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ABSTRACT

In this paper, analytical studies were conducted to determine the optimal design factors and analysis parameters of a
shell-and-tube(gas cooler) type heat exchanger for a steam heat pump. Prior to the heat exchanger design, the thermophysical
properties of the refrigerant R1336mzz(Z) in the supercritical region were analyzed. It was found that, in the supercritical region,
the density and viscosity increase with pressure, whereas the specific heat decreases. The target heat transfer rate of the heat
exchanger was 3,738 kW, and the pressure drops were set to be less than 50 kPa on the shell side and less than 100 kPa on
the tube side. The design factors of the shell-and-tube heat exchanger included tube length, outer diameter, and spacing, as well
as the number of tube passes and shell baffles. It was found that a shell and tube type heat exchanger required approximately
1,503 tubes, and the overall heat transfer coefficient( /) of the gas cooler was calculated to be about 1.347 kW/m?'C. The design
factors and analysis parameters satisfying the target values were obtained. As a result, a shell-and-tube heat exchanger design

achieving an overall heat transfer coefficient nearly 100% higher than that under standard conditions was proposed.

IS MY m AFRF [kg/s]
N : I [eal

A : EF [m?] P e [kPal
G D EAAS (-] P ;U [kg/m”]
3 e [kJ/kg-TC] pr 1 ZEE 5[]
D DA A% [m] Q D BHAGE (kW]
ap  EASHEF [kPal Re CHolER £ -]
d, D RE A% [m] s, D FEZHE [m]
F D EAAS (-] T D2 [T
f ] s U D FGEAGAS [kW/m?-TC]
G D AR [keg/m’—s] v D95 [m/s]
h D GAYAS [kW/m-TC]
k D GAEE [kW/m-TC] SR}
L ;0] [m] b : H|=(baffle)
IMTD : gz} [C] i : WE(inlet)

* A7 | & AT F(KITECH, Korea Institute of Industrial Technology)
T WAIA A} E-mail : geengeen@kitech re kr

The KSFM Journal of Fluid Machinery: Vol. 28, No. 6, December 2025, pp.42~49(Received 29 Jul. 2025 revised 08 Sept. 2025; accepted for publication 09 Sept. 2025)
42 SIERUDHES| =28 M28H, MBS, pp.42~49, 2025(=2 &YXt 2025.07.29, =2+-FURE: 2025.09.08, MARIZ YR} 2025.09.09)



AR SEHIE 4 N EH(IAZY WWEY| FHN A7)

0 ;9] (outlet)

s . 4(shell)

t . B(tube)
1. M E

exchanger)o&= - 2 )
o A= aMWH 180C AY YAk 3t S| EHZO 4 A

= -
=1 3 dudl7|(shell and tube heat exchanger)S -8

i)
N
4
oy
re
-1
i
4

gl=
o

2
o

2
R
e
2
2
>
ne
o
o
oo
i)

AolA oF 30% o] 4
ez}

o
{m

Blxe e 2 1o kI o2
lo ol

ok shAgn w1y 9 A 29
o] AH o vk
= A7EHE B, Chen 57
FH Qug]e) 22zt

a0
jako}

oo 0
X,

ftjo

offl

%

£ o
IQ',

8o > oo
[N
=
i
=
()
=
L
lo
5
Oy
&
-
N
by
&5
H
g
Lo
K3
i)
gl
e

2
Lo
;

il S
ol
o
O!
)

:EE,I:
ol
o
9,
L 8 e
N
ne
o
it
i
ﬁ
rr
2L
.
w
w
l
L
3
I
8
e L B
3
)
R

)
N
2

5
=]
da

I, oft
flo
iz
2
4m
|z
e
=]
i
N
1o
nue
r>~l
e

o oX
Olr l:_‘
ook ol
ox 3R

.
Kl

i3 I-E o & 42

[ E.?..
(o)

ol

[o}

i)

oft

s Mo

Lodh o & Bl o
o
rE
o
e
-
il
4
ot
Qﬂ.
Rl
=
U
o =
mO
£
B dm

ot lo
N,
o 2
oM &
e
e
oMo | ooN N

jg_&
ot
ne e
B
3
N,

L4
w1 r

:Oé
=
ol
N
1o
e
2
0
l- |
)
HE
ol
Of
-

B
B
Lo
_(|>L
N

oRE
2 ro
* 4
2 f% 2
==
dm
Jn |z
=
(it
N
1o
o,
o
2 o

ol
2 3
N
g T
Mo 2

o

ol H@:E N
r y —_
nz P
=5
i)

40k X o oo
ok

30
i)
ol
2
)
o
=

)
N
N

iy

oo

5}

re

-

i

i)

o

£

rlo
H

N

S

(@]

3

ol
o

o
o
N

o
ox.
=
o
2]
-
I
ﬂllo F{U

%
(@)
o
ox
[>
Jalu
oz
2o
SO
A
o
rir
L
ol
m
G}
=
X
1
-
10

2
o2t
1=
X,
o
i
4
o2
SL
2
il

4 2 ARggtElo] whiL, QFA(
=& Wil R1336mzz(7)7} H8519T 180T A0g A
Absl7) SiaiAE @A) 2 Wile] 9Ae=1T13C) B

2)
o
Jo
b
u
ox
fu)
)
|o
oL
>
=
o

S=ERHMDIHSE =28 M2s8, Me=, 2025

& RI336mzz(z) Wole] 2914 Fodoln QDA
3 vk §5oA9) WA AT St ) Qe ol &
& 2712 oF 200Colth, T2l Aekaao] F7heol wet
7R 0], AAGAL] Wl oF 1.5~5.0 kw/m’C HeIE
btk masiole, s el Ri336man(2) & 29)
A 270N ATE BRE cha BEsh Aot waky

PO astel AAS ARsk, BAE Bsjo] A
A z7o] W2 AR FEsty, A AKS At
17 gk

2.1 YOSy

R1336mzz(7) Y9 EAIA]= NIST ver 10.0(20254)
< 7180 5t 2UA FAoM= Bl A ¥F
4 o) uRel BHEAE AR 9 ALE $itol

R1336ma2(Z) oo W, HAAS AP 3 JHEE

H

2 A=slodth, LEHSE 140~220C ofm, o] w9
£ 3.0~4.0 MPa ©|c}, Table 1 2317] elo|A gielo]

e B BN vehd otk
sree) wsle] WE B WE, B A R B

HEl 747} 489.02~663.79 kg/m®, 2.22~2.07 kJ/kg
-C, 0.043~0.055 g/m-s2] H$E Hepdict,

Table 1 Properties of super—critical region(R1336mzz(Z))

Pressure Density | Specific ﬂheat Viscosity C()?iil:iz\i/]ity
[MPa] [ke/m’] | [ki/ke-C] [g/m-s] [Wim-K]
3.0 489.02 222 0.043 0.038
3.1 509.5 222 0.043 0.039
32 529.31 221 0.045 0.040
33 548.43 2.19 0.046 0.040
34 566.88 2.18 0.047 0.041
3.5 584.67 2.16 0.049 0.041
3.6 601.79 2.14 0.050 0.042
3.7 618.26 2.12 0.051 0.042
3.8 634.07 2.11 0.052 0.043
39 649.25 2.09 0.053 0.043
4.0 663.79 2.07 0.055 0.043
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Specific heat [kJ/kg-°C]

445

Enthalpy [kJ/kg]

Fig. 1 Specific heat according to enthalpy
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Fig. 2 Schematic diagram of stem heat pump system
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Fig. 3 P—h diagram of stem heat pump system

Table 2 heat exchanger(gas cooler) requirements conditions

Item Refrigerant Cooling water

(R1336mzz(Z)) e
Q kW] 3,738 —
Y 210.3 143.0

Inlet
P, ; [MPa] 3.58 2.0
7, [C] 148.0 200

Outlet
P, ; [MPa] 3.48 1.95
m [kgs] 25.67 14.88

Pressure drop [kPa] below 100 below 50

200Ce] 71okel Fejo] 127t A=, o5 ZefA| &
A Ee 37 W7 52 Bt 180Ce] AgoE qhEof
2t} Table 2= 3 MWH A ARG 1.2 S|EHIO|A &
TE= 7kaE e 712 248 YER ST R1336mzz(Z)
Yool ofeg2- 3,56 MPa= YA FHof sligzict Yzt

T Ao A ko g 239ME2 1.7 MPa o] A|¥F &
wesh= Yoo 25 a1Este] 2.0 MPag 7|&XC R
skt
3. GuE|(7tAE ) SHA
3.1 71284

Fig, 4= & A9 el 7kaEe] @42 vehd 19
olty, Y= e 52 Est] WS, ddes o5
& TEEE PSS E3 SRS ddY AlE R
g Qs BEH d 4 Zof 9] X(pass) 2 HE(baffle)©]
TEo] et
3.2 B

ZtAaZe|o] Aol EES(ver, 11.573)% 2H&a}gich
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Fig. 5 Design program of heat exchanger
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o Ao LMTD " o 8519lek, el s et
ol PP oiel 2 AEARE Fol
HeAe] PALL Ao o
o] ARE-E]3l Q1= Dittus—Boelter eq, & ©]-8-3}%T}.

2 gl !
=3} -2 Dittus—Boelter eq. 52 £32 o2 AESIN
on] Mcadams eq.’”2] Zufo] oF 10% WA AAitws=
Dittus—Boelter eq.< ©]-&3t] ALES 33t olF
4 (O F2 2 o ool digt 4loln B U
21 9 sloli o] kel AsieEe ek Salolt), 1
234 (8) AFHE FE 48 1EeE Aol YA Al
a7] 91t o],

) o1}

7% Mcadams eq."?, kern eq.

* heat transfer rate

Q=0.=q, o))
mccp,c(];u - jz,z) = T.n’hcp,h (j;L,i - 1-}'1,0) (2)
, (7, -1,)-(1,,-17.,)
A= j;w -7, ) (8)
"7,
A:$ (at £=0.94) 4)
UX (LMTDX F)

S=ERHMDIHSE =28 M2s8, Me=, 2025

BIIAZ)Y Sudy| 2 4

* Heat transfer coefficient(tube side)

3
h, = 0.023Re)°Pr )/ ) (5)

i

- Pressure drop(tube side)

d[’t:ft%pr;QLrJrQN 021 (6)
£, =(0.79In (Re,) — 1.64) 2 @)

* Heat transfer coefficient(shell side)

0.7854 % D, ;2
— 5,1 C — 1
T (at ¢ =1) ®)
h, =0.023Re,"*Pri/* (=) 9

s

- Pressure drop(shell side)

AP, = £.20,G* (N, + 1D, —5— (10)
s t,0
f, =0.0733+17.7272Re ! (11)
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Table 3 1 step conditions for optimization processor

No. Item Value Low Standard High
1 Q [kW] | 3,738

2 7., [C] 143

3 | m,, [ke/s] | 149 .

4| T, [C] | 2103 Fixed

5| m,, [kefs] | 257

6 | Bafle, [%] | 20

7 L [m] - 4.0 45 5.0
8 | D, [mm] - 12.70 15.87 19.05
9 | S, [mm] 125-D,,| 155+ D,, | 195- D,
10| &, [ea] - 8 16 24
11| N, [ea] - 10 20 30

(3) 2 Ao AA(D, ) o= Ao AYsgeh FH
o] Ao|(L,)+= GHEES 1efsto] 4.5 m & 7S4S
Ak,

=89 AA(D,, )2 12.7 mm(1/2 inch), 15,87 mm(5/8
inch) ¥ 19,05 mm(3/4 inch) A% 7|&o 2 AA3}aT,
AR 2% W g T2 agsie] REO Qe
Stainless steel 3042 AAIGTE o] FHO EH AJo|
of 7A(s) e AREL FH ool HAR 19540,
1.55XD,, 9l 1.95XD, , &2 |53t

Fig, 62 A 9% 5 B3 Aol vl ol
A AE sl F= vHEE AHE(Pareto chart)o]
o, Tl A= A <A} el vlA Gl A
S7h EAMLE SRS e aglold, HaE A
B 70 BAE 712M(0zD et 22l kel sk
2 49 BAHOR Solw Aoz Bue 4 ok, )
5 G5 o] & AR wE, ol K F% d
WeAd oo} B Ajole] ko] A1 2 qlkel A

o B

ik

;09

Pareto Chart of the Standardized Effects
(response is U, o = 0.05)

Term 2179
Factor Name

A .
8 Dto
C & Sn
D N_tp
‘ E Nsb

0 1 2 3 4 5 6 7 8
Standardized Effect

Fig. 6 Pareto chart of overall heat transfer coefficient
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Pareto Chart of the Standardized Effects
(response is dP_t, o = 0.05)

Term 2179
Factor Name

A =

8 D_to
D c s

D

3

N_tp
‘ Ns.b

2 3
Standardized Effect

Fig. 7 Pareto chart of pressure drop at tube side

Pareto Chart of the Standardized Effects
(response is dP_s, o = 0.05)

Term 2179

Factor Name

D_to
sn

N_tp
Nsb

moN >

0 1 2 3
Standardized Effect

Fig. 8 Pareto chart of pressure drop at shell side

Fig. 7 FHZ g7t digh sl=lE 2pEo|H,
Fig. 8& 4% e7gsiarel tig shelE Ap=olct,

F ARASE A4S Fuol Lolg At i 71X
AL fES Ao BEAE, RH = ot Jlelef Eot
G GAGASel AR Btk 22w A S 4
st mul, 45 FHet R Alolo] 714 ul 4% wE
7} AT ARl Ao gaEn,

7] dats Y 8 A A5 F2 1)
HA(s,), FES A S(0,) D A5 S SR A
At 2L o] FoAE 42 FH 1] 1Ho] Mg F
Q3 AA AR AeR EAHT o] A5 XA
of mx]= PgFo] thE AA QAlef| vt A7] WEOR
ghehEch =3t FEol Zo| Wl 91F(p, )& XA 2
e sl AT 12ete 4.5 m 2 19.05 mm 2 I
“stact.

Table 4= XEX2A(FD T 194 23S gl 3£0]
o ZERZNANY Aags B 4 el A o
& Qaxze] tiv] o oR/7) Qe Ae=E ysuton,
3 dHGAsE 0.575 kW/m*C olc}, 194 2235} &
AR QIzpEe mAZrow MAsly, HES An 3 9
AGASE 0.897 kW/m’C oF 36% FA viehdt}, o]

S=ERHIIHEE

=28 282, H6S, 2025
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Table 4 Comparison of 1 step and standard results

Item. Standard 1 step etc.
Q [kW] 3,738 —
D,, [m] 1.804 1.276
Shell D, , [m] 1.985 1.404
N, ylea] 20 “— Parameters
L, [m] 45 — 4.5 (fixed)
D, , [mm] 15.87 19.05 19.05(Max.)
Tube S, [ 1.55 1.25 Parameters
N, [ea] 16 — Parameters
N, [ea] 4226 2,255
B, [kW/m*C] 1.765 2,012
h, [kW/m*C] 1.031 2.014
Results | UkW/m*C] 0.575 0.897
dF, [kPa] 24.13 36.41
dP, [kPa] 220 7.38
whel @PEE FHO| fw Ak BE gk B A el 3
& ek,

28 47 A4 HHske B 2
45m % 19,05 mm & 143} 4 1=1
2 o 4 0 A% U 52 AR slo] HHskE 5
Aelsich. 7t 1Al Hgh 1 S 7122 sl 2
A7F B Z7M7ro 2 AT

Table 50] 25H4 H431E Sl 84 2L ehiolch

Fig. 9 9 102 AA QIR w2 A} gHE9] B3-S
= 5314 % (contour plot)o]t}. Fig, 9 o
Ao ke Uehlle sadEol, 1~1.6 kW/m2°C~‘ﬂ
HE Uebaz Sle}, 2e8jar A5 viE ol Hske] FE
o] of| wheh & o gaFo] Am wiE B w2 v} ST
of wet F7ksk= AEe Uehar Qlt

Fig. 10& F2 & oY Zshde 432 vetde 5L
Ar=olch, a4 204 = AFshd=e 100~600 kPad

;:
5
i

Table 5 2 step conditions for optimization processor

No. Item Low ‘ center ‘ High
1 L [m] 4.5 (fixed)
2 | D, [mm] 19.05 (fixed)
; - 22.86 23.81 24.77
" (120-D,,) | (125- D, ) | (130- D, ,)
4 N, lea] 12 16 20
5 N, lea] 24 27 30

S=ERHMDIHSE =28 M2s8, Me=, 2025
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Vil Ac

ocoounhwiv=o

Hold Values

275 S_n 125

Ng, [eal

25.0

125

Nt,p [ea]

Fig. 9 Contour plot of overall heat transfer coefficient

30.0
dp_t

<100
100 - 200
200 - 300
300 - 400
B 400 — 500
B 500 - 600
= > 600

Hold Values
S_n 125
275

Ny [eal

25.0

125 15.0 17:5 20.0
Nep [eal]

Fig. 10 Contour plot of pressure drop tube side

HOE Yehga 9lon, AjtRAQl 100 kPad 7|&02
BH RE & ajiAes oF 177 ofsta AAsloF oFe sl
100 kPa o|HE WS 4= Q= o8 EAHT FHI
| A5=7} 15707 E-S 749 4 AdsheFo] 100 kPa o]/do]
= o= wetEnt Fig, 112 45 g 4
el FaAEoldt, **leJ%
50 kPa o|UE ojRE vzl

Fig, 12&= AAIzH u}= _9_6
BRI Qle TaAEe|y, FHO| sjA 4= gl 40] uj
7} STVl whet B Qg FE 4 A A4S &
o, AAzANA= 2F 1,000~2,000 2]

kA Gaghy] AAA o4 el HastshuA =

o AHIALE 2= Sk Bt
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300 dP_S
<10
10 - 20
20 - 30
30 - 40
| > 40
Hold Values
Sn 125
. 215
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Fig. 11 Contour plot of pressure drop shell side
300 N_tube
< 1000
1000 - 1200
1200 - 1400
1400 - 1600
1600 - 1800
m > 1800
Hold Values
S 125
. 275
<
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Q
=
25.0
125 15.0 175 20.0
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Fig. 12 Contour plot of number of tubes
300
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\ ——0
»»»»»»»»» 50
) \ dP_t
—0
L, |- 100
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Y Y N_p = 13.1079 — 1500
Y ! Nb=258339 | e 2000
\ dP_s = 189729 u
27.5 4 dP_t = 37.4068 —— 08
B N_tube = 165314 | e 13
j v :\1'06814 Hold Values
= \ S 125

25.0

15.0

12.5 17.5 20.0
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Fig. 13 Overlaid contour plot of U, N,, dP, and dP,
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Table 6 Comparison of 1 step, 2 step and standard results

Item. Standard 1 step (ZF;:ZB
Q kW] 3,738 - -
D, [m] 1804 | 1276 | 1000
Shell D, [m] 1985 | 1404 | 1100
N, , [ea] 20 “— 27
Metrial STS 304 | <« -
1, [m] 45 < -
D, [mm] 1587 | 1905 | 1905
Tube S5, [mm] 2460 | 2381 | 2286
N, [ea] 16 <« 16
N, [ea] 4226 | 2255 | 1503
hy KWm-=C] | 1765 | 2012 | 2785
h, KWm-C] | 1031 | 2014 | 3485
Results | O [kWm-C] | 05748 | 0.8974 | 1347
dP, [kPa] 2413 | 3641 | 8169
dP. [kPa] 220 738 | 3007
Mg wE BEs W Hehid, oF o4 %
BE HE R S s b of 147, 4 5 WS St
2671 f HAE WSS 4= s WYl S A o 5
Utk onf FAAR] Ayfgto s FHO = 1,6537), &

3 ARGAGE 1,07 kW/m*Cog 25 )
Table 62 7|27, 1 A 9 2 A9 34 A& o]

A% FBZ greigslerel AREAL 100 kPag ¥
uhiell 167) olstol | AAElojor & AoR ¥
o3 AthHos oke Asteel olg7k
RAS o)) $lstol
Aol 74 AU djEros
7o) ol Ao

Z
e}

.86 mm(1,20XD,
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g
]
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2 Aellde A A FEE TRaEE EH
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u o] WajEo] As] gash A
ohowebd 2 oyuhg 2 g
MPad WSIoIA] ALSHe Zlo] FEHY Ao B
ik

[rt

A HES 35k
o 7 H*}OH (S,
HiER(N, ) = A%
o8] 1tAo] Fugtr] HAA FHgA G 7 &
FFS A= AR waEY, hAaEd AAA F
BXF 2t Ao A% g HERooF & og Ty
tf, &2 AgtelAe A3 S Foto] 7kaEe Y
AR AlQtstdet. ojuf FE4= 1,5037), SR
A4 1,347 kW/m?C, BEH = ofg 7ok
81.59 kPa, & & 9 Zskg2 30.17 kPao|t},

. Table 6] Uehd 7|2, 194 2 25 2A0E =

H s A M= Sl oF 2vff ol =
olxtt dg st E3 7|ER AR ol ARt
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