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Development of a Double-Wall-Tube Steam Generator
— Evaluation of Thermal Hydraulic Tests on High Mass Flow Rate Condition —

Naoyuki KISOHARA #1 Satoru NAKAI*2
Hiroyuki SATO*3 Toshio YATABE*2

Abstract

The objectives of the 1MW test model of Double-Wall-Tube Steam Generator(DWT-
SG) are to evaluate the thermal hydraulic performance and structural integrity such as
heat transfer property, hydrodynamic instability property, DNB temperature fluctuation
and capacity of leak detection for the elimiration of the secondary sodium loop of FBR
Plant.

This report describes the heat transfer and hydrodynamic instahbility characteristic of
DWT-SG on high water mass velocity(approximately 400~900 kg/m2sec) COndltIOIl by
tube plugging, Main results are followings |

[Heat Transfer Characteristic]
Evaluation of the tests clarified the sodium and Water/steam side heat transfer
coefficient and DNB quality correlations. Under normal cutput condition, the tube

plugging induced no buckling of the tubes caused by temperature difference and no
disproportionate sodium temperature distribution.

(1) Sodium side heat transfer coefficient remains almost unchanged after tube plugging.
Graber-Rieger's equation is better to be applied to this reigion than the other equations.
(2) DNB quality of high mass velocity is also same as that of low mass velocity,
Kon’kov's equation used for Phenix SG can predict experimental results in 20% errors.
(3) As for pre-heat region, Dittus-Boelter’s equation can predict experimental results in
20% errors in high mass velocity. But the heat transfer coefficient of this equation is
larger than the experimental data in low mass velocity.

(4) The experimental heat transfer coefficient of nucleate boiling region has a wide
range, therefore it is very difficult to derive an experimental equation. Jens Lottes and
Thom's equations are in the order of exprimental resaluts.

(5) The range of the experimental heat transfer coefficient of film boiling region is a
little wide, Mod.Tong's equation is better to be applied to this reigion than the other
equations. :

(6) As for super-heat region, Bishop’s equation can predict experimental results in

20% errors in high mass velocity, however, the heat transfer coefficient of this equation
is also larger than the experimental data in low mass velocity.

(7) At the normal operating condition, the temperature difference among the tubes are
below the limited level in both high and low mass velocity. The temperature difference
will not affect largely the integrity of the tubes and the joint of the tube and tube-sheet.

[Flow Instability Characteristic]

The instability test of DWT-SG under low mass velocity has already revealed several
equations showing the threshold of the instability by using parameters such as sodium
inlet and outlet temperature, the degree of dryness of steam, orifice coefficient and steam
pressure. Theses equations were applied to the high mass velocity condition.

~ % 1 Plant Safty Engineering Section, Sodium and Safty Engineering Division, O-arai Engineering Center
% 2 Reactor Engineering Section, Sodium and Safty Engineering Division, O-arai Engineering Center
# 3 Reactor System Evaluation Group, FBR Cycle System Development Office, Head Office
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Main Specification of 1MW Double-Wall-Tube Steam Gienerator

Table2.1-1
[tem Specification
Type Once-Through Type Double-Wall-Tube Steam Generator
Size Hight Approximately 22m
Outer Diameter of SG Approximately 350mm
Materials Heat Transfer Tube Mod.9Cr-1Mo
Tubesheet Mod.9Cr-1Mo
Bellows SUS316
Outer Barrel 2-1/4Cr 1Mo
Heat Exchange Nominal 1MWt
Maximum 1.2MWt
Heat Transfer Tube Type Mecanically Bonded Type
Quter Diameter 19.0mm
Outer Tube Thickness 1.9mm
Inner Tube Thickness 1.5mm
The Number of Tubes Water/Steam Tubes 6 (After Plugging)
Tubes for Leak Detection Test y/
Depth of Grooves 1
Grooves of DWT The Number of Grooves 4
Depth of Grooves 0.2mm (maximum)
The Length of Heat Transfer Reigion 18m

€60-1T00¢ 00¥6N.L ONI
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Table2.2-1 Water Flow Test Condition

Sodium Inlet Temperature (C)| 320
Sodium Flow Rate (ton/hour) 20 16 12 8 6
Water Inlet Temperature (C) 240 200
Water Pressure (kg/cG) 132
Water Flow Rate (ton/hour) 2 1.6
Table2.2-2 Two Phase Flow Test Condition
Sodium Inlet Temperature (C)} 450
~ Sodium Flow Rate {ton/hour) 12 10 8
Water Inlet Temperature (C) 240
Steam Pressure (kg/ctG) 150 132 100
Water Flow Rate (fon/hour) 2 1.6
Table2.2-3 Boiling & Super Heated Test Condition
Sodium Inlet Temperature (C)| 500 470 450
Sodium Flow Rate (ton/hour) 21 19 17 10
Water Inlet Temperature ('C) 240
Steam Pressure (kg/ciiG) 150 130
Water Flow Rate (ton/hour) 2 1.8 1.6 1.3 0.9




Table2.3-1 Water Flow Test Results (After Plugging)

Sodium Side , Water Side
Test Number |Flow Rate| Inlet Temperature| Outlet Temperature| Flow Rate | Inlet Temperature | Qutlet Temperature| Water Pressure

' {t/h) (T) (T) (t/h) (T) ('T) (ke/cfG)
PSNGL1 . 1861 31563 278.7 1.664 199.7 315.1 132.9
PSNGL5 15.86 315.2 270.2 1.662 199.3 3129 132.0
PSNGLYS 11.91 314.6 256.0 1.662 159.0 310.8 1317 _
PSNGL17R 7.79 313.8 257.2 1.626 238.2 3080 132.1
PSNGL18 5.90 311.3 244.5 1.616 2375 301.3 1324
PSNGLZ21 20.00 3154 2712 2.082 199.7 312.2 1324
PSNGL22 16.12 3147 261.1 2.079 199.9 311.8 1324
PSNGL23 . 12.21 3141 245.5 2.080 199.5 307.5 | 131.7
PSNGL24 8.28 311.4 220.2 2.081 199.1 2984 131.9
PSNGL2Z5 6.44 306.4 2052 2.082 199.0 286.2 131.3

£60-1002 00P6NL ONI



Table2.3-2 Two Phase Flow Tests (After Plugging)

Water(Inlet)

Test Number | Date | Sodium Sodium Sodium Water [nlet Water Steam Outlet Steam(Qutret)
Flow Rate | Inlet Temprature | Outlet Temprature| Flow Rate Temperature | Temperature Pressure Pressure
ton/hour T T ton/hour | - T kg/ciG kg/cfG

PWDBL1 95.3.6 10.13 44482 282.84 1.621 238.90 344.52 151.30 150.056
PWDBL2 95.3.2 8.18 444,89 268.67 1.621 23892 344.62 151.63 150.28
PWDBL3 95.3.2 10.13 445,23 280.63 1619 239.16 334.68 -133.69 132.38
PWDBL4 95.3.2 8.18 444,79 267.03 1619 239.30 334.00 133.64 132.34
PWDBLS 95.3.3 10.16 444,04 27155 1.616 239.12 313.81 102.09 100.25
PWDBL.6 95.3.2 8.19 44502 261.43 1.618 239.01 314.32 102.07 100.53
PWDBL19 953.9 12.63 444,82 28849 2.022 238.87 344.62 15231 150.33
PWDBLZ20 95.3.6 7.67 44448 255.86 -2.022 238.85 344.55 152.09 150.41
PWDBLZ21R 85.3.8 12.65 445.22 286.35 2.019 238.73 . 334,58 134.17 132.37
PWDBL22 95.3.7 7.67 444.60 254,76 2.020 239.08 334,51 133.96 132.17
PWDBL23 95.3.8 12.67 44456 280.00 2.018 238.82 318.68 108.80 106.55
PWDBLZ4 95.3.7 7.67 444.37 2561.86 2.017 238.78 31412 102.30 100.32

€60-T00¢ 00V6NL ONC



Table2.3-3 Boiling & Super Heated Test (After Pluggimg)

Sodium Side Water/Steam Side
Test Date |Flow Rate] Inlet Temp. |OQutlet Temp.[ Flow Rate{Inlet Temp|Outlet Temp) Steam Pre.} - Heat Flux | DNB |Mass Flow Rate|Saturated Temp]Subeooled Deg.
Number (t/h) (T) Ty | wh (T (T) {(kg/cdG) | keal/nfh'C | Quality ke/ms T C
PBOILCBA [95.11.30] 12.33 4417 323.0 0942 238.8 3985 1315 3.4B26E+05 | 0.694 427.93 330.84 92.0
PBOILC2 .195.11.30| 16.72 4429 327.7 1.280 239.0 383.2 131.9 43163E+05 | 0.564 581.48 331.02 92.0
PBOILES8 95.12.1 21.07 441.2 3308 1.698 2393 369.1 1324 3.5502E+05 ] 0.597 725.94 33131 920
PBOIL73 95.12.1 20.47 472.6 3421 1.621 238.7 432.7 i32.8 4.8953E+05 | 0.562 736.39 331.54 92.8
PBOIL70 95.12.1 21.15 471.2 327.2 2.024 2389 3818 132.0 5.6407E+05 | 0.490 919.47 331.13 92.3
PBOIL75 95.12,2 16.38 474.2 342.2 1,281 238.9 449.2 1325 3.7666E+05 | 0.623 58194 331.43 92.6
PBOIL77 95.12.4 1093 472.6 326.6 0.946 230.1 449.9 1326 44377E+05 | 0.663 429.75 331.49 92.4
FDB15A 965.12.4 948 - 4985 3236 0.945 238.9 4784 1316 4.4213E+05 0.680 429.30 330.2 92.0
PDNB19M1 | 95.12.5 9.91 498.7 332.8 0.942 239.0 487.3 1489 4.2793E+05 [ 0.676 427.93 34104 162.0
PDNB14M | 95.12.6 13.38 499.9 3337 1.277 239.9 473.4 132.8 4.6485E+05 | 0.598 580.12 331.54 91.6
PBOILA1 95.12.7 15.83 495.6 3246 1.620 239.3 4428 1326 6.7390E+05 | 0.556 735.94 33143 92.1
PBIL49R1 }95.12.13] 17.93 499.8 3430 1.620 238.8 468.2 133.1 4.8235E+05 | 0.566 736.94 33172 92.9
PDNB13M |95.12.18] . 17.74 497.5 340.0 1.621 238.8 463.2 1325 6.0052E+05 | 0.550 736.39° 331.37 92.6
PBOILOZ [95.12.14] 16.73 499.0 320.7 1.838 238.6 4222 1324 5.1476E+05 | 0.503 834.97 33131 92.7
PBOILOZ {95.12.14| 18.62 499.9 333.4 1.836 2384 447.6 1324 4.2833E+05 1 0.529 834.06 3314 93.0
PBOILO7 |95.12,14; 18.63 500.7 336.0 1,840 2384 448.9 149.7 5.3603E+05 | 0.463 835.88 340.99 102.6

£60-T00¢ Q0¥6N.L ONCL
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ﬂSteam Qutlet Nozzle

Steam Plenum

Upper Gas Plénum .
Helium Gas
—
| —Double-Wall-Tube
: Sodium Inlet Nozzle
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B |
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—
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ﬁWater Inlet
Fig. 2.1-1

Water/Steam

Gap

Sodium Side
QOuter Tube —|

Double-Wall-Tube
{Mecanically Bonded Type)

A-A Cross Section

(Details are shown in Fig.2,1-2)

O : Steam/Water Tube
& : Dummy Tube
® . Tiercd

TMW Test Model of Double-Wall-Tube Steam Generator
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Tube for measuring DNB
Temperature Fluctuation

270~

Before Tube Plugging (Steam/Water flows in 10 Tubes)

DNEB Measuring Tube

270—

After Tube Plugging (Steam/Water flows in 6 Tubes)

Plugged Tube
180°

Fig.2.1-2 Plugged Tube of 1MW T_est Model of DWT-SG
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Baffie Plate
Heat Transfer Tube
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@B A . thermocouple for measuring temperature distribution
A . thermocouple for measuring DNB temperature fluctuation

Fig.2.1-3(1/2) Temperature Measuring Point of 1IMW DWT-SG
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Dummy Tube

Thermocouple

/Steam/ Water Tube

A Cross Section

B Cross Section

. C Cross Section

Fig.2.1-3(2/2) Temperature Measuring Point of 1MW DWT-SG ,
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3 (RESESESTHE

3.1 MEthAE

2EEDT P AMB LUK - BEAOBEEEIZ, DTOFEEFLIZHESWCE
FUHRTELAE 7D 75 AZER L. WHEF U7 ARENEE. F MU YA 8k
B, K- BREDNEEORET — ¥ 2 HWTER L7,

311 F MUY LRI ESEE

2 BESG/INEE FIVICIIDNBIREIFHN O 70 F —FH T13B S22 F F U W AR
E, RRERERE, GRENTREZNEL TS, ZOWEF—5 2HVUToRIC
LD F MY ARBRERTER L, 2B, EBOEICH> T, DNBREB L °
BEPEARBFE R Fviz,

@F M) Y 2B LAENBEOBZRI

~gi -Ai=h (Tn —To) Ao (3.1-1 5%)
OIVEHEE L REE R EHIE A0 Bz
' 2 S
| gi-Ai= “1;07“ (To—Tm) (3.1-2 K)
loge-f)-nr—1

3.1-13K0, 3.1-2& b, MESNBEREToE HE L. SBEZBLRICOWTIEL &,

- gi .
h = P A T (3.1-3 =)
DT o Oge(Dm)
FHOND, F 8 EE % F T Nusselt numberld,
Nu = h:’e (3.1-4 5%)
-(a%%o

qi : WEWNEEEL — b 7 F v 2 Z(keal/m2s)
Al I NEAETERETE (m2)

h I BUREEE (keal/m2sC)

Tn . NaifE (TC)

To : AAEHBEIRE (T)

Ao ! SVENBEZELERE (m2)

A RBEIEEE (keal/msTC)

L : {ZEE B R & (m)

Do : AL ENFEEE (m) (Ao=27xDo - L)
Dm : SMEPIEBT/CBER (m) (Am=27xDm - L)

Di ! NEARMEER (m) (Ai=2zxDi- L)
Tm : AAEART/CRE (T) -
De : Nafit B4 B (m)
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3.1.2 K- ZERE=EER

HOTET MY Y AREREE, F M) YA RER, K - BEESIEEORESR T —
FREITS, K/BRRE, 22074, =799 7R, BuBBELEHT 2584
RETOT T ARER L, BBBED O RMRZRE DS OBIEN % BV TR EIERER
FHA L, FEICAVERRE LTEREF vy 70V 575 VA 2 BERBOE
RABOT =5 %, 7 M) AHBEERICOVWTIRES NAEREIC L VB
BREFERL TS,

(1) #&EE
®F MUY L LERENREOREE |
Q=h1i- Ao (Tn—To) | (3.1-55%)

QEHREDHNEED b ¥ v v 7 TOMEY
‘ piid Y

InD—g

Q= (To—Tgo) (3.1;6-:&)

OEHEDK v v THROE{=E _
Q=hg- Ag (Tgo—Tgi) (3.1-75%)

@F v v TED 5 NERRE T TOREY

2L
Q= e (Tgi—Ti) (3.1-83%)
In—D—i _ :

3.1-6~3.1-8R &V, Fv v FHIVEEREToB L UEy vy THENSEETI 2 HET 2
&, FPRBEQUERATRENS,
- Ao {Tn~Ti)
Q= 1 In(Do/Dg) R 1 Do In(Dg/Di) (3.1-970)

+ Do + Do
hi 2 hg Dg 2;\'

(Ao = x ‘Do L)

2B, TP Y ARMOERIRER1IE3.457 X 1) Nusselt number & Peclet number® % & LT
7\;Na

hi = —~ (A+BPe ) (3.1-10%)

PRELIMTWS,
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OANEAREE &K - HEAIORDE
Q=h2- Aj (Ti—~Ts)

. Q. _1
. h2 = A ToTs (3.1-115%)

Q : Z8E (kcal/h)
h1 : SVESEBYEEE (keal/m2hC)
Ao ! NENEERERE (m2)

To !+ MUY LEBRE (T)

To : SVESHIRE (T)

L [ RZEEEHHFHES m)

A BEVEM BEESR (keal/mhTC)
Do : AESHER (m)

Dg : ¥¥ v 7HEAE (m)
hg | F v v TEEIEEE (keal/m2hTC)
Ag ! ¥ ¥ v 7THEREER (m2)

Tgo | Fv v THVESHEE (C)
Tgi | Fv v TEHASHEE (C)

Di . HEHNE (m)

Tgi : Fv v THASHERE (C)

Ti : RERERE (T)

De : J MU 77 A AISHELE (m)

ANa D F D) ABRES (keal/mhC)
hz @ K - ERBEAEESE (keal/mhC)
Ts K - ZERHBIEE (T)

Al I AEAHEERER (m2)

THY, B1-9H~B.L1DRNERAVTTL, higHEL, X - BT AR EEh2E KD B,
FROLID,

(2) EHBRFE
TE) DEB BT,

P d [y-0° fv o oo
3 =HH[ 25 ] + _ﬁi\i.?g_ oy (3.1-12)

(hn-dR2E) (BEigELR) (RCEIRK).
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3.1-123\I2 817 % PEER AR HL £ 13,
OB (FHi%. W)
i) Re=2300

64 .
f= %2 (EFHOR)

ii) Re>2300

Lo omER, 23] (T=NT Wy & OR)

@ 21818 (Ghigis)
@T?&b P BRI W R AR & zn%ﬁ%é‘éo

f=g¢2,f (3.1-135&‘:)

[ ¢ 24] tEMartinelli-Nelson® 2 MR RTN A MERETH Y, 741
T4 —ERTENOBEEE LTEETO 75 ARICHAR TN TR,

P:EJHE%E (keg/cm?)

w . JLEE (m/sec)

y :RAEEE Ka/m2)

f . BEREE ()

Di | {ZEEAEE (m)

I I RS (m)

h [ REEBHHES (m) (EEEEOHAI 1=h)
Re : Reynolds number (—)

€ . %ﬁ*ﬁ‘é(m),

3.1.3 FiE{=EE

FREETPHRRERL X, ZEATOA Y V2 TORMBERE L KD, TRELEFT
BLIAETH S, Tiz, BERABEROERICETIRBHE - BRARER L H Vi,
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3.2 ZERRELSTEE
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%%ﬁg&%&Fm324£lW%MM5ﬁ?o%ﬁ&ﬁﬁﬁ%t%%UﬁA/*ﬁ%
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MTH5,

822 FhYUILEBESG

73%&&%%%%@%%#6%FU@AMﬁﬁﬁﬁwﬁﬁ%ﬁotoTFU?AKD
PH79m, 11.9mB X PLI7.8mOB LB B F by AR DKFEHERESFICERT
L, PHERELORKEEZ (1) W, Fig 3.2710R% X 3 ICPBOILC2IZBWT +
3CLEoTVD, LB LA E KX ¢ POBEFIREZEDR D AKX VPBOILO7IED
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%KﬁlLt%%UWA@EHE%%LTv%&%i%héo
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DN BEHI

Tube for measuring DNB Tierod

Temperature Fluctuation

Sodium Temperature
Measuring Point

270° 90°

O ® @ O@ O ™ Tube for Leak

Detection Tests

Dummy Tube

® Plugged Tube

Steam/Water Tube

Tube for Leak
Detection Tests

Flowhole

180°

% Thermocouple (Refer to Fig.2.1-3)

Fig. 3.2-1 The Location of Tubes in 1MW Test Model of
| Double-Wall-Tube Steam Generator
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Steam Outlet Temperature (C)

Steam Outlet Temperature (C)
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380 | R /7
370 [ A\*‘h-___\‘\\g’ oAby
360 E' [ ) P (S L} N{ [ Lo 1 7
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Direction (Deg.)
Fig. 3.2-2(1/2) Steam Outlet Temperature of Each Tubes.
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Fig. 8.2-2(2/2) .Steam Outlet Temperature of Each Tubes
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Fig. 3.2-3

The Relation between Water Flow Rate and Steam Temperature Difference

Maximum Temperature Difference At (T)
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e SR ]

1 S S T )
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Sodium/Water Flow Ratio

L] L I |
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Fig. 3.2-4
The Relation between Sodium/Water Flow Ratio and Steam Temperature Difference
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25
2 °
220_
g [
§ i o
& 15
A i o
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= i o ©
BT e
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0 ru||r|||:||-lr||t|q||||r|

0 20 40 60 80 100 120 140 160
Degree of Superheat (C)

Fig. 3.2-5
The Relation between Degree of Superheat and Steam Temperature Diiference
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PBOILC2
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1 The Distance from the Top of
1 Heat Transfer Region
1 (Refer to Fig. 2.1-3)
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Fig. 3.2-7 Sodium Temperature Difference (PBOIL0T7)
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3.3 DNBZ7 #+ U5 ¢

F U Y AMEBERRERIIBVTIE, —RICH P )Y ARSI L2
TORAMERRIIK /BEBIZ L VKR ENE720, K/ ERAOTMIIEECH B, Bir
DNBR(ZBHED b IR E~DEBRR) TB VTR ZOEARSA R ) SYRERDK X
ZELPFEL S, F-DNBEICBW T, PHEBRREOBEARIKE ., POBEIE
By 570 OB EIUBT S = L HBURT, BEEFMT 2D 2 CEEL 1D, A
H CTHDNBRREDZ0NDDNBY + Y 7 4 DFFfli %47 o TV A7, BEEIRBIEHIC oW T
FFIRICHD, LB I TDNBEDEHRE LTIRE— P79 v 7 ABEAEE L,

331 BE/INZA—LZODNBY + U T 1Icifd 2848

DNBZ # V5 4 (Xd) ICBHE»RITTLEEILNS KEVE R IR Gm(ke/m2s), ERE
JIP(kg/cm2g) B X UHEARY 727 — VETsub(T) & DRI £ NENFig 3.3-1, Fig. 3.3-2
# & UFig 3.3-31C7R ¥, Fig. 3.3-14°5658%*% £ I ICDNBZ # U 57 1 W EERE O A
HVEGR DT 5, BRETTD W TIEFig. 3.3-21R4 X 3 IZDNBZ # V5 1 12FEH
DEFAECERIZBIT B0 /240K T 77 —VEIH L TIZ20RINE e EBTAT
PO DERIE o TWES,

%8, RPTERRd (keal/m2h) X DNBZ 4 VJ 7 1 QBB VT —EOHEILE S Nz
Proiz,

3.32 ARBREIEEFEOHER DS

Table 3.3-1ICR T BEFOMBIN & REEER (EBRMH) OWBET o720 24 74 DE
BMBIZOWTIE, 3 FDNBEDGEHE (PMEPISE) BER U Nl E b b s e s _
KLY AERERELHML, TR X YDNBEOK - BEBEL RO, 2LT. “0OE
BELDNBR DK - BEAMOEI 25, BERIL YV 27415 4 — 2 Lin, [LEAR) A E
Fig. 3.3-4(1/4)~A/4)IFR

TITMBLOT 7 T HOEBRIC Do TRD B BT 5 DidKon'kovDEKTH Y . 3
REeBRWTE20%HADBETH S, 75 T RE RIS OV TIZRokoCEENDOR: B 1F1T 420
- BORORBE T L7z, T/ BEEBRE (79 75K) 102V Titlebitan®RA+£20
WLAADTETH B4, BERHE (7778 KowTldI D - L Twiv,

< MEFig 3.3-517RF & 912, Kon'kovd3\0 M FIFH 1348 K B B ¥ EGmAT200 ~
5000(kg/m2s) L IREH TH 5 72, 2 BESC/INEE N OREREMME 2 13 TUEL TS
Dy Lo TEBRIICR—3T %o —F. Lebitan®3RMD ZHI2750~3000(kg/m2s) &
T Y EEEREER TIIEREEN L 2272075 SRR TR —B L o2 23 &
N5, :

3.3.3 EEBRXOEH :
33 2ETORFOMBR L OMIRICB VTR, VI 7MBLUT S VRO H Iz B W
TidKon'kovDRAKEME L RIFLE—FERT Z L B9H o 720 RETIIE S N7 SRERE
RICETE, KonkovBlOEBRDOERZRKAS, BILDNBY + 1 5 4 PR DHRES. 15
DB TEBAING LEE L ZDOERE @~ 2 KD, & BKonkovORIZ B TIEH 7
7 = VETsubDEHD Ao T2V, REBERTZ2OBEFIRD bR DRI ED,
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Xd = axqu Gmchsubdxexp(e-p) (3.13%)

Xd:DNBZ # V54 (=)

Tsub . ¥AKTF 77 —VE (T)

q EEERTEEEL-1Y 7592 A (keal/m2h)
P . BKED (bar)

Gm: BEEKE (kg/m2s)

a~e . Rl

FRROMIM I 57 o T SBBIHBE 2 R Y (61 218) |, Boni%
BREKFTe |

(FITFRBIUTT V7T — 512k 2 ERR)
Xd = 13.0 » q—0.0662 - Gm—0.265 - Tsuh—0.0880 - exp (—7.30X10-3 - P)  (3.25%)
LRI HRHEME L EREO LS % Fig. 3.3-61RT 25, EERIC & 5 T HIE L ERE
DE20% LA TWEB Z L HFERR T E 72, F 72, Fig 3.3- 713 EBRIC X 2 TS

BE £ Kon'kovDRUC & 2 FHMERED LB 21T 0 1R TH 55, EBROFFETHE
BRWHOD, WH L BIZIT20%LAICA > TWB T LHbd 2,
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Table 3.3-1

DNB Quality Correlation
RoKe '
' 1-Xd 2 Gm 1.2 Strai
= . - . - ght Tub
%q - (12.04-P] - 5.628-P, +0.8623) X 1006 ¢
P:5~15MPa
Per : p/225.56 P! ke/edG Gm : kg/ufs Gm : 250~800
AI—MSG
ad>0.2X 10°BTU/fhr qd=0.2 X10°BTU/ithr CRBRP‘
unif ; Bto fthr,’F
Xd = 18.85 18.85 0.2 \ |
h %\ (Gm\ 0.5 Xd = hie [ EG_“)D'S qu10‘7’
fe (7.) (ﬁs‘) ’ r-) 106
Kon'kov Xd=a.qd V8 .Gn713. exp(-b-P) Phenix
P:49~196
P | 49~204 | 29.4~98 | 98~196 Gm ; 200~5000
2 | 256 16.0 76.6 qd=10.3X10 5
b | —001716 | 0.00266 | 0.00795 D:4832
_ L/D>50
Plbar D:mm Gm: kg/m’s qd ; keal/nfh
GE 1.05¢ P.7~13MPa
xd - 224 (1"5":6)25 Gm : 540~3250
(Gm/10%) ad * 0.69~1.85MW/nf
' D:101
Per 1p/225.56 Pl kg/ed Gm: ke/nfs
-0.5 =-0.15
‘ Xd = F{p)- (im__) . (_I.)_)
Lebitan 1000 8 P 49~167har
P P 2 P 3 Gm . 760~3000
F(p) = 0.39-1-1.57-(%) - 2.04-(—9§) + (.68 (—gé-) D=8
Pibar Dimm Gm | ka/ns
P=49 172 P . 6~186bar
Doroshchuk 3 (G, f 1, 1 Gm : 400~2000
Ad = 13.1X10 ("'I: )\Yl—Yg) Gm D:8
6=p< 49

Xd=8.92 X Grr04sX pois

Plbar Gm: ke/nfs
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Fig. 3.3-1 The Relation between Water Mass Velocity and DNB Quality
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Fig. 3.3-4 (1/4) The Error of DNB Quality Correlation
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3.4 ;U LRAEMEES

2 BERRBEROGRRIERMNS X UDNBIRSIFHED /- O LRSS FrUY
A HBEER O % 4T - 77,

3.4.1 HERER : : -
DNBEERS L BEBBRBMER 2 VT 1) v AQREER (75 7HiB L 757
®) 2REL. COKREEFe 3411257, B2 3B v Tl SRS ISR Bl s
RREABATACE 2 25 (ER4E) & LEToRIcowTiE2 DEATRLE D 5 v LR EF
WEMEBREL L CRAENOEETH B +0.25mnEE LS DTH 5, FEHEAE I <k
B BIMRRENRE ISR E L2B4e (TIBE) cBily— 15%., #ORTOEE
(LIRME) TRAM+25%DEFE LTS, ERE VRE o 2 BEESIIHRE 100 L
BTELEN Y OEME 2 oTnS, |

3.42 HERERCEFEOEBER ok

Table 4.3-LIZR TEEFO RAZZMAPR & RSB RO RBE T, ZOREELFig 3.4-2
IR, ' -

Graber-RiegerDFBEITHEERE L h kX, ¥ 7zLubarsky-Kaufman 33 X {FSeban-
Shimazaki DFHEEIBEBRIR L D/AE W, 203 % Graber-Rieger® iz & 5 M5
SREMEICEC , KERMEE OROFHE (BEREK) 120829CH Y., Fig 34310574 &
ICCOBERBEERVAZ LICK YV EBREE B —B+2 T b, XERIZX T
Graber-Rieger® FidPeclet number 258200~ 300012 B W TEERI- L 5 BEESTHITH
9. —H. 2EBENBSGETF NV TIE70~250DEPeclet numberfRIE CRBEZToTW5B /7~
D, BEREIFBLEII oz EEL NS,

3.4.3 HEXOEH

3428 COBEFEDOMHBR & O iz BT, Graber-Rieger DA PERRMEIZH B v
SEBRPoTze AMTEBLN-RBERCETSE, ERAOBMEPRL 2, BhER
DNusselt nymberdPeclet number (= Pr X Re)DBEK L2 B0, F b1 AQEEESR
PROEERDOHTEHAENS LIREL., 2OEERERD -, |

Nu=A+B - PeC (3.4-5 K)
Nu . Nusselt nymber (—)
Pe . Peclet number (—) (Pe = Pr X Re)
A~C . BE

TITMBLIUT I FROWT— ¥ L) B/AT RS A TEERE KD S & DT oz
Bo N, Fig 34-2ICCDERRE 7Oy » L=,
Nu = 4,77 + 0.728 - Pe 0454 (3.4-6 &)



JNC TN9400 2001-093

Tz TITHBBICBWCHRROFECHIERAFENSNTEY (34-78
X1 ZHR) . COFEBRRXDFig 3.4-21048b¥T 7Oy L,
‘Nu= 6.0 + 0.7307 - Pe 0.404 (3.4-7 &)

F7z. Fig 3.4-410KBME L EBNUIC L BFEME (3.4-6 K. 347 R) OREERY
B WA & b ERRRIC X DR EEIEREOIZIZEIS% B L 2o TWd, 75 7Yk
BrbBH L7234 TREGET I 7B LUT S VBROTT— ¥ P oBM L1-34-68C
REDRBEBEIREoTVE, Fig 34495055 LI ZOZBIIIEL, T1E
RELER DRI A RO BAZERITR L 2o TH Y, EBREEEL 2B 2 Ll
ROBRBOBIEEE b OTIEEV,
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Table 3.4-1 Sodium Side Heat Convection Correlation

Graber-Rieger Nu=a+b Pe’ Straight Tube SG
a=0.25+6.20p/d
b=—0.007+0.032p/d gﬁk
¢=0.8—0.024p/d S AP
p : Tube Pitch (36mm) @
d . Diameter (19mm) d
c3
Maresca- Nu=C1 +C2 (T'Pe) SNR—300
Dweyer )
C1=6.66+3,126(P/d)+(P/d)>
C2=0.0155
C3=0.86
1.
Y=1.0~ 82 v
Pr (SM / v )max
(&4/Y)max = 4.0 + 0.002897 - Re™*"®
Lubarsky- Monju IHX
Kaufman Nu =0.625Pe"
Seban-
Shimazaki

Nu=5.0+0,025pe%®
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Fig. 3.4~1 The relation_ between Sodium Flow Rate and Nusselt Number
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3.5 FEudiEinEEx

351 7MHES & DELE

[13.5-1 IZReynolds number & Nu/Pro4D 4% %74, Hzid. Dittus-Boelter® 3, (Table
3.6-1) KXABRHEMEORTH, ChLORLEBREL TR 2 2RI, L '
4o T, SEBRIE & Dittus-Boelter DRO UMD FHE (BERK) %. ZRThoMERIcR
CfEdBbeTT/uy b L7, Bl ROLOFRE (BEMRE) 11120.847TH
D, ABEEREEZHWS Z LI X ) EBE L BEREROEILEFS ., L L. KCE
Reynolds number#I% CIAEERMED 358 { . F 7>/EReynolds numberfRIS, Ci3EBRED 5
PR ~ 2558 { %> TBY ., Reynolds number. Plant] number DIGTAHSTZERE & FiAg
BIR Tt~ L T, |

3.5.2 HESLOZEH
BRI R & Dittus-Boelter D 3, Tl Reynolds number DSBS R 12 % 7 &, Dittus- Boelter
ADRZBELBS1R) . TITMBLUT I 7 BT — 3 % B THERIE/N 2 Sk
(1) X YEBRREEH LI, -

Nu¢=AXRe¢B XPr¢C . (3.5-17)
Nu ¢ : Nusselt number (—)
Re ¢ ! Reynolds number (—)
Pre¢ : Plant! number (—) |
(BT ERBETOERTRT, )

CORPRONTBBIRDOLBY TH B,
Nu ¢ =0.000324 XRe ¢ 119X Pr ¢ 1.08 (3.5-23%)

Eh, TITHBRICBVWT I ERRIIBICER I TBY B2 TH1) . “nE3s
3SR T,

Nu ¢ =0.0005674 X Re ¢ 1.136 X Pr ¢ 1.20 (3.5-35%)

FREFHIIC BT, 35288353812, BEZALRICR0TWS Z L dthing,

L2 0oDFER (352K &3.5-3R%) BT 2 HWE L SFEEO I % Fig 3.5510%
A, ZORBEEFRL20% AT, HRICHZ LB VIEE VY, & 512, IEEDittus-
Boelter DFUZ DV TEERE & D% Fig. 3.5-6 157925, &+ SOUBDIFEETHALIZ L
ERET& I,
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Table 3.5-1 Pre-heat Region Heat Convection Correlation

Dittus—Boelter

e N o

v

- h/De

Nu¢ Y

= 0.023Re¢ *%. pry ¢

V. - Cp, Uy
Reg =YeDe  p._Coe-Vey,

Ve A

. Hear Transfer Coefficient
+ Thermal Conductivity

. Density

: Dynamic Viscosity

. Velocity

De  Tube diameter of inner surface
Cp . Specific heat at constant pressure

" £” stands for the value at liquid state

Monju, CRBRP, SNR—300.
Phenix




JNC TNS400 2001-093

3x102 T
O : Before Plugging d oo®
@ : After Plugging c: /L/
e -
Dittus-Boelter s oe Ve /
» - Nue=0.023 -Ret¢ - Pre™ /7
S| _ \ )jy °
L) 2 7 e, o
& o -
: / (8] / %)
= / /{ K
J// c%‘
—/% N
& 0.847 X Dittus-Boelter
&
o
o
3x10!
10x108 1x10°
x Re? : *
Fig. 3.5-1
The Comparison of Dittus-Boelter's Equation and Experimental Data
{Pre-heat Region)
4x102
O . Before Plugging
| @ . After Plugging
g Experimental Equation
'-';’ Nu ¢=0.000324 -
Y
2l
N
=S 1x102
=
& o
O,/
/ ’ L~
v /
'/ 8 -+
O L)
e
3x10}
3 5
10x10° Re ¢ 1x10
Fig. 3.5-2

The Comparison of Experimental Equation and Experimental Data
(Pre-heat Region)



JNC TNO400 2001-093

+20%

O : Before Plugging
@ : After Plugging

300

EB
£ 250 :
5 - / —20%
m L
._N. - o
g i - /O/é,
-5 150 i (- | O o
5 [ 7
Gl - 2 e
5100 | /s )/Q,‘c'? '
5
- - / Experimental Equation (Before Plugging)
g 50 e 1.136 1.20
§ : Nu¢=0.0005674 * Re ¢°° - Pr ¢ ™
Z A
0 L] ] i () 1 1 [l L 1 ] 1 1 L Lt ] ] 1 1 L] 1 1 { 1

0 50 100 150 200 250 300
Nusselt Number (Experimental Data)

300 ' 120%
- O ! Before Plugging

’g i @ . After Plugging
S 250

A r / —20%

et i b

= i bd oo/

-%’ 2 00 i / o

B I /"‘ % °

L) |

& 150 .
8 / é‘

8100 [ V7

Ef / e

z X / Experimental Equation

% 50 - /& (Based on Before and After Plugging Data)
2 [ Nu ¢=0.000324 : Re ¢119 . pr 108

0 ;/‘/I’ [l 1 |. | 1 i ] 1 ) 1 1 ] L] ] 1 I 1 i 1 L | 1 I ] 1 I
0 50 100 150 200 250 300
Nusselt Number (Experimental Data)
Fig. 3.5-3

The Error of Experimental Equation (Pre-heat Region)



JNC TN9400 2001-093

' +30%
300 O . Before Plugging
i , / @ : After Plugging
250 |
200 [— / ' 0%
o o
150 | / ° o /:'
N / L~
N o Go /
- g

100 | T

i (@4 Modification
50 B 0.847 XDittus Boelter

0 50 100 150 200 250 300
Nusselt Number (Experimental Data)

Nusselt Number {(Modification of Dittus-Boelter's Equation)

Fig. 3.5-4
The Error of the Modification of Dittus-Boelter's Equation (Pre-heat Region)



JNC TN9400 2001-093

3.6 BRRREEE

3.6.1 AR & DLk

Fig. 3.6-1iC7 7 7RI B L U7 F BB COPYRERERE & ABABR (Table 3.6-
1) KEDHEBRT— 5 2B CHHE L EERO MRS T THHEERIT104~106
keal/m2h COFRICAHANCAAH L CTBY, TR — 1279 v 7 2 LHRAHBEER LT
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BRL7EE ORBRR T, RN 25 LTwiza,
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LD EBMEE 2o TS, |

Fig. 3.6-4IC&RIEH (Nafll, ZEE, ¥v v V¥, KO E &b -5 &
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28, FREEROBEICB VT, BBy — A0k o Tl BERSE. BEF Y v a
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Table 3.6-1 Nucleate Boiling Region Heat Convection Correlation

Jens-Lottes

ATsat = 0.821Gi*%eP'®} (A Tsat=tw—tsat)

__a/A
® Gm.hfy

]
X Ve g

a/A  Heat Flux
Gm . Mass Velocity
hig : Latent Heat

U : Specific Volume
7 . Viscosity

B Re, _De:Gm 1-%)
My

Attachment "{" . Avarege of the Value at Inner surface and Fluid

Straight Tube SG
ATsat ; The Difference between Inner Suface
Temperature and Saturated Temperature (C)
qi | Heat Flux (kcal/mzhr)
p . Pressure (kg/em? a)
ATsat = 0.5 (-p/8s8.5)
Thom sat = 0.0243Gi e PTM
ATsat ! The Difference between Inner Suface
Temperature and Saturated Temperature (C)
qi } Heat Flux (kcal/mzhr)
p . Pressure (kg/cm? a)
Dengler- 1 ]n Phenix
A=35 =05
1. X 109 [ ye]u.s [vg]ﬂ.l
Xtt 1- X_ Yel| 7,
A¢ [De Gm(1- X)]*®
he=0.023 [—————=| Pry*
c 7
h | Hear Transfer Coefficient Attachment
A { Therma) Conductivity £  Saturated Water
X . Quality g [ Saturated Steam
v . Density
9 . Viscosity
Gm ;| Mass Velocity
De  Tube diameter of inner surface
Sehrock- | Nug=1.7X10° {By+ 1L5H10™ Xet??} Re 5+ Pre'”
Grossman
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Table 3.7-1 Film Boiling Region Heat Convection Correlation

Mod. Tong

Attachment "f" . The average of the value at inper
tube surface ‘and fluid

h-De Straight Tube SG
Nuy = = 0.0033-Re* ! Pr®® raight Lube
AT
Y Y
Re*! = Rer x+(1-x) =2 ,-—T
: Ve | Ve
YT+ Y
ReT= De PrT=CDT 1J']' ‘yT
yT AT
k ; Hear Transfer Coefficient Attachment
A . Thermal Conductivity T | Tuner Surface of Tube
x ! Quality g . Saturated Steam
y : Density £ : Saturated Water
v . Dynamic Viscosity
v . Velocity
De | Tube diameter of inner surface
Cp ! Specific heat at constant pressure
Dougall h-De 0.8 0.4
-Rohsenow Nug = Ag = 0.023-(Re*?)"- Prg
Y
Re*’= Reg [x + —£ (l—x)]
Y i
. Ve
Reg = VeDe Pre _Cpg-Ve-Ye
Vg ;lg
Bishop h CRBRP
e
Nuf = D
Af _
0.68 0.068
Tg Tg
=0.0193 -Ref - Pri'®|x+ (1-x)—| —
Ye Y ¢
. 58 7N 2N
Ret=YiDe  p, Cpt¥eys
Vi Af
0.68 0.068
Tg (Y
Modification = |xX+ (1 -x)— il B
Ve Ty




JNC TN9400 2001-093

3
1x10 - Q : Before Plugging
‘@  After Plugging
Mod. Tong /,
Nur -Prr 05 = 0.0033 - Ré*! pd
\\q / A
-
. / /
o[_' g
& P | 9/’//’ "
\ (o]
ER) o - ]
= o 0 727 XMod.Tong
'z, ,,/’zf 02%
V(% oid
D d (s -]
;y/,f kX
° O
Oo © / ©
1x102 yd
3x104 1x10° - 3x108

*1 *
Re Re™ L is discribed in Table3.7-1)

Fig. 3.7-1 The Comparison of Experimental Data and Mod.Tong’'s Equaticn
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Table 3.8-1 Super-heated Region Heat Convection Correlation

Bishop

Nu= hA' ?e = 0.0073 Ret*** prs®®

Vi . ey
Res = Yi-De Pri = CPf Vi~V
vi At

h { Hear Transfer Coefficient

A | Thermal Conductivity

¥ . Density

v . Dynamic Viscosity

De . Tube diameter of inner surface
Cp © Specific heat at constant pressure

.Attachment "f" 1 The average of the value at inner
tube surface and fluid

Straight Tube SG

Dittus—Boelter

_ h+De
Az
Reg = Ve-De Prg = Cpgryg-rg
g Ag

Nu = 0.023 Reg®. Pry™

Attachment "g" . The value at super-heated steam state

CRBRP
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Table 4.2-1 The Condition of Instability Tests (After Plugging)

Sodium Water/Steam
Test No. Inlet Temp. | Outlet Temp.| Flow IIQate InletoTemp. Outlet Temp.| Flow Rate | Steam Pres. | Data Acquisition
T T { /min, C T ton/hour atg
PSAB23 505 Free 226 240 Free 0.96 132 X
PSA513 505 Free 166 240 Free 0.96 100 X
PSA533 505 Free 230 240 Free 0.96 150 X
PSAA23 505 Free 370 240 Free 1.60 132 O
PSAB23 505 Free 400 240 Free 2.00 132 X
PSAB33 505 Free 400 240 Free 2.00 150 X
(PSAC23) 480 Free 400 240 Free 2.00 132 X
Table4.3-1 The Result of Instability Test (After Plugging)
Test No. Oriﬁce. Date |Load| Heat Sodinm Sodium Sodium Sodium | Water Inlet| Steam Outlet| Satulated |Inlet Water| Steam |Sodium/Water | Revnolds {Degree of |Degree of | Water Mass
Coefficient " { Exchange|Inlet Temp] Outlet Temp.|Temp. Ditference] Flow Rate| Temp. Temp. Temp. | Flow Rate| Pres. Flow Ratioc | Number | Dryness { Dryness" Flow
% |keal/hour T T c ton/hour C T T ton/hour | kg/cfe ke/nfs
PSAAZ23 120 951218 80 | 861985 | 5044 351.0 1534 19,14 239.7 476.1 3313 1,619 1324 11.82 73243 | 1.5322 | 1.6044 734.3
PDB14A 120 95.12.6| 60 | 679056 | 500.1 3333 166.8 1338 240.0 474.8 3316 1.277 132.9 1048 57922 | 1.5335 | 1.6963 580.1
PDB15A 120 95.12.4] 50 | 506328 495.2 321.8 1774 9.48 2389 4784 3308 0.945 131.6 10.04 42686 | 1.5380 | 1.5850 429.3
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Table 4.4-1 Application Coverage of Instabilit_y Correlation

Conventional JNC Equation 1MW Double-Wall-Tube SG
Sodium Inlet Temperature (C) 400~520 465~538
Water Inlet Temperature (C) 170~280 240
Steam Pressure (kg/cni) 60~165 100~150
Water Flow Rate (kg/m’sec) 300~1100 120~730
Flow Ratio 9~25 7~17
Tube Type Single Tube Helical-coil Type} Double-Wall-Tube Straight Type
Circulation Once-through Once-through

Down-comer

Provided

None

€60-100¢ 00¥6N.L ONFP
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Table Appendix-3 The Results of Thermal-hydraulic Test and DNB Test (After Plugging)

£60-100% 00V6N.L ONI

Sodium Side Water/Steam Side
Teat No. Flow Rate [Iniet Temp.|Outlet Temp.| Flow Rate | Iniet Temp.|Outlet TempSteam Pres,| Heat Flux DNE |Mass Velosity | Saturated Temp.|Degree of Subcooled
(t/h) (T (T (t/h) (T) (T) (ke/crfG) | keal/nfhC | Quality (kg/m's) [{®) (C)
¥PBOILCHA 12.33 - 4417 323.0 0.942 23838 398.5 1315 3.4826E+05| 0.694 427.93 330.84 92.0
3#PBOILC2 16.72 442.9 327.7 1.280 2359.0 383.2 1319 4.3163E+05 | 0.664 581.48 331.02 92.0
#FBOILBS 21.07 441.2 330.8 1.598 239.3 369.1 1324 3.5502E+05 | 0.597 725.94 331.31 92.0
PBOIL73 2047 472.6 3421 1.621 2387 4327 132.8 4,8953E+05| 0.562 736.39 33154 92.8
¥PBOIL70 21.15 471,2 327.2 2.024 2389 381.8 132.0 5.6407E+05 | 0.450 91947 331.13 923
PBOIL75 16.38 474.2 342.2 1.281 2339 449.2 1325 3.7666E+05 | 0.623 . 581.94 331.43 92.8
PBOIL77 10.23 472.6 326.6 0.946 239.1 449.9 1326 4.4377E+05 | 0.663 429.75 331.49 ‘924
PDBISA 948 498.5 3236 0.945 238.9 4784 1316 4.4213E+05 | 0.680 429.30 3309 92.0
PDNB19M1 8.91 499.7 3328 0.942 239.0 487.3 14.9‘9 4.2793E+05 | 0.676 427.93 341.04 102.0
PDNB14M 13.38 499.9 333.7 1277 239.9 4734 132.8 4,6480E+05 | 0.598 580.12 331.54 91.6
PBOILA1 15.83 495.6 3246 1.620 2393 442.8 132.6 5.7390E+05 | 0.556 735.94 .831.43 92.1
FBIL49R1 17.93 499.9 343.0 ' 1.620 2388 468,2 133.1 4.8235E+05 | 0.566 735.94 331.72 929
PDNB13M 17.74 497.5 340.0 1.621 2388 463.2 1325 6.0052E+05 | 0.550 736.39 331.37 92.6
PBOIL0O2 16.73 499.0 320.7 1.838 238.6 422.2 1324 5.1476E+05 | 0.503 234.97 331.31 92.7
PBOILO3 18.62 499.9 3334 1.836 2384 447.6 1324 4,2833E+05| 0.529 834.06 3314 93.0
FBOILO7 18.63 500.7 336.0 1.840 2384 448.9 149.7 5.3603E+05 | 0.463 835.88 340.99 102.6

Note) 3% the test case which were not evaluated
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