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Nomenclature

A Cross-Sectional Flow Area
[m’]

G Specific Heat Capacity
[J/kg-K]

D Diameter Of Semi-Circle
[m]

Deh Hydraulic Diameter [m]

dpP Pressure Drop

f Fanning Factor

FF Founling Factor [m?*-K/W]

L Length [m]

LMTD Log Mean Temperature
Difference [AK]

m Mass Flow Rate [kg/s]

N Number Of Channels

k Thermal Conductivity
[W/m-K]

h Enthalphy [J/kg]

HTC  Heat Transfer Coefficient
[W/m?>-K]

Re Reynolds Number

Nu Nusselt Number

P Perimeter [m]

Pitch  Pitch [m]

Pr Prandtl Number

2V e)

—

U

vel

Heat Load [W]

Heat Transfer Surface [m?’]
Temperature [K]
Thickness [m]

Overall Heat Transfer
Coefficient [W/m*K]
Velocity [m/s]

o(sigma)Allowable Pressure [Pa/m’]
p(rho) Density [kg/m’]
u(visc) Viscosity [Pa-s]

Ap

Pressure Difference [Pa]

Subscript (Or Second Letter)

1

2

c

h

1
NOP

£ < % B o©

N

PCHE Part.] (&)
PCHE Part2 (Z%H&)
Cold Side

Hot Side

Inlet

Normal Operating Pressure
and Temperature
Outlet

Plate

Wide

Height

Wall

Axial

_Vi_
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Cooling
Water

Purification
Components

(https://www.boardma

P Tank I

Reactor
Vessel

ninc.com/)

Letdown HE (Shell & Tube) Regenerative HE (Multi-tube Hairpin)
(https://www.alfalaval.com/)

Centrifugal Multistage Pump

(https://www.ksb.com/)
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Components

Cooling
Water
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1% 4 Heat transfer surface area density spectrum of exchanger surfaces [10]
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1% 6 Core Block of PCHE [11]
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(C) Third Stage—Volume Diffusion
Pore Elimination

Migration and Pore Elimination
19 7 Three-Stage Mechanistic Model of Diffusion Welding[13]

(B) Second Stage—Grain Boundary



13 8 Microscopic structure of diffusion-bonded interface [3]
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13 9 Allowable stress vs. temperature[15]
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suoisiaoud ubisag

Frequency of an event
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Low Medium High
Consequences

1% 11 The Basic Principle Of Frequency vs. Consequences [17]
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Eddy current tester
Eddy currents are generated around the defect
and are detected by the test coil
19 12 &A1 7 A8 (Eddy Current Test)[21]

The test coil generates
an electromagnetic field
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(Overhaul)717H& 5A17FA] ZEol= Aot} ol& fsliAE YA=E AHA
T WAAZES Eol= slo] dAQlE, EUR Rev.EAlAE AEA 9A=

YAAEE 7 ex2doA Wastes Ae 8o AAsta dH o] 8

A AeH T HAF €9 2571 40T (105°F)oll o2& w7tel] 9
e ¢ W, SV dudr] Ao gEo] HdLs RexEe Wi
7b v olol st FUid AA MASE H&E £ Utk A PWRY
B A A FE P dusr)E ol &ste YAE We stal A=
Hl, PCHE7} =Tt A50dd dusr] tiv] Fi= ZoSAT
AR gL 3o, @ 2 BES & 5 e Ao® B

71847 AA

AAFY dusrigr & F A= F7ITTI= NEL 97-06,
TSFF-449 5ol 93] RItA7Iedole 7teTHAE Fdslor o A
AR BES S AAL FAAE, ECT, He AA

offl
L
32
A
—
o
W
—
o
o
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2.2.2 PCHE #-8&4 % Technical Knowledge Gap

ol HolA A/HEHAXCl PCHEE 1A% IAd5< 71 dugr
A9k, @A) PCHE A& 2 HAFE st Standarde= T ol v]=~7
& SSH3](ASME)Il A= F=83F Technical Knowledge Gaplo.= <1A]s}al
Atk olHF ZlE A(Gap)= "¢l AT IFUF JPHIL flon,
ASME Section III Division 59 32 oA olt}. [26]

554 ¥4e=2 #4845 PCHEE ¥Est= M9 4 AHNDE)E
AAbste A2 ui ofgoh ol wEl A EE HlgHH Aol thE AT

Zo Atk ZA X-ray, TAAZAN M3 AlA(Strain Sensor)E



Z3ek vjgky AHAAp gigk AF7F vs AU A FE (US. Department of
Energy’s Office of Nuclear Energy)®] Intergrated Research Project (IRP)E
8l FRE AT[26][27]

PCHE| tigt Zo3 Wy as ofefol o] ztefsiAl AHeldo.
[26]

e PCHEY ¥ ZHAAVF 5= &9 A2 NDE Z &

Selby(2020)> PCHE®| H|#}3 AAF WO =, UT, X-ray, Neutron
radiography, Strain Sensor &= A A|stH oM, ofge} 2 EAo] Ut
[26]

eUT: Hlma 2 F7)e A S5 A

e X-ray: Hln % ZS H7] (0.41x0.41m) oA -3 A3}
e Neutron radiography: & =+ 39 ¥ 4o Fa3t AR AF
e Strain Sensor (novel method): A o] HYP S FUdst= AES ol &

PCHE <E A3 (burst test) Al@o]l U=, ASME Section I
Division 5914+ Class A7]17]°l thall 583 57}A AE ZF Incoloy 800,
Stainless Steel 304H, 316H, 304L & 47IAZ2 A& IPHAJY. 316H=
A% B4 4 AL 019 AT, T, ke o) AR 2
A7) E e AF 3 AT (115x36x32mm ~ 595x1370x55mm)

OEo], &= F(notch)E TH=°] ELEHO] At A 2 A
HBFs AT AR og e 97 dudr A FdAd o|A4AE 7HA
HAAR, Z dugr]dM s 18A } A
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23 PCHE €1 37] AA WHEE
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23.1 PCHE € A4

AL A/ALS s A9 2=/48/+% T
o] k. PCHE AA W+ du3k 2] (Parallel, Counter or Cross
Flow), 729 Z7] & #F=29 /A 2@ &7 Aok AA A< PCHE &
AAE 19 183 o

PCHE ML AE'lX-I

*QmPT

EE R RS E Y N

¢ Cp, HTC, LMTD, h, f, Re, Nu, Pr, p, n
e t, pitch, deh, A, AP, U, L, vel

e Fouling= 12{ot 20| 3 21| 3 ap

PCHE st MtAtehS a2{sh 2|5 dA|

« PCHE 20| | A3}
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Reynold<r, Prantls™ ¢} 4% & 7 (Hydraulic Diameter)
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Al<~(Heat Transfer Coefficient, HTC) 34
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convective heat transfer
conductive heat transfer
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Bhatti and Shah (1987)°] @Z2®, o] I FF{F FHA friction factor
= O3 2o

F=0.0054 +2.3x10 8 x Re¥? (2100 < Re < 4000)
£=0.00128 + 0.1143 x R V3254 (4000 < Re < 10°)

Accuracy 2%

Hesselgreaves(2016)< Gnielinskin(1976)2] = AF&3t= A-S AR T
Ramesh(2003)= ©] ]9 Ho]go|x A stx] Fom
10%=2 A ASE T weEbA], Petukhov and Popovd] S A3 [6][10]
Petukhov and Popov(1963)°] ™=, Nusselt Number= Ths3 2T ©,
o]g oo = Winterton(1998) 22 AF&3Ht},

o

Nu = 0.023 R"® Pr4 2300 < Re < 4000 Winterton(1998)

_ (f/2)Re « Pr
C+12.7(F/2)V2 (Pr?/? —1)

4000 < Re < 5x10°%  Petukhov and Popov(1963)

0.5 < Br < 10° Accuracy 5%
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S0 AT ofg Al Zo] ZAEE F Aok B dFdAE F
= o O
- O T

=)
G 0.1% olstE AdEHER FAS

ZurdaEg = WX
m x C,

At FHAIZEo] SAH wet dugr] x| LdEo] FE
AA, dAG EFolo] YAt Aol dubHo|w, o] 3 Fouling> &
Z A& (Thermal Performance) % X}fol & FIFE v
AGA4(Overall heat transfer coefficient) FHA&Z o] ZThH T &,
Foulingoll 2|3 fr2w7 Z+a gl 29t S7t=2 <)
t}. [29]

2S5 A 7 AAQD AF-, FoulingS ofefet 2ol &7 EH F domn,
ol o] 8lE°] FHE A&, Fouling U 3T
e Precipitation (crystallization) fouling: 4| W&o &3] A A& o]

du ] mHo) FHEH= Aotk

* Particulate fouling



* Chemical reaction fouling: 1 3t7] A& E3= A -2 318HES<

o) WAF BA| Wl TYIE B

e corrosion fouling: Enl3+7] T 2| oA A
* Biological fouling: ZH& A7} 71AIQ] o= FFEol oA T4
SHA| o

* solidification(freezing) fouling: 2] freezing .= UAY

Fouling t]¢- EZgk @doln, fAFF, dudr] g4, Js =4

wet 7 A3rF vl 2w, A Foulinge 482 s
fouling factor T3h= o] AA| AL 7 otk B KAl A oA
H 3 2o A HAEH= =9 fouling factorsS A1 A3k},

> 2

rlr

Fouling Factor for Closed-loop treated water: 0.000175 [m*-K/W] [29]

A4 A4 s AW PCHE 3ol ¥ A7]= 600 x 1500 mmo 2 3
et AT, Bag Af A2 EE5S At HF wEy] I3oE
A 4 Ath[12] PCHE 374 18std, 1&/AL 2571 L3t
M, o] #2& d¥E Wide W, 7244, FEAF = Aol ¢
=4 2 AABAE TR

W= N,d,+(N,—1)t,= N.d,+(N.—1)¢,

, ARS FEF7F LS RSO 20 o ot FEAAE

X (N,d,+(N,—1)t,) = N.d,+(N.—1)¢
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48.9°C

40.6°C

; g £
256.9°C CVCS c.ﬁl‘ 2“ 5

48.9°C  40.6°C

Reactor

Vessel

240°C

-

B

1% 18 PCHE W¥ o= #2[12]
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=3, W 2 AA0 #e FAE de AFelxE, 1d 199 2o

PCHE Zo] & A Zlo] 7}53}o)

320

<~ 31mm —

A
1.5 mm

6 mm

l

009

(@)
O
O

a9 19 ¥Ao] B T KT u & PCHE 24 [9]

TS ofEek o) 37 H& 1 ol Aw fAE AES] S 57
AR = AAVE e st

a9 20 A54A 3712 712 PCHE WH S2 [15]



welA, LMTD H3+S ¢3te] PCHE #lxE= 19 2339 2

45 3
HE te 47 GE ARdd 4E7E AW, 4RE gYHE #

®, AR g4HE TRdAE nedos o

=5 o)
HA getes AL JHHEa, HFE dol9 10%E AAAFE=Z A
o T3k I3RS A f2 AA7E A#EQ] Ao wE 7S
48.9°C 40.6°C
\\
A\ A 4 A A J
\ A A J S
AN A 4
290.6°C Yvevww 48.9°C
R::::;’ -— "
RCS cves Bt A&
240°C

256.9°C

TRAAL] 48 2L T/ALXS A5 FA
o] AETE Aok ol WE FH ZFHOlE
4, s FAe Hd 58 oY " FHolo HF =7] Fol ATk

PCHE9] 7|AlA I&E& w37 98 +=
AZIERG Aok gt} WA AR g &
(3167C) #= A&t

o =12.4 [ksi] = 8.55 x 107 [P4]

A2t &



PCHEY A Z#o]Ex WX "HlAEo] drolx & WAool 19 FA4&
¥ AduE 7T 4 o, \_9] FAE oS3 o] A4k € S+

t}.[6]
1
= Ap(—1)
Nyt
92, Al ¥ S B FAE
[4]
AP
pitChminimum:d—'_tfmmmum— (1+ ( >)d
’ Omax
pitChmmmum
bro =
[, manimum o
D
4
(xptD

\/ Omax + PP
fp Omax + 2P, — P, where P,
sminitmum

D/2 = /

GmaX_PP
Omax — 20— P,

O3 o] AxdE = 3

> P,

where Py, < P,



2.4 EESE o] &3 &
2.41 EESE o] &3

|

37 AA == g

Engineering Equation Solver (EES)& X 719 vIAdY dis+ ¥ v &
A FAHCE F T v It WA Fo] ZEIHolt} o] X
O =R uE 2 AR B o] iE Fetal 2EAAd 4 A
< g AT =3 AE 2 RAdE I, o9 g 9 daA 8l
5ol U

S3], EES LiabraryS %3] 9 7kx 249 U=, gy § 49
2 F2E AFstH, olE WA Fo| Zled 2ol AT F UeE
ol FEAR 7 WAHAES HASa, EZAXE dHste FIE
=9 7 Ut gHEY MELR S AL AEE 5 e, o 7
s 9N 7l EHR A AHEo] Jhsstt

AR

2 7bd EESE o] §38t1

=

[ EES Commercial: C:#¥UsersW/DWDesktop#SNU
File Edit Search Options Calculate Tables Plots Windows Help Exampl
ERaABRDENvVYEALELLE EEEEE B

les
CEEDRNE MEEE<|? 8

HWPCHE EES THY (39 BXIWPCHE, 256LPM_2022.11.19.EES

=]
"PCHE &J|| =272
I AFEEAL 012

Procedure correlationh(Reh, Prh, fluidh$, Channels, deh, pitch, L: fh, Nuh)

If (Reh>4000) Then
h=0.00128+0.1143"Reh(-1/3.2154)
Nuh=(fh/2)'Reh*Prh/(1.07+900/Reh-0.63/(1+10*Prh)+12.7*(f/2)~(0.5)(Prh~(2/3)-1))

Else

If (Reh>=2300) AND (Reh<=4000) Then
h=0.0054+2.3107(-8)"RehA(-1/(-2/3))
Nuh=0.023"Reh”0.8*Prh"0.4

Else // (Reh<2300) Then

Nuh = 4.089

fh=15.78 / Reh

Endif

Endif

End

Procedure correlationc(Rec, Prc, fluidc$, Channel$, dec, pitch, L: fc, Nuc)

If (Rec>4000) AND (Rec<10~7) Then

Table 1_ Table2-alvariaies |

= =
Plot1 | Plot2 | Plot3 | Plot4 | Plots | Plots | Plet7 | Piots | Piota | Plot10 | Plot11 | Plot12 | Plot13  Plot14.
o 4169
e H
e k]
3
0006266 \I
3
2
o
E
2
S
%0155
dh
[E] S ———— Gt Posion e Scae nd Lol
OlPesecive | |BX 8 - e EiXy 0 Dt scsovaoes | 1] (50
Bcoler LBy v @y A0 | (@ Ass vaisble names | Fromt| (O
Py |z == v @z oo Tronehic sua] (B2
B Parametric Table = E

“ e e E o L e
>
16=0.00128+0.1143"Rec/(-1/3.2154) Volume2 | Volume2y, | Volumegy oy | Volumey yyy | Volumeg,y - Volumegy g (Volume, i, Volume, iy oyl
Nuc=(fc/2)*Rec*Pre/(1.07+900/Rec-0.63/(1+10°Pre)+12.74(fe/2)M0.5) (PreA(2/3)-1)) [m3] [m3] [m3] [m3] [m3] [m3]
Else Run 3151 0.03513 01479 0.009657 1.245 01711 1416 0.03758 0.1576
I (Rec>=2300) AND (Rec<=4000) Then Run 3152 0.03514 0.1469 001277 1.245 0.1711 1.416 | 0.03838 0.1597
f6=0.0054+2.3*107(-8)"Rech(-1/(-2/3)) Run 3153 0.03519 0.1461 0.01604 1.245 01711 1416 0.03928 0.1621
Nuc=0.023"Rec"0.8*Prc"0.4 Run 3154 0.03527 0.1453 0.01949 1.245 0.4711 1416 0.04025 0.1648
Else // (Rec<2300) Then Run 3155 0.03539 0.1446 0.02317 1.245 01711 1416 0.04132 0.1678
Nuc = 4.089 Run 3156 0.03555 0.1441 0.02709 1.245 0.1711 1416 0.04251 0.4711
fe =15.78 / Rec Run 3157 0.03575 0.1436 0.03131 1.245 01711 1416 0.04382 0.1749
Endir Run 3158 0.03601 0.1433 0.03588 1.245 0.1711 1416 0.04527 0.1791
Endif Run 3159 0.03633 0.1431 0.04087 1.245 01711 1416 00469 0.184
End Run 3160 0.03672 0.1431 0.04635 1.245 0.1711 1416 0.04874 0.1895
s Run 3161 0.02569 01259 0.008199 1.245 01711 1416 0.02748 0.1341
Function axial_effectiveness(Ramda,eff_nac,Cmin,Ch,Cc,eh,ec,Th_is, Tc_is, Th_i,Tc_i) Run 3162 0.02569 0.1251 0.01084 1.245 0.1711 1416 0.02807 0.1359
axial_effectiveness=eff_nac - Ramda 0.02572 0.1243 001361 1.245 01711 1416 0.02871 0.1379
If(Ramda < 0.1) Then Return - 77 PREET e FEve LERZE 4412 nnooat naane v
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Overall Heat Transfer Coefficient (W/m2-K)

U_EES
[W/m2-K]

Mass Flowrate (kg/s)

U_KAIST Test
[W/m2K]

dHAGA S Bl - EES vs. KAISTAE [7]

3E 1 A2 et dAsk= EES i
my U Q Cp th,i tei th,o teo
[kg/s] | [Wm’K] | [W] | [JkgK] | [K] (K] [K] [K]
0.0222 100.0 548.2 1032 523.0 | 503.0 | 505.0 | 522.0
0.0233 110.0 603 1032 533.0 | 493.0 | 495.0 | 532.0
0.0268 120.0 657.9 1032 543.0 | 483.0 | 485.0 | 542.0
0.0304 130.0 712.7 1032 553.0 | 473.0 | 475.0 | 552.0
0.0339 140.0 767.5 1032 563.0 | 463.0 | 465.0 | 562.0
0.0375 150.0 822.3 1032 573.0 | 453.0 | 455.0 | 572.0
0.0410 160.0 877.2 1032 583.0 | 443.0 | 445.0 | 582.0
0.0446 170.0 932 1032 593.0 | 433.0 | 435.0 | 592.0
0.0481 180.0 986.8 1032 603.0 | 423.0 | 425.0 | 602.0
0.0517 190.0 1042 1032 613.0 | 413.0 | 415.0 | 612.0
0.0552 200.0 1096 1032 623.0 | 403.0 | 405.0 | 622.0
0.0587 210.0 1151 1032 633.0 | 393.0 | 395.0 | 632.0
0.0623 220.0 1206 1032 643.0 | 383.0 | 385.0 | 642.0
0.0658 230.0 1261 1032 653.0 | 373.0 | 375.0 | 652.0




my U Q Cp th,i tei th,o teo

[kg/s] | [Wm’K] | [W] | [JkgK] | [K] (K] [K] [K]

0.0695 240.0 1316 1032 663.0 | 363.0 | 365.0 | 662.0
0.0222 100.0 548.2 1031 523.0 | 493.0 | 495.0 | 522.0
0.0233 110.0 603 1031 533.0 | 485.0 | 487.0 | 532.0
0.0268 120.0 657.9 1032 543.0 | 477.0 | 479.0 | 542.0
0.0304 130.0 712.7 1032 553.0 | 469.0 | 471.0 | 552.0
0.0339 140.0 767.5 1032 563.0 | 461.0 | 463.0 | 562.0
0.0375 150.0 822.3 1032 573.0 | 453.0 | 455.0 | 572.0
0.0410 160.0 877.2 1032 583.0 | 445.0 | 447.0 | 582.0
0.0446 170.0 932 1033 593.0 | 437.0 | 439.0 | 592.0
0.0481 180.0 986.8 1033 603.0 | 429.0 | 431.0 | 602.0
0.0517 190.0 1042 1033 613.0 | 421.0 | 423.0 | 612.0
0.0552 200.0 1096 1033 623.0 | 413.0 | 415.0 | 622.0
0.0587 210.0 1151 1033 633.0 | 405.0 | 407.0 | 632.0
0.0623 220.0 1206 1034 643.0 | 397.0 | 399.0 | 642.0
0.0658 230.0 1261 1034 653.0 | 389.0 | 391.0 | 652.0
0.0695 240.0 1316 1034 663.0 | 381.0 | 383.0 | 662.0
0.0222 100.0 548.2 1030 523.0 | 483.0 | 485.0 | 522.0
0.0233 110.0 603 1030 533.0 | 476.0 | 478.0 | 532.0
0.0268 120.0 657.9 1031 543.0 | 469.0 | 471.0 | 542.0
0.0304 130.0 712.7 1031 553.0 | 462.0 | 464.0 | 552.0
0.0339 140.0 767.5 1031 563.0 | 455.0 | 457.0 | 562.0
0.0375 150.0 822.3 1032 573.0 | 448.0 | 450.0 | 572.0
0.0410 160.0 877.2 1032 583.0 | 441.0 | 443.0 | 582.0
0.0446 170.0 932 1032 593.0 | 434.0 | 436.0 | 592.0
0.0481 180.0 986.8 1033 603.0 | 427.0 | 429.0 | 602.0
0.0517 190.0 1042 1033 613.0 | 420.0 | 422.0 | 612.0
0.0552 200.0 1096 1033 623.0 | 413.0 | 415.0 | 622.0
0.0587 210.0 1151 1033 633.0 | 406.0 | 408.0 | 632.0
0.0623 220.0 1206 1034 643.0 | 399.0 | 401.0 | 642.0
0.0658 230.0 1261 1034 653.0 | 392.0 | 394.0 | 652.0
0.0695 240.0 1316 1034 663.0 | 385.0 | 387.0 | 662.0




my U Q Cp th,i tei th,o teo

[kg/s] | [Wm’K] | [W] | [JkgK] | [K] (K] [K] [K]

0.0222 100.0 548.2 1029 523.0 | 473.0 | 475.0 | 522.0
0.0233 110.0 603 1030 533.0 | 467.0 | 469.0 | 532.0
0.0268 120.0 657.9 1030 543.0 | 461.0 | 463.0 | 542.0
0.0304 130.0 712.7 1030 553.0 | 455.0 | 457.0 | 552.0
0.0339 140.0 767.5 1031 563.0 | 449.0 | 451.0 | 562.0
0.0375 150.0 822.3 1031 573.0 | 443.0 | 445.0 | 572.0
0.0410 160.0 877.2 1032 583.0 | 437.0 | 439.0 | 582.0
0.0446 170.0 932 1032 593.0 | 431.0 | 433.0 | 592.0
0.0481 180.0 986.8 1032 603.0 | 425.0 | 427.0 | 602.0
0.0517 190.0 1042 1033 613.0 | 419.0 | 421.0 | 612.0
0.0552 200.0 1096 1033 623.0 | 413.0 | 415.0 | 622.0
0.0587 210.0 1151 1034 633.0 | 407.0 | 409.0 | 632.0
0.0623 220.0 1206 1034 643.0 | 401.0 | 403.0 | 642.0
0.0658 230.0 1261 1034 653.0 | 395.0 | 397.0 | 652.0
0.0695 240.0 1316 1035 663.0 | 389.0 | 391.0 | 662.0
0.0222 100.0 548.2 1028 523.0 | 463.0 | 465.0 | 522.0
0.0233 110.0 603 1029 533.0 | 458.0 | 460.0 | 532.0
0.0268 120.0 657.9 1029 543.0 | 453.0 | 455.0 | 542.0
0.0304 130.0 712.7 1030 553.0 | 448.0 | 450.0 | 552.0
0.0339 140.0 767.5 1030 563.0 | 443.0 | 445.0 | 562.0
0.0375 150.0 822.3 1031 573.0 | 438.0 | 440.0 | 572.0
0.0410 160.0 877.2 1031 583.0 | 433.0 | 435.0 | 582.0
0.0446 170.0 932 1032 593.0 | 428.0 | 430.0 | 592.0
0.0481 180.0 986.8 1032 603.0 | 423.0 | 425.0 | 602.0
0.0517 190.0 1042 1033 613.0 | 418.0 | 420.0 | 612.0
0.0552 200.0 1096 1033 623.0 | 413.0 | 415.0 | 622.0
0.0587 210.0 1151 1034 633.0 | 408.0 | 410.0 | 632.0
0.0623 220.0 1206 1034 643.0 | 403.0 | 405.0 | 642.0
0.0658 230.0 1261 1035 653.0 | 398.0 | 400.0 | 652.0
0.0695 240.0 1316 1035 663.0 | 393.0 | 395.0 | 662.0
0.0222 100.0 548.2 1027 523.0 | 453.0 | 455.0 | 522.0




my U Q Cp th,i tei th,o teo
[kg/s] | [Wm’K] | [W] | [JkgK] | [K] (K] [K] [K]
0.0233 110.0 603 1028 533.0 | 449.0 | 451.0 | 532.0
0.0268 120.0 657.9 1028 543.0 | 445.0 | 447.0 | 542.0
0.0304 130.0 712.7 1029 553.0 | 441.0 | 443.0 | 552.0
0.0339 140.0 767.5 1030 563.0 | 437.0 | 439.0 | 562.0
0.0375 150.0 822.3 1030 573.0 | 433.0 | 435.0 | 572.0
0.0410 160.0 877.2 1031 583.0 | 429.0 | 431.0 | 582.0
0.0446 170.0 932 1031 593.0 | 425.0 | 427.0 | 592.0
0.0481 180.0 986.8 1032 603.0 | 421.0 | 423.0 | 602.0
0.0517 190.0 1042 1033 613.0 | 417.0 | 419.0 | 612.0
0.0552 200.0 1096 1033 623.0 | 413.0 | 415.0 | 622.0
0.0587 210.0 1151 1034 633.0 | 409.0 | 411.0 | 632.0
0.0623 220.0 1206 1034 643.0 | 405.0 | 407.0 | 642.0
0.0658 230.0 1261 1035 653.0 | 401.0 | 403.0 | 652.0
0.0695 240.0 1316 1036 663.0 | 397.0 | 399.0 | 662.0
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311 BA =4

A FUe SMRO A5 TR AT wAoH, dAAF] AH 2
4E9 5 F& A7 ATHA AT wAA, SMR FL AXES
CVCs du#r] Adsede WPAMe Heaxpos o4 ol
% /MRS B3 Edor Ak W, ol F A g4e oY) 93 »
53l 7440l Pasit
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265 L/min
28.1 kg/cm2
48.9 °C

265 L/min
149 kg/cm2
48.9 °C

265 L/min

—_ 150.5 kg/cm?2
Vol i
ot 141.4°C
el Aux.
* Charging
Pump
arging
Charging | Control
Pump /' Valve
265 L/min
Boric Acid
EENP N 198.3 kg/cm2

48.9 °C

Letdown /

Exchang?r

265 L/min
155.5 kg/cm2
290.6 °C

Heat |

=

Regenerative
Heat
Exchanger

265 L/min
174.2 kg/cm?2
240.3 °C

]

Holdup
Volume Tank

a3 25 7FHE CVCS SMR 715 $7[31]

w3 g3
s AHdET
(Straight Channel)<
TP Eo7] H
i 9w sk
o] Ae] & = Atk

=

AA VA AL

e =2 ¥/ Counter Flow, Semi-Circular, Straight Channel

v 2wz WX

BE fAs @ AAY =olH, dnt
°]3 FoulingdS #H43}3t7] s 2%
Bedic dael, 7td 8 WrHE AEaAE =
ol BT} B AL 9aka £AEd Wes
o] kg Hsich. wekd, et 2ol YA
&2 HE(Semi-Circular) &9 A3
7 ¢

o A2



(Straight line). ©, +Z Counter Flow, Straight Hj] .

E #F3ste, LMTD HASE sl 9 F(Counter Flow)=
/AL FEE AR o, 72 A7 47 08 AR 9
Y& F2 AA2 975 A3

v PCHE 27 @<=3E {8, A5 f25c 125 §2
SdstAY 2w 2 AA 7
v' PCHE %3 Fole Zthal 7F4 3o
 PCHE A% 12/4ZF 7 265 L/min
e PCHE &% A2= {3 : 795 L/min (= 3 x 265 L/min)
e PCHE &Fdtio] Wzl FAHE AT 25(Ty): 40T(105°F)
* PCHE 9% &7 2X%: 40C(105°F)+LMTD
o A= Stainless Steel A304 (A ¥ Fugr|o ALLEHE= AE)

 Fouling Factor: 0.000175 [m*K/W] (Closed-loop treated water)

o] 714 AlgtS 1#stH, ¥ 23 70] EESE ©] &% PCHE AA ZE9



¥ 2 PCHE AAE $% F2 ¥
PCHE # Ty PCHE &4
Th, = thy
Th, = 273.15 [K]+ 265 [K]
Thy, = 322 [K]
Th, + th
Th, = _ 1 0
" 2 Th = M * Thy
avr2 5
Te, = 27315 [K]+ 240 [K]
Tc, = 27315 [K]+ 48.9 [K] Teop = Tcjp + LMTD
e, + Te, Te,, = 313.7 [K]
Tc:awr = f
Tcavrz = TCOQ i TCi2
Ph, = 1.541x107 [Pa] 2
Pc, = 1.7x107 [Pa] Ph,, = Ph; — dPh
Pnop = plwater, T =322.05, P =Ph,) Pc, = 3x108 [Pa]
mh = 282 . PNOP mh2 = mh
60 1000
mc2 = 3 - mh
mc = mh
Nh2 = Nh
kw = k(Stainless gi304. T=TW)
dh2 = dh
Gazos = 8.55x107 [Pa]
Q2 = mh2 - (hh, - hh,]

H kl ]

8} 57
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* Fouling A$ dugr|ds W3}

* PCHE Part.] &7 <%:Th o
o Z7: dh, dc, dh2, dc2

* = Nh, N¢, Nh2, N¢2

A AL

dudlr] Zol= HY 12mE EA &S 4oft AH oY 7=

* (Heatric 7]1) A A4S < A= PCHE #¢] Z7|+= 1.5m x 0.6m
ot} [12]

.« HES AR ME A FIVE A A8 smis oo fde
A &3} [32]



32 sehuE 24
321 EAGAFS I

g A G A S (Heat Transfer Coefficient)= Fn37]E A Ao
Z83% vy F shdoltt. 1268 AGASFE A A
AAPS o, dugtr] Aeolgta & F e 25 Z=EA
oo AS5S & Utk ¥, %27 & dRGAT A
olgai A tE HWFol Hls| dugr] Ae(ETE)l HA=
ags AL % 5 Qo

320
-------- k (-30%)
------------ c.(-30%)
- P

c " —— 1(-30%)

~ . —— Reference

£ 300- U Kk (+30%)

IS N c(+30%)

8 —— 1 (+30%)

£ 2904

2

©

Q

o 280

o

[}

>

< 2704

260 v 1 ' I ' I
0.0 0.2 04 06

Distance from the inlet (m)

T1¥ 26 Average temperature profile of primary fluid
according to uncertainty of material property (Water) [33]
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C
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L L

Average temperatre (°
N
2

240

—o— Gnielinski

- o— Berbish

--4-- Dittus-Boelter

—v—Kim et al

--<—-Lyon

-- >-- Lubarsky and Kaufman

—o-- Reed

—-o— Taylor and Kirchgessner, Wieland
—o—Wu and Little

- »- Wang and Peng

Lubarsky and Kaufman

Br o
> Dub-_;}‘%wb .
p
Wang and Pend|

~o: : '§§§ -
~o B
Wu and Little, Kimi?a‘i‘?‘?%‘oiggﬁg

%"Q‘Q_Q

AT=39 K

0.0

0.2

0l.4 OI.G 0.8 1.0
Distrance from the Inlet (m)

Z1¥ 27 Temperature profile in primary side by the heat transfer

Kim(2008)> Wavy +Z2] Reynold ol

correlations (Water) [33]

Friction Factor®} Nusselt

Number F3#A| 2 -& B 2L 5FA T}

0.00

@ Nikitin (2006)- Elxperimenh b/ =05 [ i
A Song (2005)- Experiment - b/a = 0.125
----- Laminar .
---—- Blasius Equation
- — = Kays and London (1984)
—— Oyakawa and Shinzato (1989) - b/x. = 0.125
—— Oyakawa and Shinzato (1989) - b/x. = 0.5

1% 28 Friction factor correlations [5]



35 4 . . ,
O Song (2005)- Experiment - b/x = 0.125
304 ----- Laminar

—— Dittus-Boelter

- — = QOyakawa and Shinzato (1989) - b/ = 0.125
—— Hesselgreaves (2001)

Re

% 302 AHEEAY AHSRSE FAIS
o] t-&3F+= Nusselts
7

=
= i
& Aolsk Qor, 7 K2 34 L %

=
) Y
Friction Factor 3218 AlL3lE AL ml$ 2838 & 4 g}

6000

80
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—+N Uheesturb
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- Nuhgeo
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323 ¢t

1% 338 PCHE AYH 123 %7} 530KY W, A A & zt
F29 gt ImmolA = dl-$ =& 2to] WASF AT o]F
23] Zrolzxitt

CVCs €udr]e FsaAle dd FAGAHZE JZ2 gHE 9]
=8 B2 AYA7E ARFHZRA =t o]= Z|AVF A<l VHTRsO
Ae €8S =007 HalAe dF7]0d B2 dgo] wol] ZQ3sit= A
oI & Holt}. Fulgo] ol 23 o] F3ZITh

Zutd [kef-my/s] = VIS H[kef/m'] x BZ F3F[m'/s] x BZ AU AH[m]

XA vs. XY (Th_o=530K)
4,000,000
3,500,000
3,000,000
2,500,000

&
8- 2,000,000
ol
= 1,500,000
I3

1,000,000

500,000

0 . X X
0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010 0.011

10
- Nh=Nc=2000 Nh=Nc=1500 Nh=Nc=1000 Nh=Nc=500 *-Nh=Nc=300

19 32 A Ao wE %9}t (Tho=530K)

=3, HEdde] B 130719 A=e] dFol LA x 7-871E T3
= A= AHEH, 10715 olste] Aqbel M= AmlH o] LAY
=]



3.24 PCHE AT 1= &7 259 279 Fa J3F

obef] 19333 I1H342 = ANFT7F A2 10000E o, FEZA 7 0]
PCHE A H3 & dojo 7} & 9F& 1 o= Ao #EH
53], = A7l 4mm °|F AAWA, FIH7} FHHoE ¢ IAA =
ojdt}t gEo] PCHE AT 12 ST 25 (Tw)’t €45 PCHE &

5 oA AAE Age wl

PCHE # XA Zo]= PCHE AT+

al
A, F2A 70| Aold5E AojArt

1.4000
1.2000

1.0000

et 0.3000 - -
= - - -
o -
-
=
el 0.6000 .
— + +
E * * + + +
=] + +
= 0.4000 % x %
1 * % x x
g - :
% 0.2000
= o © ° < ¢ & o © © ©
o fi 8 Ef 8 o Q 8 2 2
0.0000
430 450 470 430 510 530
T _h_o(K)
< dh 10mm =—dh 9mm dh 8mm +-dh 7mm *-dh 6mm
=—dh 5mm dh 4mm ©—dh 3mm o-dh 2mm O-dh Imm

713 33 PCHE AGH 312 & 259 74 vs. €8] A H
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L _total fouled

18.0000
16.0000 o
14.0000 = = o

12.0000

(m)

10.0000

8.0000

6.0000

4.0000
2.0000

0.0000
430 450 470 430 510 530

T_h_o (K)

<—dh 10mm <¢—dh 9mm A-dh 8mm —+—dh 7mm *—dh 6mm

=—dh 5mm dh 4mm —=—dh 3mm o-dh 2mm 0 dh Imm

1% 34 PCHE AT@HE 112 7 259 A4 vs. Gudr] Zoj



3.2.5 Fouling®] W F3F

19 353 362 EA43] R, Foulinge PCHE Hy& AdFHozZ F7}
AN Z1ATE, Zole] A Tmmoll A WFo] AW, =274 0] Imm7HA|
ZbopA ™ HA43] F7HRH

Volume _total fouled (Nh=1000, Th_0=520K)

0.9000 <
o o
a
o, D.6000 &
-g- 0.50 o
S . o
A o
0.3000 <
a
0.2000 @
& o
0.1000 & O
<& 0
0.0000 Fa] m] a
0.000 0.002 4 0006 0008 1
d_h{m)
O Volume_total ©— Volume_total_fouled
1% 35 Fouling®l] W& PCHE -3
L total fouled (Nh=1000, Th_0=520K)
16.0000
14.0000 o
12.0000
-E 100000
3 B.0D00 &
Rm 6.0000 O
o @ ¢ G —— R a—
uuuuu o a
2.0000 o (= o =
. 5 o o 0
H.“wv.--- 0.002 < 0.006 0.008 1
d_h(m)

0O L_tota ©— L_total_fouled

719 36 Fouling® W2 PCHE Zo°]



3.2.6 PCHE A

a8 379 19
o], PCHE ¥t

Z 0| (m)

0.2500

0.2000

0.1500

| (m?)

==
-1

0.1000

0.0500

0.0000

7.0000

6.0000

5.0000

4.0000

3.0000

2.0000

1.0000

0.0000
430

430

el SRl By 9 Zo]

O

38% HW PCHE Fgy 1= 38
Bol Bylel Zo]7t 90% o]0l

e}
o
x* x
[a] Tu]
@ °
450
¢ Volume

Volume_fouled

718 37 PCHE AW

-
1

L2

450

E7} 500K

© o
o o
© o
% g
x
x * ® ¥ * i
O O 3
<
<
<
3 o 3 % !
470 490 510 530
T_h_o (K)
O Volume2 Volume_total
*-Volume2_fouled o-Volume_total_fouled

{e]
o o i\
b o)
x * x * * t
o
o o I\ Y %
470 490 510
T_h_o(K)
L_total L_fouled x 2 fouled

38 PCHE Aoty 2 I Zo)
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*0
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o-L_total_fouled
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3277 S AFo =
19 39= PCHE AYF %

24 vs. FT] (Th_o=530K)
£
o
2
=5 +
[=] .
U—I Q
'6 +
A= &
Q
“"I 15
1]
g 10
° _# -
> N 4 A 3
\ & 8 4 %
ot § :
0.002 0.004 0.006 008 1
d_h (m)
o Nh=Nc=2000 Nh=Nc=1500 Nh=Nc=1000 Nh=Nc=500 % Nh=Nc=300

0 Nh=2000, Nc=4000 —+ Nh=1500, Nc=3000 = Nh=1000, Nc=2000 = Nh=500, Nc=1000 © Nh=300, Nc=600

13 39 2 /o) ©@E PCHE -3
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(m)

L_total_fouled

00
0.000

©-Nh=Nc=2000
*-Nh=Nc=300

o R b

X
o
-
A
0.002
O-N
O-N

M2 vs. 20| (Th_o=530K)

x
x
O x
° o : *o—x x x
e e
0.004 0.006 0.008 0.010
d_h(m)
h=Nc=1500 & Nh=Nc=1000 Nh=Nc=500
h=2000, Nc=4000 —+Nh=1500, Nc=3000 —=-Nh=1000, Ne=2000

19 40 = Jfol ©E PCHE Zo©]



3.28 PCHE F3H] (F°]-2o] H])

Kim(2008)> VHTR®| ‘ngr]9 =7|e} v &4 35 12]sh
AAAR] AR AA HASLE AT, dudr]e FHES AX|H]
&-(Capital Cost)3} -+ H]-8(Operating Cost)2] &2 A4FstH T H]-E-9
Aozl F&Fs F+ Ao Fygtes Ae A, H&S ol A
Aes & AHES ol A= & 5 o

600MWt VHTRY IHXZE tiv] FB|7} 1.09 ® Coste 147FA 4
e ASE ZAEATE T FHBI7F 1.0%0 F39 A5 wiAd = &
o]Fo] A& A2 ATHT}[5]

=
=
—a—

Ol

off
st

Kim(2008)°] W= ze 2AAL # =
7F AN, Aol AR wel xqfo] Frbgkth X3 SMWt ¢ PCHE
2E9 A% HZA F31](Aspect Ratio = Length / Height)= 1.0~2.5 T

ol 4 Utk 1Y 41
'HT_

< Hy, Wk o goiues A
4 & Atk =23 {F2 AA0] 3mmrt oI, ASAPe] A9 3 W
o] ZAol7t 0.6m Fo7bAM, A7 & ¢ = & Hh =271(1.5mx0.6m)

| ] MA A dE 5 e oYL He



(m2)

-

Volume_total_fouled

D_HU(;m)

lx=Ly=1Lz x=Lly=lz

19 41 PCHE 3 v - ASHA vs. ZS5HA

3= A48 5ds $UT RAE s A99 vind el
Q3} W% PCHE A7AIcke] 323 &% 9ge BT ok

L total Volume

E;;(]’ dh Nh Nc | Ne2 Ellfaz] L[f:;l]ed _fouled | total fouled
[m] [m]

520 | 0.0035 | 1000 | 1000 | 1000 | 22459 | 0.2768 5.371 0.1288

490 | 0.0035 | 700 700 700 48772 1.066 7.679 0.1289

470 | 0.0035 | 500 500 500 | 103329 2.15 10.76 0.129

480 | 0.003 | 2000 | 2000 | 2000 9809 0.6282 3.67 0.1293

450 | 0.003 | 1000 | 2000 | 2000 9919 1.337 4.889 0.1292

510 | 0.0035 | 700 | 1400 | 1400 | 11368 | 0.4272 | 5.158 0.1299

470 | 0.003 | 1300 | 2600 | 2600 | 5737 | 0.7855 | 3.753 0.1289

480 | 0.003 | 1500 | 3000 | 3000 | 4272 | 0.5744 | 3.269 0.1296

490 | 0.0035 | 500 | 1000 | 1000 | 23677 | 1.012 7.131 0.1282

500 | 0.0035 | 1000 | 500 | 500 | 90118 | 0.7676 | 7.183 0.1292

530 | 0.0035 | 1300 | 650 | 650 | 51145 | 0.1225 | 5478 0.1281

440 | 0.003 | 1500 | 750 | 750 | 71185 1.93 6.559 0.13

460 | 0.0035 | 500 | 250 | 250 | 426367 | 3.283 14.36 0.1291

460 | 0.003 | 2000 | 1000 | 1000 | 38881 1.118 4.913 0.1298




AUAA =& F45L Flow Induced Vibration®] €<lo] Ht}h ojo &
WE o2 5 s olate] frdol AEHETH32) WA, 1% 428 Fus
o, 29 100071 ©]/, 3mm °©]4e 2 Aol a7

2
i
4

vs. &2 (Th_o=530K)

12.0

< W
E x
aro., °
ok
4.0 -
o
X
o
2.0 @ B © * %
==t
————
0.001 0.003 0.005 0.007 0.009 0.011
d_h(m)
o Nh=Nc=2000 O Nh=Nc=1500 Nh=Nc=1000 Nh=Nc=500 x-Nh=Nc=300

0-Nh=2000, Nc=4000 —+-Nh=1500, Nc=3000 —=-Nh=1000, Nc=2000 —=-Nh=500, Nc=1000 < Nh=300, Nc=600

a9 42 AdF vs. 5
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Design Specification for PCHE for SMR CVCS

Core Size [m] 0.1241x0.1175x5.484 | Channel Length, |- o o
Partl [m]
Core Block Size[m] 0.6x0.1175x1.5 | Chamnel Length,| o,
Part2 [m]
Core/Block Volume [m’] 0.07994/0.1058 Total Channel |5 ¢,
Length [m]
The Number of channel 16 The Number of Layer 68
per a layer
Compactness [m?*/m’] 647.3 Working Fluid Water
Total Heat Duty [MW] 4.701
Hot Side, | Hot Side, | Cold Side, | Cold Side,
Part 1 Part 2 Part 1 Part 2
Thermal Parameters
Channel Type straight straight straight straight
Mass rate [kg/s] 4.4 13.19 4.4 4.4
Quantity of channel 1,224 1,224 1,224 1,224
Diameter [m] 0.003 0.003 0.003 0.003
Hydraulic Diameter [m] | 0.001833 0.001833 0.001833 0.001833
Cross Section Area [m?]| 0.004324 | 0.004324 | 0.004324 | 0.004324
Surface [m’] 3.269 48.48 3.269 48.48
Temperature (in/out)[ C] |290.6/256.9 | 256.9/48.9 | 48.9/239.9 | 40.6/152.0
LMTD [C] 111.0 38.0 111.0 38.0
Inlet Pressure [MPa] 15.4 15.4 17 3
Pressure Drop [Pa] 836.2 12175 826.9 89607
Cph[J/kg-K] 4989 4268 4245 4205
Viscosity [Pa-s] 0.0000991 | 0.0001827 | 0.0001944 | 0.0002940
Density [kg/m’] 774.9 922.7 931 962.4
Nusselts Number 53.41 38.05 37.07 79.43
Reynolds Number 18806 10196 9585 19008
Clonm/Somice) wine) | 7087/8583 | 2036/2144 | 7087/8583 | 20362144
Heat Duty [MW] 0.741 3.96 0.741 3.96
Mechanical Parameters
Pitch [m] 0.003435 0.003435 | 0.003435 0.003435
Plate Thickness [m] 0.001727 | 0.001727 | 0.001727 | 0.001727
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Abstract

Development of a design method
for printed circuit heat exchanger

for compact design of heat exchangers of CVCS

CHOI, Jungdae
Department of Engineering Practice
Graduate School of Engineering Practice

Seoul National University

Compact size is one of the most important parameters for small
modular reactor (SMR) to facilitate factory fabrication and shipping to
remote site. So, chemical and volume control system (CVCS) for the
SMR should be more compact because the size of the CVCS is
considerable in nuclear power plant.

Meanwhile, printed circuit heat exchanger (PCHE) is one of the most
promising heat exchangers of an intermediate heat exchanger in high
temperature gas-cooled reactors (HTGRs) with helical tube heat
exchanger, since PCHE offers high effectiveness and a compact size.
Thus, in this study, the numerical sizing of PCHE for CVCS heat
exchangers is proposed by replacing two shell and tube heat
exchangers for CVCS with a PCHE.

The numerical solutions is obtained by equation solver program,



Engineering Equation Solver (EES). For wvalidation of the design
method using the EES to design the PCHE, the program’s output had
been compared with experimental data in the experiment conditions.

As a result of this study, size and thermal-hydraulic performance such
as heat capacity for the PCHE for the SMR had been investigated
and it was evaluated that the size of the CVCS heat exchangers for
SMR would reduce dramatically if PCHE applies to the SMR. Differ
from PCHE for HTGRs, the numerical simulation range was expanded
to turbulent area because the working materials of the both sides are

single phase of water.

keywords : Printed Circuit Heat Exchanger, Small Modular Reactor,
Chemical and Volume Control System Heat Exchanger, Heat transfer

enhancement
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