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Abstract The advantages of a printed circuit heat exchanger (PCHE) are the compactness and efficiency derived from its
heat-transfer characteristics; furthermore, a PCHE for which a diffusion bonding method was used during production can
be applied to extreme environments such as a cryogenic condition. In this study, a micro-channel PCHE fabricated by diffusion
bonding was investigated in a cryogenic environment regarding its thermal performance and the pressure drop. The test
rig consists of an LN2 storage tank, vaporizers, heaters, and a cold box, whereby the vaporized cryogenic nitrogen flows
in hot and cold streams. The overall heat-transfer coefficients were evaluated and compared with traditional correlations.
Lastly, we suggested the modified heat-transfer correlations for a PCHE in a cryogenic condition.

Key words Printed circuit heat exchanger(Q!2] 7] %3 & 1L3}7]), Cryogenic heat exchanger(=F A= @ $+7]), Heat
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Fig. 1 Flow patterns of PCHE unit plate.
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Table 1 Specification of cryogenic PCHE

1 type N type
Width[mm] 200 200
Length[mm] 400 400
Thickness[mm] 1.5 1.5
No. Channels/Plate[ea] 67 67
No. Plates[ea] 12 12
g s S

7} 200 mm, 400 mn®] =72 AAE oW Fig 1042+
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G A2 A 67701 189 NI S 244 127
2 % 2470] uhig W Aol H ekt Table 1
o] A% pCHES &4 AW= A st}
2.2 PCHE =X 2 AlgAMH|
gabg o2 A2ty wlolazAld dwsr|o] 4%

Age s oF 100 kW &3744] Ago] 7h5e T4
& dudt AFAAE AT

Fig. 2] UER ule} 7o) Ad Aol = 2FE5-3) 9
Ao AA @ FFE 93 A8 AL AT
7]. 7\"7<]Q01 o]oui| oﬂ§]_;<1/\_4 ol = 131 ;\]. ZHLe H

8 Z+7} 50 Nm'/hr, 100 Nm’/hr, 150 Nm/hr«] LHS
71 A-FBY 787t 47 A5 a2 Xd%

lo

oo ot

(777777, //////'

[}

]
=1
4
4
1/
%
]

12 Micro Channel Heat Exchanger

12 Cold Box

): LN, Tank

1 Ambient Evaporator

1= Vortex Flow heter

12 Duaphragm Flow Control Valve
Platinum RTD
Pressure Sensor

o e e e

Fig. 2 Schematic diagram of the experimental
apparatus.
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Table 2 Specification of test facility

Type  Manufacturer  Spec. Accuracy
Max.
+1% of
Flowmeter Vortex VorTek Velocity %0
rate
90 m/s
Temperature -200 o
- +0.
sensor RTD ~700C 0.17¢C
Pressure Piezo-

. . Keller 0~16 bar +£1.5% FS
transmitter electric

Flow control Diaphragm ccI

valve
. 50, 100,
Ambf‘t‘tr Fin-Tube  ILSHIN 150
evaporato Nm3 /h
Table 3 Experimental conditions
Cold side Hot side
Q T P Q T P

[Nm'/h] [C]  [bar] [Nm'/h] [C] [bar]

1 1054 -90.2 10.25 107.6 8.3 7.70

1982  -94.0 9.66 197.1 8.7 5.81

203.5 -126.6 9.77 207.2 8.6 5.85

301.6  -99.0 9.15 299.4 7.5 7.71

DB W N

351.0 -111.3 9.84 348.0 -1.4 8.59
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Table 4 Heat transfer correlation for N2 single phase and Dittus-Boelter/Gnielinski equation
Fluid Nu Dh (um)
Wu and Little” N2 0.00222 R 5Pyt Re > 3,000 55.8~72.4
Choi et al.” Na 3.82X 1070 R 9Py 1/3 2,500 < R < 20,000 3~81
Yu et al.” N2 0.007Re"2Pr? 6,000 < Re < 20,000 19~102
Dittues-boelter” - 0.023 RSPy 3004 Re > 10,000 -
(f/8)(Re—1,000)Pr
Gnielinski” - 1+12.7(£/8)2 (Pr?/3 —1) Re > 3,000 .

f=(0.79In(Re) —1.64) 2
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Table 5 Experimental results(Case 1~ Case 5)

2 urt gk AAl ZF A3 AN PrE 0.75
A= g2 e glejA pro] X5 T A

Cold side Hot side
Case 1 Inlet Outlet Inlet Outlet = 'O/]U] 7} %;101 0:17]}\1}‘: %llél—?ﬂg_i E%O] A}%Ell—‘:
- 135 ATa ARgEn /detaiz) sk Adaa o 7]
T(TC) -90.19 -13.69 8.33 -69.41
- - - - B g A3)g 7
P(bar) 10.25 10.06 7.70 7.44 del= A0 2
n (kg/ 0.037 0.037
m (kefs) Nu = aRe"Pr'/? 3)
Q(kW) 3.021 3.081 1 ) N At“r )
Re(Avg.) 3046.5 2838.9 €= Uny (aRetpr S & ) k, (aRepr & )
Pr(Avg.) 0.749 0.737 ’ D" ’ D¢
Case 2 Cold side Hot side objective function = E (e L-)2 4)
ase ;
Inlet Outlet Inlet Outlet
IO a0z oAl 870 7290 Ao AP Aol Qe SRARATE A
P(bar) 9.67 9.09 5.82 4.54 (3)_% Zlvro 2 3k gkhe] 9_5(]'(61)9] Ao o] 7}#+
m (kg/s) 0.069 0.069 2+ a, b3kS 7=l Atk 2219} objective function
Q(kW) 5.768 5.796 < Aot 2o
Re(Avg.) 5757.8 5330.4 Origin pro 8.4 ZRIIFE o]E3to] A5 a, bE
Case 3 Cold side Hot side Nu = 0.05802 Re®0 prl/3 )
Inlet Outlet Inlet Outlet
T(C) -126.6 23.9 8.60 -96.50 Fig. 5914 Kim et al 2 TAE 72 A3 g3
P(bar) 9.77 9.23 5.85 4.50 ol ke A gy e A FHdTs 2
m(kes) 0.071 0.072 R Rl M
QkW) 7.945 7.959
Re(Avg.) 6516.0 5805.8 500
Pr(Avg.) 0.764 0.739 450 .
- - & 400
Case 4 Cold side Hot side £ 35 . o
Inlet Outlet Inlet Outlet =3 300
3 ‘
T(C) 9892 2053 7.54 76.12 c 250 = Wu and Little
2 200 ittus-
P(bar) 9.15 7.66 771 5.53 E ¢ Dittus-Boelter
. o 150 A Gnielinski
m(ke/s) 0.105 0.104 S 100 -
(SR o Kim et al.
Q(kW) 8.899 9.134 ;
Re(Avg.) 8881.2 8130.1 0 100 200 300 400 500
Pr(Avg. 0.751 0.738
rAve) Experimental U (W/m2K)
Case 5 Cold side Hot side Fig. 5 Comparison of developed correlation.
Inlet Outlet Inlet Outlet
T(C) -111.3 -30.2 14 773 Table 6 RMSE comparison
P(bar) 9.84 8.10 8.59 5.96 Correlation RMSE(%)
m(kg/s) 0.122 0.121 Kim et al. 11.34
Q(kW) 10.822 9.649 Gnielinski"” 14.92
Re(Avg.) 10780 9589.4 Dittues-boelter” 20.94
Pr(Avg.) 0.759 0.742 Wu and Little” 42.70
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Table 7 Uncertainty analysis

Variables Uncertainty(%)
Q(O&ﬁii%*) 1.54~4.44
ATim(N T A A2 %) 2.87~4.17
wo%%ﬁ%ﬁ¢) 1.55~2.66

N A E vi o R 571 A x110 4 RMSE
(root mean squared error)S A4 3RS o A
Aol M 22 ghe yEpiglen g M2 RMSE
2 Table 69} 2t}

%Xéfﬂ Eﬂ#%f) %;E %* & ASHRAE Gulide line"”
LA fractlonal

9 chalel o 5

T 2.66%% ALtE ME}.

Sy oU S, oU Sam, .
U= (L2924 )? (6)
U 0Q U OAT, U
. &ZH — Q4 San
AAJ—}TH AA:Z—}W’L U
4. 3 E

2 AFE FAR FHA et A8y &
W7ol 5ol ] HHREIT T/AS
AZe 71789 A28 /‘F‘l@}"ﬂ ow, dALE 7|3}
274 3t v e 2ol A
FAY S iéﬂ‘?ﬂ’ﬂ g Fdsigleon, 71&
oﬂ ;d_)]\_f—'_ o]%@_ OE:I;S J,]./\] tﬂ L}E oﬂoﬂoﬂ/q A].&L
He A s AT vuE 0}934. ALrE ALE-3
Wu and Little,” Dittus-Boelter” = Gnielinski'® 4F3-2]
o) AL A% & ot HE Re gl 2 o
Ak st meba B e rolAls A dn
Ax ARG ARAS ARan.

BT B8 ~AQe] AYel AR o
Sl FRME R4 sl @At ANA L,
Agel walde melshn F48elNel PCHE A5
& el 9 A S At ol Yol vl
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