A LA H: F1131.55kg/cm2.abs & U 7,

(3) BUK R HETER L ICBNRTRUTENR-FZ 20T 133 #ukh#shic
AOBBKEEE] TRLUCEBO THD, Table 3.5.1UIHKFE GBI
AR T (F)s FEL MM I3 MEAf(F) KU RN N 2/ IN-fFF)EE T
W I AN BUK B R O L MEUK R R 1T,

Table 3.5.1 Hot channel factors used in JRR-3 silicide core analysis

Factor Forced convection Natural convection
cooling mode cooling mode
Hot channel factor from neutronic calculation 3.03 3.03
(Fn=Fa*FL*Fg*F2)
Radial peaking factor (Fg) 1.41 1.41
Local peaking factor (F.) 1.36 1.36
Uncertainty factor (Fe) 1.18 1.18
Axial peaking factor (F2) 1.34 1.34
Engineering hot channel factor
For bulk coolant temperature rise (Fb) 1.32 1.32
For film temperature rise (F) 1.36 1.55
For heat flux rise (Fg) 1.16 1.16
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(4) AR DOHE R MIE. 3KITHLEETE 2 — FCITATIONIZ K D3k 7z11Y 1 7 V%)
T BT Sa-1, Sa-2FIEEED 25 [#K. R-1, R-2, S-1, S-2HI84ED 45em I 72
ERIRREIC BT B 14 COOLODW A TFCOOLOD-N2PD A J1 7 — # e A b
EMAIZHDEAWI, EHEFOBKIBIIAER L oA ol J15f%Fig 3.5.1
[Ny g

352 BRELEH RO EM O BUZBR
BRELEM O BAZBRITLLT O O Hi i,

k=320 [W/mK]=2752 [keal/(hrm C)]
WA O BULERO DL, Table 3.5. 201583l H 2,

Table 3.5.2 Thermal conductivity of cladding

Temperature Thermal conductivity
(€] [keal/lh m C]
20.0 112.0

100.0 122.0
300.0 149.0

14
1.3
1.2
1.1
1.0
09
0.8
0.7
0.6

- —- Axial power distribution

Axial power distribution factor (-)

0.5 calculated by CITATION
04 | —~— Axial power distribution for
0.3 COOLOD-N

: « Axial power distribution for
02 | cooLoD
0.1
0.0 . ; . . : . . s . "

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Distance from top of fuel meat (cm)

Fig. 3.5.1 Axial power distribution factors for JRR-3 silicide corc stcady-state
thermal-hydraulic analysis

3.53 HALEMBIA

JRR-3Z U A FEEHT GO TH M U 72 B A5 MY 20 % Table 3.5.3127"F 5 Table
3.5.413. DNBRREFMENAE R LIcbDTH S, o DAL, 8kb & LL~NTIRAE.
RIETHO DRI IEIR AL EDFRAL D BRI E oty s anicboT, 2hE
TIZHIRR-2®, JRR-3MO. IMTROKIRR-4ODFITICH L TE b DTH 5,
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Table 3.5.3 Heat transfer correlations

(Unit system is MKS)

Heat Transfer
Mode

Correlation

Subcooled
Liquid
Convection

* Re < 2000
1. Upward flow {mass flux = 0.0)

h= max(—k—4.0, h Collier)
De

Collier's correlation

(Prf)/ }Mslpzﬁ DeJ(Tw - Tf_)}m

h Collier = LQ”RC(}.B: Pr?‘” 1
De (Pff)w g,

f
2. Downward flow (mass flux < 0.0)

h= L4.0
De

* 2000< Re < 2500

1. Upward flow (mass flux > 0.0)
h is interpolated between the Collier's correlation and the Dittus-Boelter's correlation

corresponding to the Reynolds number.
2. Downward flow (mass flux < 0.0)

his interpolated between h= Dd4.0 and the Dittus-Boelter's correlation corresponding
e
to the Reynolds number.

* Re > 2500 [Upward and downward flow]
Dittus-Boeilter's correlation

k=~ 0023Re08 PO
De

Subcooled
Nucleate
Boiling

Modified Chen's correlation to both upward and downward flow
q =hpie AT, +hn-uzc(Tw _Tf,)

Apge = ll)"— 0023Re)3 prdt F

mac
€

(k, /086)" " (4186Cp, )Mp?” g0 \p0TS

sat

mic = (980’)0’5(98#/ )0'29(4186}1/8 )O.ZJ pgo‘?"‘

N Q.75
C=0.00122x086x(98x10 )
F=10
s=1/(1+o.12Re"“) Re' < 32.5
S=1/ (l+0‘42Rc’°'-‘s) 325 < Re' < 70.0 Re’

S = 0.080 70.0 < Re’

Saturated
Nucleate
Boilinb

* Upward flow and downward flow ----- Chen's correlation
q= (hmic + hn-uzc )ATsat

_k _ 108 04
'7)}_0'023{“’(1 .\)} Prd F

1/x, < 0.1 1 ( . )0-9 p/]QS[y/]O.l
1/x, > 04 Xy I-x Py Ug

s=1/(1+0.12Rc’1~“) Re' < 325

h

mac

F=10

736

F=23351/x, +0213)"

G(1-x) De "
—

u ! g

§= 1,(1+0.42Rc‘1'3) 325 < Re' < 70.0 Re'= FY5 <10

5 =0.080 70.0 < Re'
- Upward flow G > 271 kg/m?s under natural convection ----- Rohsenow's correlfation

S
_ Betirhp 1 CprATy,
o \00132Pr  Ag

\ Pr = pg
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Table 3.5.4 DNB heat flux correlations

(Unit system is MKS)

1. Upward Flow
. Y Y
dpNp = 9 (hfg \MpggC(p’ - pg)))

[
\/ P =P 8

¢ =max(q;, 43)

2. Downward flow
q = max(min(q;, Q;)’ ‘1;)

t_ 4,/,?"1", Ay G,

q; Ahj = Inlet subcooled enthalpy

Agiap Bp
The other parameters are same to these shown above except that the mass flux term
is represented by its absolute value.

i e
h = BMRERE,  [kecal/(m?hr°C)) b = NV K IE
k = BLEE, [kcal/(mhr°C)] DNB  =DNB
De = FMKIIEL, [m] f = 7 4 IV LNIRE
Pr - 5L RAH, [Qf“) g - BURIAL
Re = LA JIVEH, [GL)"’] ; = W
u = HEPELREL, (kg s/m?| v = MBA L
Cp = EMF LS, |kcal/(kg°C)] w = BE|fi]
Toar = fFIREE, [°C]
T = 1RE, [°C]
AP =P,-Py, [kg/em?]
AT =T~ Tor s [°C)
q = BRH, [kcal/(m?h)] or [kcal/(m?s)]
P = £, [kg/cm?)
x = 7AVFa, -]
p = W, [kg/m’)
G = HRifH, [kg/m’s]
8 = EJIIREE, oSt
o = &I/, [kg/m]
Apow = incHSIIRS, [m?]
Agub = EAMRE, (m?)
p = Wik, (1/°C)
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3.6 #7120 MWK ORE 5 Buk J18E 4T

#1120 MWERF.OEFE BUK IREITIZ. (3.5 BRSO EBLEME) TRLUCK
T 1 REHMFR2400 m¥h. F0A DB EMBESCC. F.0ADBEME 1155
kg/cm’abs D F D FETHT - 72,

PRNTAS R A Table 3.6.11C. v MF v W RIVROFEF v 2 IV OB A HIR TR EL 5>
. BEHRE . Bt B 2% XFig 3.6.1 X UFig. 3.6.2E N ENRT,

MR, . Ry M F v 2 xINTEOTREAM I OERE61.0°C. R T i 1
99.4°C. RELEH A RE106.7°C. B/NDNBR2.49&E L » 12, MEHMRERTEEN K b &
LAHME Ghy FXRy M) IO TITHEMSONB)REL113.5°C. ONBIREIZH T 5K
#141°CTH DM, ONBIREIIHTAAMIIMBEHITEWTHR/NEL D HBERHLE
(ONB)ia£107.2°C. ONBEEICHT 2 H#12.7CTH 5B, INODOFIHERIT. 32 &
Fthst] TRUCEEEEFOHERELHE L THAERBER > TS, ZHid. 4
B OB O REILABEACR I ELOFFTON—IELTHTHEHDTH 5B, - )i
FIF » o RIVTIE. BEBHH LB EE43.7°C. R IR SR EES7.7°C. BRFHEM Ik &S
HE60.9CTH b, #hBEALEONB)ERELITHMMIE1ITHUT100.6°C. ONBIREIZH 4 5 R
#144.3°C. J/INDNBR6.52TdH 5,

Table 3.6.1 Steady-state thermal-hydraulic analysis results
(Forced convection cooling mode, 20 MW)

Average channel Hot channel analysis
analysis results" results
Coolant outlet temperature : Tpou (°C) 43.7 61.0
Fuel plate surface maximum temperature : Ty (°C) 57.7 99.4
Fuel meat maximum temperature : T, (°C) 60.9 106.7
ONB temperature at hot spot: Tong (°C) 106.9 1135
Temperature margin against Tgyg at hot sopt 492 14.1
. 4Tong {°C)
ONB temperature at channel exit: Tong (°C) 100.6 107.2
Temperature margin against Tgyg at channel exit 443 12.7
. ATONB (°C)
Minimum DNBR (-) 6.52 2.49

1) For the analysis of average channel, al! the hot channel factors are assumed to be 1.00, except axial peaking factor of Fz.

3.7 WEHMRE. FOADRE. HAFHN/35 4 — 57 8B

WHMHR R FOADBIMRERPEFFHNE/ T A =5 & UTERT LK
Frdk ki lic, BR¥ELNLDr —Zd. 3.6 BHI20 MWREF.OER BoK T ] Tl
NI HIM IR E 2400 md/hy FOADREIHREES «COBATH S, WM/ Y5 A —
% FRHT TIL1440 (60 %)~3240 (135 %) m3/h CHF.LEEIM TF-1ik#353.0~789.6 cnvs) D iV
Tiki %, GUL ATHEHIMIREE X5 A — & BT TI325~45 CORPBATRESZLIH 7,
Flos BHEH T A — 7 BT TIR18~28 MWOFEHHTHI A2 &b X 12,
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3.7.1 BAricBW I EEALEE
AT TlE. BALXI B BEMRE. FOANBEHMBERSEFHEHIUMAZ. 36
B 20 MWERFODE S BUK EYT | T~ OEFE KB ERI U TH S,

3.7.2 BEMIEER/ ST A — 5 BT

FRATAE RO E L& Table 3.7.1C. F72.0 Fig 3. 7. HIWEEE IR EE . R £ o f 5 7
BE. RS BS IR . ONBIBEL. DNBRA RHIM AL MM & DoRd s BATHI BRI
W bRy M+ o FILDBDTH B, Figd .10 SEHMRERI7Scnvs (R HIM &
1540 m¥h) LIF TIIREREREBENSONBEEEZEBL . Ry M+ VRIVTHEOTHRER
XETHET S, ~F. B/DNBRIZ. ¥ MK #E K 398mys (¥ H MR E
1440m3/h(60%)) LI F1.5% Fl5 £ 512785, 720 Fig3. 7.UInR Lic X S ICEKfi G D
YRR i s86cmys (#3 EHA I B 2400m¥/h) 1IZHB W TONBIEIZH T2 R#HTIT K &
MoTHh. BEOWREIZ, PLOKBEIEEL Z ENbh b,

Table 3.7.1 Analysis results -Coolant flow rate parameter-

Primary Coaolant Hot channel  Fuel plate Fuel meat ONB Temperature  Minimum
coolant flow velocity outlet coolant surface maximum temperature margin DNBR
rate temperature maximum temperature against Tons
temperature
{m3/h) (cm/s) To,0u (°C) Tw (°C) Tm (°C) Tons (°C) ATong (°C) @)
1440 353.0 78.2 123.0 130.2 120.7 -2.2 1.49
1560 382.1 749 119.9 127 1 120.2 04 1.62
1680 411.2 72.1 116.8 124.0 119.6 29 1.74
2040 498.6 65.5 107.6 114.8 117.0 9.5 2.12
2400 586.0 61.0 99.4 106.7 107.2 12.7 2.49
2760 673.4 57.6 93.0 100.3 99.5 11.4 2.86
3120 760.8 55.0 87.8 951 87.2 53 3.23
3240 789.6 53.3 86.2 93.6 82.7 6.6 3.23

3.7.3 FLOALGHEHRE NS X — 7 ## 4T

FRMT#E R D FE A Table 3.7.212. F720 Fig3. 7.1 KB IR BE. SRR hidiz o itd
. BRI &R BE . ONBIREL. DNBRZHFHIFAH .U A TTRBE A B & b 1id, BEHT
¥MEEZ 0FbERy My o RxNDEDTH 5, Fig3. 720 SEE G0 A TRIEDE
WEE. I/NDNBR. ONBIRERMNK X KB I ENHOENTH D HFLOANTREEAYS®
COH; 1T HONBIRE £#58°C. IK/NDNBR 2.16TdH H. ONBEER#. i/NDNBRE &
W EREB D o
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Table 3.7.2 Analysis results -Core inlet coolant temperature parameter-

Core inlet Coolant Hot channel Fuel plate Fuel meat ONB Temperature Minimum
coolant velocity outlet coolant surface maximum temperature margin DNBR
temperature temperature maximum temperature against Tows
temperature
(°C} (cm/s} To.0u {°C) 7. (°C) Tm (°C) Tona (°C) ATong (°C) ()
25 585.4 50.9 a3.7 101.0 112.2 19.7 2.82
30 585.7 55.9 96.6 103.9 106.9 16.2 2.66
35 586.0 61.0 99.4 106.7 107.2 12.7 2.49
40 586.3 66.0 102.7 109.9 107.4 9.2 2.32
45 586.5 71.0 105.8 113.0 107.5 5.8 2.16

3.7.4 MEFHHI35 A — 5 BT

FRMTRER D F &% Table 3.7.312. F 72, Fig. 3. 7.3 v HA 1 TR BE . BRBHECA (it o4 7
BEL BRANE M R R BE . ONBIlR L. DNBRZJFE 14 1% Rilic & D Rd . TR WIS
WIFNDBEFR Y P F PRIV DLDTH B, Figd 73065 FHHI127.0MWEL L Tid #K
BRI DONBIRIEA A, Ry MF + U RIMIEO TR TS 2. /i
E/NDNBRiZ . ST H 1128 OMWEFIZEB W TH1.78TH O . f/N\DNBRDO HIWi AT H 5

LSISH LT EER#BHH 5,

CepEFddm Gade) 1 ICk bR 7 5 LADJAEMITAANE

HAD110%. TEbBIE-FHHA22.0MWTH SHH, 22.0MWERIZE T HONBIRE 4
8.5°C. I/PDNBR 2.26T&H V). ONBIREEA#. I/DDNBRE LIZ 72880 H 5,

Table 3.7.3 Analysis results -Thermal power parameter-

Reactor Coolant Hot channel  Fuel plate Fuel meat ONB Temperature  Minimum
thermal power velocity outlet coolant surface maximum temperature margin DNBR
temperature maximum temperature against Tows
temperature
(MW) (cm/s) To,0ut (°C) Tw (°C) Tm (°C) Tona (°C) ATons (°C) )
18.0 585.6 58.4 93.6 100.2 106.4 17.2 2.76
20.0 586.0 61.0 99.4 106.7 107.2 12.7 2.49
22.0 586.3 63.5 104.8 112.8 107.9 8.5 2.26
24.0 586.6 66.1 109.6 118.3 108.4 4.6 2.07
26.0 587.0 68.7 113.8 123.2 108.8 11 1.91
27.0 587.1 70.0 115.7 125.5 109.0 -0.57 1.84
28.0 587.3 71.3 117.6 127.7 109.2 -2.23 1.78
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Fig.3.6.1 Stcady-state thermal hydraulic analysis results of tcmperature, pressure and heat flux
distributions for hot channel at 20 MW under {orced convection cooling
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Fig.3.6.2 Steady-statc thermal hydraulic analysis results of temperature, pressure and heat {Tux
distributions for average channel at 20 MW under forced convection cooling
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Fig.3.7.1 Steady-state thermal hydraulic analysis results
-Coolant flow rate parameter-
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Fig.3.7.2 Steady-state thermal hydraulic analysis results
-Core inlet coolant temperature parameter-
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Fig.3.7.3 Steady-state thermal hydraulic analysis results
-Thermal power parameter-
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3.8 #HI02MW BARTEERIG EDE D AF.LoE B #oK 11 T

B 102MWBRBERGHBFOF.LEFBUKBITIE. 135 BTICHOEEL%
] TR U2 &9, FOADBEMIREA°C, F.0ADBEMH 171.90kg/cm®abs D %A
DETIT- 7,

FEATAE R A Table 3.8.11C. KRy bF + U RIVERVEF v > IV OEl 5 164 KA 15 B 43
fii, MEHEE S f. Eah. B EFigl 81K UFig3 82l e hhThand,

RTINS Ry M F v L THEM I NRE64.2 °C. BRBHE &R i s E91.1 °C.
BRELL M ISR EE91.2 °C& 78 » 7o, HhMEIR(ONB)AIE119.4 °C. ONBIREICXT A 4x#h
28.3 °C. DNBR 7.36TdH b, TN oDk y bF v R IVOITRIRIZ. 3.2 Sl FEH
IR LI ERBUK RGO HERA LR LT, FRAERBEN > TS, -5, Y
F v o RIVTI, BHMHTTREES17 °C. BREHR & i hk A5 75 15638 °C. t’ﬁH M g s I
63.9 °CTH %, HHEFIIH(ONB)ERE118.7 °C. ONBIRIEIZNI 5 R #54.8 °C. DNBR 16.09
Thbo

Table 3.8.1 Steady-statc thermal-hydraulic analysis results
(Natural convection cooling mode, 0.2 MW)

Average channel Hot channel analysis
analysis results" results
Coolant outlet temperature : Ty ou (°C) 51.7 64.2
Fuel plate surface maximum temperature : Ty (°C) 63.8 911
Fuel meat maximum temperature : T (°C) 63.9 91.2
ONB temperature : Toyg (°C) 118.7 119.4
Temperature margin against Tong: ATong (°C) 548 28.3
Minimum DNBR (-) 16.09 7.36

1) Far the analysis of average channel, all the hot channel factars are assumed to be 1.00, except axial peaking factor of Fz.

3.9 ARBIRBEAMFDE TR J1/55 X — 7 84T

SR 1% /35 A — 2 & UTHRIEBR G AR OE T OHOK IR K U 7o, 468
E1EBr— 2. 138 B F102MW B ARTERIGEN I O 57058 8 BoK ST | T~y
BUF 702 MWL FLATTBEMTREE40 cCOBAETH S, BITTIE. 0.1~0.5 MWD
P TH ARSI B, BN OBITEME. 0.2 MWD E T Buk 7 ik
ERLCTH B,

TSRO F S & Table 3.9.112. Fig3.9. NS HM H TR BOEHCR il B TE . R
FLEM @R . ONBIREE. DNBRZ I FH H D&Mz & D kg s /o, Fig3.9.212%i
DR R M R E R R 2R & voRd, S RIZ. wFhbty FF v
SANDHLDTH %, Figld1h SlE-FHHi1#0.45 MWLEL 1 TId . BB L ITRIED
ONB/.‘nU EMAZ. Ry b F o RIMIEOTEBEIRENTHET S, - H. W DNBRIZ.

bR 105 MWIREIZE W T H3.80TH D I/ N\DNBROHIMIIEAETH B 15124 L TES
,Jc%f}ﬁ\i) Do [t 5 (EEE) [ ICLDBR7 T LDBECHUL KIS ID 110 %,
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THHLLEEAFH 1022 MWTH S5 022 MWEFIZE U T HONBIREAR#25.1 °Cy b
DNBR 6.87T& ). ONBIEER#. B/NDNBRE I3 RBNH 5,

Table 3.9.1 Analysis results -Thermal power parameter-

Reactor Core flow Coolant Hot channel  Fuel plate Fuel meat ONB Temperature Minimum
thermal power rate velocity  outlet coolant  surface maximum temperature margin DNBR
temperature maximum  temperature against Tows
temperature
(MW) {kg/s) (cm/s) To.0ut {°C) T.(°C) Tn (°C) Towa (°C)  ATows (°C) {)
0.01 0.910 1.14 451 47.0 47.0 1175 70.6 70.67
0.05 1.979 2.47 51.7 60.5 60.5 118.4 57.9 19.72
0.10 2.728 3.41 56.9 72.6 72.7 118.8 46.2 11.99
0.20 3.820 4.79 64.2 91.1 91.2 119.4 28.3 7.36
0.22 3.995 5.01 65.4 94.3 94 .4 119.5 25.1 6.87
0.30 4.627 5.81 69.9 106.4 106.5 119.8 13.4 5.51
0.40 5.246 6.60 75.2 118.6 118.8 120.1 1.5 4.46
0.45 5.542 6.97 77.5 120.2 120.4 120.2 0.0 410
0.46 5.600 7.04 77.9 120.4 120.6 120.2 -0.2 4.04
0.50 5.819 7.32 79.6 121.2 121.4 120.2 -1.0 3.80
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Fig.3.8.1 Steady-state thermal hydréulic analysis results of temperature, pressure and heat flux
distributions for hot channel at 0.2 MW under natural convection cooling
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Fig.3.8.2 Steady-state thermal hydraulic analysis results of temperature, pressurce and heat flux
distributions for average channel at 0.2 MW under natural convection cooling
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Table 4.4.1
(Base case)

Flow channc] blockage accident analysis results

Normal channel side

Coolant outlet temperature : Ty out (°C) 73.9
Fuel plate surface maximum temperature : Tw (°C}) 124.4
Fuel meat maximum temperature : T (°C) 147.6
ONB temperature : Tpyg (°C) 1125
Temperature margin against Tong: 4Tong (°C) -10.0
Minimum DNBR (-} 1.24
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L, =00 cm
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Bat ) > LmkE/DE
4, = ’Z" x (45* - 40%) = 33379 mm” = 3338 cm”

L;=00cm
K; = 05x [1 - A3) =0.395
A,
L8 DRI bt -
A, = A, = 3338 cm®
De, =05 cm
L, =2605-1735=870 mm =87.0 cm
XYY g LARHE 75 7 AL KE
As = 4, = 3338 cm®

A = %x 12? x 4 = 45239 mm” = 4.524 cm’

AR
K= (1 - Sj = 0.0687

“%6
N YT LRGHET 5 7 R R
Ag = 4524 cm?
Deg =12 cm
Ly =1735-1700=35mm=35cm
NY T LRGHE T TS5 7 KER
A, = Ay = 4524 cm®

Ay = ;5 x 367 =1017.88 mm” = 1018 cm’

K, = (1 - -47] =0.309

Ag
N) U LRBERT 75 7T ERE
Ag = 10.18 cm®

Deg =36 cm

Lg =1700-1675=25mm =25 cm
AR A ALTH/MED

Ay =15x 34 =510 mm” = 5.1 cm?

K, =05x (1 - A°] = 0250

Ag
R A ALTER
Ay =4y =51 cm?
Deyy = 2.082 cm
Ly =1675-1645=30 mm= 3.0 cm
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Ay = % x 367 = 101788 mm” = 10.18 cm®

2
A
K= (1 - /L"j =0.249

11
B TR A P2EE
A4, =1018 cm®
De,; =36 cm
Ly, =1645-1623=22 mm=2.2 ¢m
FURD BT A TEREIRE
Ay = ifx 24 = 452.39 mm? = 4524 cm’

Ky, =05x [1— Alzj =0278

An

De, =24 cm

L, =1623-1555=68 mm= 68 cm
BIRAD  H HCB AT THLATE

Apy = A, = 4524 cm?

Ay, = 60x 80 = 4800 mm? = 480 cm?

Deyy = 3651 cm

4,
Kia=[1-72] =0820
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B K K B EHI
Ay, =480 cm?
De,, = 6857 cm
Ay =(7x 57 +90% 10)x 18 =1761372 mm” = 1761 cm’

Ly, = 1555-1475=80 mm =80 cm
K, =00
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AT 3 X 2D 5 1K 58 % Fig. B-S 12059,
KHUIRITE U BIREMINIR AL SEMK IR De. RS L. JBIREUAARE K 13001
T ET 5,
BIED T A2 ALER
A, = 6007 x 30 = 56548.65 mm* = 5655 cm”
L, =00cm
K, =05
W'D GHARIZ KT
A, = 4, =5655 cm®
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De, = 6.0 cm

L, =73cm

IR GHARZ AR A L

Ay = Z x (6002 —5942) = 562659 mm® = 5627 cm®

Ly =00cm
A,

Ky =05x|1~-—|=0450
A

BSR4 2 i

A, = Ay = 5627 cm®

De, =0.6 cm

L, = 3155-2650= 505 mm = 505 cm

N YT L gtk B E R

FREHED L8 5 £ X =15x 28+ 10x 8 = 500 mm

MR E=1- 5997 =0.7347

007z

A = Z x (6007 - 5947) x 0.7347 = 413386 mm” = 41.34 cm”

Des = De, = 0.6 cm
ALTTORIE R
As

K, =05 x (1— = ] = 0133
4

HIITORIRE K
Ag= A, = 5627 cm?
145

2
K =(1— J = 00704

N U LISHAR R

Ag =5627 cm®

Deg = De, = 0.6 cm

Ly =2581-1725=856 mm = 85.6 cm
N YD LEHE T 75 TN
Ay = A5 = 4134 cm?®

AJERIAK

A

K. = 05x [1- f47j - 0133
<15

PEEEIRIK
De, = Deg = 0.6 cm
L, =1725-1700=25 mm = 25 cm
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Ag = 10187 cm?
Deg =2.019 cm
Lg =1700-1675=25 mm = 25 cm
B A AN
Ay = A= A + Z x 16% x8x 10 % = 72.35 cm’

Ky =05x L1— :") =0.145
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BUBI0 K A ERR

Ay = Ag = 72.35 cm®

De,; = 0697 cm

Ly =1675-1555=120 mm =12.0 cm
BURAD A B AL

Ay, = Ay =7235 em®

Ay =(60x 25+ 52 x 608+ 90 x 608+ 31 x 265) x 8 = 876408 mm” = 876.4 cm’

2

A, )
Ku=[1—’4) = 0842
4412

W12 HE A B EHIRE
A, =876.4 cm?
De, =60 cm
Ly, =1555-1475=80 mm = 80 cm
K, =00
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il &9 5%,
WD fUAR EAD
A, =772 x 772 =595984 mm* = 59.60 cm”
L, =00cm
K, =00
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A,, =2.45x 572 = 140.14 mm>
Ay, = 16x 572 =9152 mm’

A, = 640+ 242 _ 10793 mm? = 1077 em?
18
K, = 05x (1- (‘;] = 0491
“1
23 31:US
De, = 0365 cm

L, =2650-2581=69 mm=6.9 cm
i AR IR
Ay, = 2.45x 74.5=182.53 mm’

Ay, = 16x 762 = 12192 mm®
_ 04y +1245

A, = 14212 mm® = 1421 cm’
18
A 2

K, = (1- 2] =0.0586
A

NY Y T LIRS E HTR

Ay = 1421 cm®

De; =0.367 cm

L, =2581-1725= 856 mm = 856 cm
B A LI

A, = 4, =1421 cm®

De, = De; = 0367 cm

L, =1725-1675=50 mm =50 cm
B A AN

As = Ag = 14x 20x 2= 56 mm” = 0.56 cm?
K, =05x [ - f‘SJ =0.303

’
A B

Ag = 056 cm®

De, = 0.262 cm

Ly =1675-1555=120 mm = 12.0 cm
AR A

A, = 4, =056 cm®

Ag = 55% 608 = 3344 mm® = 3344 cm?
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2
K, = [1— AJ) = 0967

Ay
BHE® 1R B IHIRE
Ag = 3344 cm?

Deg =5.776 cm

Ly =1555-1475 =80 mm = 8.0 cm
BRI

Ky =00

(7)  HREHUAR RS
PR BUAS ) 0D b 7 ) SIS KU % Fig. B-7 1S9
BB 1T 2iiinMTAE A FiMUK ) ERE De. MBS L. BARBURRE K (ZLLF
KR8 &7 %,
D QLTS
A, =772x 77.2= 595984 mm’® = 59.60 cm®

L, =00 cm

K, =00
W2 QUK L kE N

ATTEARIAK

Ay, = 185x 51=94.35 mm*
Ay =1x51=51mm’

8, y
Ay = 1 20 _ 6956 mm® = 0626 cm?
30
147

K, = 05x (1— j = 0.495

- 1/11
SRR
De, =024 cm
L, = 26215-25715= 50 mm = 5.0 cm
HTEARIA K

A, = 185x 762 = 14097 mm”

A3y =1x 762 = 762 mm>

8.4, + 224
4= A% = 9347 mm” = 0.935 cm’

2
K, =(1— 4’) =0.109
3

W3 DA B R
Ay = 0935 cm®
De; =0.24 cm
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Ly =25715-16995 =872 mm=87.2 cm
FE® #HBRA Ll

A, = A, = 0935 cm?

De, = De; =0.24 cm

L, =16995-1675=245 mm= 245 cm

FIRG  #BAHRA AT
A5 = A4 = 14x20x 2= 56 mm® =0.56 cm®

Ky =05x (1 - «‘f‘ij =0.200

144

T

BIHE® R A HRE
Ag =056 cm
De, = 0262 cm
Ly =1675-1559=116 mm =116 cm
HIRD BB AL
A; = Ag = 056 cm®
Ag = 55x 608 x 2 = 6688 mm* = 66.88 cm*

S
=

[

K, = (1_ 147

2
] =0.983
Ag

FUIE® R B EIRE
Ag = 6688 cm”
Deg =5.776 cm
Ly =1559-1475 = 84 mm = 8.4 cm

o T ARIA K
Ky =00

8) Bty 7L (BEt¥SEER)
et LT (BHEYGEEN) OBE% Fig. B-8~ Fig. B-10 (X759,
FHOHICE T BRI AL EFl/K7ERE De. MBEX L. RERGRH K 3LF
ICRTHY &9 B,
a) BH TSI
BPIRD TR AL
A = Z x 1702 = 226980 mm? = 227.0 cm?

L, =00cm
K, =05

BRI
Ay = 4, =227.0 cm®
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De, =17.0 cm

L, =2150-55=2095 mm = 209.5 cm
BIKE  KFREAL

Ky =05

A=A, = % x 55 = 237583 mm” = 23.76 cm’

HE® KR
A, = 43 =2376 cm®
De, =55cm

200
L, = By =100 mm = 10.0 cm

BIRG  AKPER
A = Z x (2002 - 1802) =5969.03 mm? = 59.69 cm®

Ay = A, = 2376 cm®

2
A
K =(1— 5) = 0362

4,
HHOE© AR
Ag =59.69 cm*
De, =200~ 180 = 20 mm = 2.0 cm
L = 2150-55-170 = 1925 mm = 1925 cm
BIRT HHEAN
A, = ’45 x 50 = 196349 mm? = 19.63 cm?

K, =05x (1 - AJ) =0336
: a,

RO WHE

Ag = 4, =19.63 cm®

Deg =50 cm

Lg = 3509 mm = 3509 cm

Kg = 1129 x 2 +176.0 = 178258
BIROQ EEH

Ay = A, =19.63 cm®

Ky =10

by M4t 7L DR

WD FREREEALD
4, = ’j x 1402 = 1539380 mm? = 1539 cm?
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L, =00cm

K, =05

TR I R

A, = A4, =1539 cm?

De, =14.0 cm

L, =2110-55=2055 mm = 205.5 cm
KT AT

K, =05

Ay=A, = 1; x §5% = 237583 mm” = 23.76 cm®
IKF-i B

A, = A4y = 2376 cm®

De, =55 cm

L, =12i0=80 mm = 80 ¢cm

JKF-ii i
A = % x (160 - 1507) = 2434.73 mm? =24.35 cm?

Ag= A, =23.76 cm®

2

A

K= [1— »—5-] =0.001
146

A
Ag =24.35 cm®

Dey =160-150=10 mm = 1.0 cm

Lg =2110- 55100 = 1955 mm = 1955 cm
wHEAD

Ay = % x 50% = 1963.49 mm? = 19.63 cm?

K, =05x [1 - ‘47J = 00969

<16
B
Ag = A, =19.63 cm’
Deg =50 cm
Lg = 3662 mm = 366.2 cm
Kg = 1129 x 2 +176.0 = 178258
HIE O
Ay = A, =19.63 cm®
Ky =10
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4= Z x 1007 = 785398 mm® = 7854 cm’

L;=00cm

K, =05

TR E

A, = A, = 7854 cm?

De, =100 cm

L, =2110-55= 2055 mm = 205.5 cm
AP AL

K, =05

A=A, = Z x 552 = 237583 mm> = 23.76 cm?

IR
A, = A4, =2376 cm®
De, =55 cm

L,= 120 =60 mm = 6.0 cm

HCER B
Ag = % x (1207 - 110?) = 1806.42 mm” = 18.06 cm”

A=A, =2376 cm®
A
Ky =05x [1 - —i] =0120

4
Ag = 1806 cm?

Deg =120-110=10 mm = L0 ¢m

Lg =2110-55-100 = 1955 mm = 1955 cm
Rotzs/ o} daep

A, = 1806 cm®

Ag = ’; x S0? = 196349 mm” = 19.63 cm®

2
K, = [1 - ‘47) =0.0064
Ay

re

Ag = A, = 19.63 cm’

Deg =50 cm

Lg =3539 mm = 3539 cm
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Ky = 1129 x 2 +1760 = 178258
O BHEHD

Ay = 4, =19.63 cm®

Ky =10
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FOBR MR BRI E TV O YA RS T 5 700,

AN ETILE

iz, BEIEBOA T IV F 4 FBBOFRICEE LcE 7L BT IV I+ 4 Fhid
DEHMRBRSGEGERE, RTLACREINTOBE TV F4 FFLOE AR A
DEEEROL Z L7 b D% Table C-1 1277
Table C-1 DS ST L HIT,

ARIDFHFEREFT.

SRRRF D AR

WETHbBE

EZDIEMTE REFMCESEHFLRBRAEBRNTLH LT T YLD TH 5,
Table C-1 7V I F A FH.LOREHMFEAD FHEAER
No K L (OB i #(ms) i & (m’h) it E 4 (%)
(m?) Aodop | BT | A4 | FLE ] A W gy
1 | R 0.08104 6.20 6.20 1807.4 | 1806.1 75.3 75.3
2 | 7+ TRIRHIEFR 0.01475 5.64 5.64 299.6 299.4 12.5 12.5
3 | MR 0.00226 5.81 5.83 47.2 47.4 2.0 2.0
4 | Be Ixattk (B,CHD 0.00267 5.65 5.73 54.3 55.1 2.3 2.3
s | a7 0.00563 4.58 4.59 92.8 93.0 3.9 3.9
6 | Be itk — St 0.00256 2.62 2.64 24.1 24.3 1.0 1.0
7 | AR - A 0.00281 2.86 2.87 28.8 29.0 1.2 1.2
§ | By n@Ea R 0.01021 0.99 1.00 21.0 20.9 0.9 0.9
9 | 17HRE ALV A 0.00063 11.0 11.0 24.9 24.8 1.0 1.0
& 3t 2400.0 | 2400.0 100.0 100.0
) No.1~7 MBS ERE. FEE. PO RER & XIS I DA
No.8 MR LA, SRR, BRGSO EEER
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1 0.101972 0.224809 1 10.1972 9.86923 7.50062 x 10° 145.038
9.80665 1 2.20462 #1 0.0980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
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