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Condensation heat transfer and pressure drop of HFO-1234yf in 4 mm
horizontal tube

Sang Woo Lee

Department of Refrigeration and Air-conditioning Engineering
The Graduate School, Pukyong National University

Abstract
In the case of a car using the internal combustion engine system, a heating
system using a large amount of heat generated from the engine is applied
for heating, and cooling is performed using a refrigeration system that
circulates the refrigerant by operating a belt-driven compressor. However, in
the case of electric vehicles, since the heat generated from the engine is
small, it i1s difficult to build an existing system, so an electric heater for air
heating or an electric heater for water heating is mainly used. However,
electric heaters increase the use of batteries in winter and cause a problem
of decreasing mileage. Therefore, in order to solve the battery and mileage
problem of electric vehicles, a heat pump system using HFC-134a has been
developed and applied to electric vehicles. Currently, as interest in the
environment increases across the country, HFC-134a is expected to be
gradually restricted in use as a vehicle heat pump refrigerant because ODP
0 and GWP 1300. To replace HFC-134a, HFO-1234yf, which has similar
thermodynamic properties, is gradually being used, but its performance is

insufficient compared to HFC-134a. For this, the optimal design of the heat
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exchanger is becoming very important. Therefore, in this paper, a study on
condensation heat transfer and pressure drop was conducted for the purpose
of providing basic data for the optimal design of the heat exchanger used in
the heat pump system for electric vehicles. The results are summarized as
follows. The condensation heat transfer coefficient and pressure drop of
HFO-1234yf in the double tube heat exchanger increased as the quality and
mass flux increased. However, at low quality, the effect of mass flux was
hardly seen. In addition, the condensation heat transfer coefficient decreased
as the saturation temperature increased, but the effect of the saturation
temperature was hardly observed at high mass flux and high quality, which
is very closely related to thermodynamic properties. As the temperature
difference between the coolant and the refrigerant increased, the heat transfer
coefficient tended to increase. However, at high mass flux, the difference
was hardly noticed because of the increased turbulence. Compared with
HFC-134a, HFO-1234yf showed slightly higher condensation heat transfer
coefficient at low mass flux and low quality. These experimental results will
be used as basic data for the optimal design of a heat exchanger using

HFO-1234yf.
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NOMENCLATURE

SYMBOLS

A Area m’

Bo Boiling number -

Cp Specific heat at constant pressure kJ/kgK

d diameter m

Fr Froude number -

G Mass flux kg/m’s

Ga Galileo number -

g Gravity acceleration m/s?

h Heat transfer coefficient kW/m’K

i Enthalpy kJ/kg

Ja Jakob number -

k Thermal conductivity kW/mK
Length m

Nu Nusselt number -

Pr Prandtl number -

Q Heat capacity kW

Re Reynolds number -
Temperature C
velocity m/s

X Quality -

GREEK SYMBOLS

@ Void fraction

0 Density kg/ m?
0 Gradient degree
o Surface tension kg/m’
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SUBSCRIPTS

a Air

acceleration acceleration

B free convection

coolant coolant

F Forced convection condensation
Friction Friction

f Fluid

fg From liquid to gas

g Gas

i Inner

in Inlet

L Liquid

0 outer

out Outlet

R Refrigerant

sub Subsection

tp Two phase

VO All mixture assumed to be vapor
v Vapor

w Wall
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Table 1.2 Available experimental studies on condensation heat transfer in

small diameter smooth

Author D; [mm] Refrigerant G [kg/m?s] Tsat [°C]
Del Col et al. HFC-134a,
0.96 200 - 1000 40
(2010) HFO-1234yf
_ HFO-1234z¢(E),
Anowar Hossain et
4.35 HFC-32, 150 - 400 40
al. (2012)
HFC-410A
Wang et al.
4 HFO-1234yf 100 - 400 40, 45, 50
(2012)

HFO-1234ze(E),
Rahul Agarwal et al.

6.1 HFC-134a, 100 - 300 30, 40, 50
(2015)
HFC-32
Longo et al. HFC-404A, R290,
4 75 -800 30, 35, 40
(2017) HO-1270
Zhang et al.
5 HFC-410A 390 - 1583 @ 36, 43, 50
(2018)
Yang et al. HFO-1234yf,
4 400 - 1200 15
(2018) HFC-134a
HFO-1234z¢(E),
Guo et al.
2 HC-290, 200 - 400 35, 40, 45
(2018)
HFC-161, HFC-41
HEC-32,
Hirose et al.
4.02 HFC-152a, 100 - 400 35
(2018)
HFC-410A
Longo et al. HFC-410A,
4 100 - 800 30, 35, 40
(2018) HFC-32
HFC-134a,
Longo et al. HFC-152a,
4 100 - 600 30, 35, 40
(2019) HFO-1234yf,
HFO-1234ze(E)
HFC-404A,
Jacob et al.
4.7 HFO-448A, 100 - 800 40, 50, 60
(2020)
HFO-452A
Bashar et al.
2.5 HFO-1234yf 50 - 200 20, 30

(2020)
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2.1 HFC-134a2] oA g vl

AE 2L olejzl Al 2®lol| A HFC-134a% 200090 ZWH7hA] 7H ol A}
3t Wuldoh 28y S B #Ado] FUFstEA GWP Wrle] A
{54 9 HFC ¥ AH&#F 7Z+= (Europe F-Gas), ZE &S JAA, 1= §

P (Significant New Alternatives Policy) 7§74, 7128 9AA S22 GWP
7 2o A2 Wzt BastA HAo weba WAz 3AHES HFC
1342 ABL7] Y8 WujE Mstr] AlZeg 3 HFC-152a, HFO-1234y
f, R744, HFO-445a ¢ Wul& 7Ndsidth.

2.1.1 HFC-152a

2004 Y g BlolA A-sAE oojH Al2~El A&t Wufo
thated GWPZE 150 ©]7%d<]l W& AR&3te Aol tisted= 20179 FH
= AgtetA] Fetes WA R FA AT, mepA] AR Zmol A W
A7 233 AFE Zke gAde AE AR A Aok FA0
AZF8ER AL 1% U7t HFC-134a9k A 9d3h2 542 71X HFC-15
2a7} GMES FA o2 AEH7] AFstgnh®

HFC-152a$} HFC-134a9] 3}8t4 EA4S A B QAR o] Hs8tal, H
s 13 § E983 4ol FARIEE 7]E9 HFC-134a ool

NZRIREST WE7] &2 H4 glo] IdE ALS & e &
ATt

HFC-152a2] EA &2 HFC-134a2] ¢F 60% =122, 5Y

i)

o]

ok

oo
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ANz'lo A FREE Wl & HFC-152a7F A $XE Aot =3
HFC-152a&= HFC-134aRth X3 =7} 2] g fof ¢Z7]oAe ES

o] 7]129] HFC-134aX.T} ©& Zo|1, welr h&H % Yold Zlo|th HF
C-152a ol AJ2=RlE 7]E olojd Al ="Hle] 4 FFS W% glo]l 1
2 AT & o, Al2E YA A fFEFS ZAXA
A7t 7o ¢ IPdsH A5ATE 4 7 I Eue

ZZx o] 7]& HFC-134a W¥] ¢k 20 %A= A4S 9
A

r!j

HFC-152a= 3% 4=l W57 &
A gk v]-gH] Etgujol 2 w3} A
o, AH| A FolA oojd A|xH WrlE ST w B

3

ARy dAsHA FAE 7 =S &I} 3

i
o
i
of
£
4r
e
2

A& tAYm 2 HFO-452A, HFO-448A7}F 1 ou, vlEH] Egune] &
A 249 gol A 2Tz sl R dwdty] A Al Fort Has)
BAWE] Ve E4E B fFERAA Y Yzl o

ARG HFCAl Wrl< 7HaA e f1do] Aeu= xpaFo 4 o] AR-g-ofl A
Y 59 FHF A, Ak Aol A digh tjAe I st of gt

kl

rr

2.1.2 HFO-1234yf

2006 39 St L PEAA NHE AZAAANA H WS L7083
o, 22 El 6 vl A zolA AHE tiAWe AEA A= H G
of ek MM Hr7E AFRE dESFHEA AE5AHA Y AN Bor] ARE

wTE4 FEOE AL H ¥eiek DP-1
Qoo #ZAd EAAJ] 547 /A4S B AZE oA W@l HFO

-1234yfE et Th NS HFO-1234yf iAW el ODP 2 GWP7} &
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o 8" == BFHIL 3oH, 7|F HFC-134aE AH&3te oozl Al
SR FEEES R MRS Aol Theshr] wEel V1€ <lzehe &
o

2 7B AHE I e

A

HFC-1234yf W= GWP7} 40|31, ODP7} 0, 5442 {la tir] Fol
A== =7t 71£9] HFC-134a7} 141321 Zlo| vlstA w2 AJ7kel] £3)
Ho] glojRthE Folt) HFO-1234yfi= HFC-134a thH] Zkdo] 19% 7+
2gholl whel HFC-134a tiH] oF 44% A W Aso] #asit webA

FU LS MY Aol 85718 B3 AYe FYEE A

=7F18% SUHEH, ol 45719 &5 FIAE 5 1o, HFO-12
34yf o Z3Igte o] F7]
Hd= 7F A 7 Ao F7F 40 5719 W BEE 2571 A5ty
WAao EgsiA A& =3
Zoof 3lH, 18 & FH7] o] Qs

HFO-1234yf Wul Al2="lo] A% F4 mj#dH 7oA Y dEHELES
N8k H HFC-134a ool A28 FARE A5 SRV} 7Hsstth. AA =
T ol Aol SteEEA AdH AW BE o MRS E HFC-134a © o]

A AN2"T £5% olule] A% &r7F 7bsstanh? SRRl HFO-1234yf

S
N
K
rd
A
<
iR
-
=2
>,
o
Y
b
\
o
Hir
N
=
Sl
=2

™

Y

W= 7} Yo ASHRAE(American Society of Refrigeration and Air-co
nditioning Engineers, V] &ZWY&3383]) EF =™, nj7FdAd o
(A2L)°l sgE oY

ASHRAEOI| A &F3ste Wrlo] 543 sl 7S B 542 Cla
ss A, Class B2 U™, QIstAol wet 1, 2, 39] 371A] 1Fo =2 FEHATH
o714 Class 2L & Yvjo] ALEE7F 10cm/s ©l8tE AEAHE W= A
&5+ HFO-1234yf5 &3t7] {8t vzol F71=AT. GWP A
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skl HFCs B2 Aludled med, SAdo=2 A2L Y= &<
a ek

Monforte?} Caretto’® = HFO-1234yf Wuj o] 3t Ao dfsle] thefst v
Moz HS5S J¥sto] HFO-134a8} ZHol7} glas B3 @4 oA d
oAl 2571 £& 54 FEoAY 2 B S50 g A3 A9

2 A=«

Ol
o
rlr
32
O

Seybold 5°” & SAE CRPI1234 9] UZO 2 HFO-1234yfdre] stdA S
Brbetr] Y8kl PAG LY} Este] ofe] A I3t AlES ¢ 2
I ApgE YejE ARgo] Ajtsitta AES Wt

2.1.3 R-744

|

(|

R-744% ©]7] 18009t FHHEE] Mubg WEio] AREglonv, xye
Yuje] 402 AHE AFAT AN AF2338 AT 52 W
AFEFA o] th3F -8 © & HFC-152a %=+ HFO-1234yfe} 2o A28 Wy
7} 2dstg o, st RRE ] b, AbEH 71, S g A%
S FAZE AAFHA FAh, AA XSHHR] R-744 oA|oj7d Al =Flof| #e

H fo AsA AxAsd FFEHIA S ot P HIA
t}. R-744 Wuj= GWPY} 10)1, BEA, H7FAA S 7R, 374 54 232 E

b

o%

FEE ISAEZAQ Yoz fHEE Bilo] o, Zd& T4
A 7E S TE ZoE A U

Yoo 5% & % Directive 2006/40/EC 7 ™32 93l HFC-134a, H
FO-1234yf, R744 Wull & zteFoll A2bsta Wt Alds 3 A3, T34 A
& R7447}F 7V 997319031, HFC-134a$} HFO-1234yf= H]<23HA] UERst
ot olo] FuoA Al@g 2 PrHANo| A= R744% HFC-134a THH] oF
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22 - 28% IR oY, B AE foE sty hFV] FYYL tah
Eg35hAl e

T4 F7] FYLol R-744 ol Al z=Hlo| mXE FFS 4R
7] 913 Lee 50 2 A48 Asto] wpZ W, HFC-134a thH] R744E= 97 % &

2o WY 5T o 0% FEe) AxY BES AH, ol YR g
—_L
-

R-744 ujo] dYsta] EAL A Ago]l ¢otal, HIA A o] Ao}

SHAIRE R-744= B EHE AO|F R Mo 4 FEE HY|A-satet &
S A2 Ao A8 AF NS S sk Axd) Ag
A= A wEol AeA dojd g WulEe H8< AT A7 AEE
Aoz melth

2.1.4 HFO-445A

ot
Kl

7] HFC-134a5 A3t W= @A HFO-1234yf7} kS #E
AE AEs YA, 78T 54 SHAA HoluA] Xshy g
AP @7 v s AR ASE ojE o] Atk weEkA oF
Hetate] 2 WulE Ao Jdstele AEEe] Brh dEE I59
= A A (Mexichem) ©] 2] 8k HFO-1234yfe] TS R kst M EA 7|t

f
oz

AC-6(HFO-445A)2t+= Yol & ¢3E3IA T AC-6= HFO-1234z¢ (85%), HFC-
134a (9%), R-744 (6%)2] S Z, CO= 7S W7 R+ o4t
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Figure 2.2 Baker’s flow pattern maps
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H)=a+10[1—-a)"' —1]+1.7x10 *Re Va (1— Va) (2.8)
2.3.2 Dobson ¢} Chato AF3#2139 (1998)

Dobson ¢} Chato®® & W74 3.14 - 7.04 mme FHANA HCFC-12,
HCFC-22, HFC-134a 5= ©| &3l $HEAYE A& st o] <

T 8% AARASE 24 f50 P AT dSAYTh D, F
43 duee Fo NG AUZCR AL A7) AL A
%t

] 2.22
h_tlp: 1+ b% G55 2.9)
tt
0.8 0.4 ki
h; =0.023Re, °Pr, (7) (2.10)

Wavy flow correlation (when Fr,, > 7)

0.23Re,,""* GaPr,

h,, = - 025 +(1——)n 2.11
w 1+1.11X£'°8[ JaL] (di)( — @1
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2.3.3 Son &} Lee AF#413 (2009)

Son ¢} Lee” & WA 1.77, 3.36,

o FekA EetAaL APHOlHE 7Hte R Aee AT dHH = 4

FH o8 AABFF T

Nu = 0.034Re; "*Pr,"* £ .(X,,) (2.12)
1
fo(Xy) = [328(5—)""] (2.13)
tt
Nuk;
=— (2.14)

2.3.4 Patel 5 A#2% (2019)

Patel 5% & U7 | mme FHFo)A HFO-1234yf, HFC-134aS ©] &3}
of A7F fr< 200 - 800 kg/m’s®] A &5 XD APS IPSA
A AFE 7igto g A8 AAStE B AFA HolEoA £10 - 15%

1.378 +8X,, 1165
Xtt2
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2.3.5 Bashar = AF#21% (2020)

Bashar 5% & W74 25 mme 5% vlo]ZE Ao A HFO-1234yfS ©|
&3] AFFE 50 - 200 kg/m’s, LIFEE 20, 30TolA FHEHLE 23
= FHsAT AH AFAY AFE ol AFAAE BF 2 15
%] BHHAE 7HA = RS AFHCE STt

1
Nu= (Nuz + Nuy*)? (2.17)
Nu,= uL )O.I(L)O.IRE 0.9 (2 18)
F= . uV 11—z K ’
y GaP
Nuy = 0.3530("“1{(5)(&)0 5 (2.19)
JCLL

&,/ =14+ CX,'+ X,/ (2.20)

C=211—-exp (—0.28B0")1— 0.45exp (— 0.02Fr"?) (2.21)

n=1—0.87exp (—0.001Fr)Bo (2.22)
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% Different Pressure Transmitter
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C1P T-type Thermocouple {iEk Filter Dryer

g

Water pump

Liquid receiver —
— Elnmuﬂnﬂ [—
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Coriolis mass Electric heater 1  Electric heater 2
flowmeter

Magnetic gear pump

Figure 3.1 Schematic diagram of Condensation experiment equipment

2 g=EAstE SASAL SHATE Figure 3.1 #A Wz B2 35 &
QG APRA Y M=ot AFAA= A I =87, B4
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Table 3.1 Specification of composition equipment

Equipments

Specifications

Magnetic gear pump

Liquid receiver

Brine pump

Water pump

Water thermostat

Brine thermostat

Manufacturer : DongBang HighTech
Model : MG317XK/WB
Flow Range : 0.3 - 6 L/min

Manufacturer : DongHwaWin
Model : DHRV-100
Receiving volume : 15L

Manufacturer : Wilo
Model : PW-K261M
Rate flow rate(Max) : 25 L/min

Manufacturer : Wilo
Model : PW-K261M
Rate flow rate(Max) : 25 L/min

Manufacturer : P.K. tec
Power : 3 Phase, 380 V
Capacity : 11.58 kW

Refrigerant : HFC-134a

Manufacturer : P.K. tec
Power : 3 Phase, 380V
Capacity : 11.58 kW

Refrigerant : HFC-410A
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Abgatgom b AH QA (SENSYSAH PSCE0030BCPIB)Z =43}
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Table 3.2 Specification of sensor instrument

Equiments

Specifications

T-type thermocouple

Pressure sensor

Different pressure transmitter

Data loggor

Power meter

Coriolis mass flowmeter

Brine flowmeter

Water flowmeter

SLID-AC

Manufacturer : OMEGA
Model : TT-T-24S
Range(max) : 200 °C

Manufacturer : Sensys
Model : PSCE0030BCP]B
Range : 0 - 30 bar

Manufacturer : NURITECH
Model : DPS200111
Range : 0 - 1bar

Manufacturer : YOKOGAWA
Model : GM10

Manufacturer : YOKOGAWA

Model : WT332E
Manufacturer : OVAL

Model : ULTRAmassMK 1
Temperature range : -200 - 200 °C

Flow range : 0 - 60 kg/h
Manufacturer : Coreaflow

Model : TBN-II-AD

Rate flow rate : 2.8 - 11.36 L/min
Manufacturer : Coreaflow

Model : TBN-II-AD
Rate flow rate : 2.8 - 11.36 L/min

Manufacturer : Daekwang Electric
Model : 5K 300V
Power : 300V, 5kW
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32 Agw d x4

2 ATl A= HFC-134a9] iAWY 2 HEEI Sl HFO-1234yfE ©]
&3t R W 55 §F AT ¢ d¥AstE SHs . 1 5
Ao AW RuA ),

AY WPl A AR HAe] WEHE Fi AAo] VHAFE 3]
3l A4E 20bar7bA] HAE FUT H sHF AH T FAEAHAAE AT

s APAAe ddigtge] 4kPa7tA ¥
S Wi WME oF 8okgs TSI

A3 WY Al HFC-410A Aot %9 Bejl H=ZE 7hsstal v
7B ZE JhEal 7]ojgze] AT E 2dst Y
. WZbE HFC-134a A& ZHAA 98 222
3l =

HIE 7hest] AYRFE Hin Wz = k!
HE ol &3t stk 1 F o d7]e) dFFe 2ds] s a7
U7 e Al A7) R o4E B AR sgshs AETE
Axtste] ddr]e] dEgs 2HRT. AAVE A F AT AT
A& 2Hs] fls) A 2=E st AYR Ule] &2} hHol
A4 el =Ee o A9 s, AW #5, e 25
B A e AE st AT 183 A9 dolH 540 ¢=
= oA e §E Y fE 2dste] BHE AP e stk 25,
#4498 7F & FAs] AT HE AEE dolH 275 B8kl AR

338 AIxAS AYstgn. B Ao AFeE WulE HFC-134a
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Table 3.3 Experimental conditions

Refrigerant HFO-1234yf
Qualit;r X 7 0 - 71 3
Tube aial;etér 4 47
Saturation ;emﬁerature 30 - 50
Saturationil)réssure 0.79 - 1.302
Tube Yehgth 3~ | I 3400
Mass ﬂllX 3 7 400 - 1:1;07
Inner coolant temperatiurei — 16 - 735:
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Figure 4.1 HFO-1234yf condensation heat transfer coefficient

for saturation temperature 30C
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Figure 4.2 HFO-1234yf condensation heat transfer coefficient

for saturation temperature 40C
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Figure 4.3 HFO-1234yf condensation heat transfer coefficient

for saturation temperature 50C
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Figure 4.4 Comparison of HFO-1234yf condensation heat
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Figure 4.6 Comparison of HFO-1234yf condensation heat
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Figure 4.7 Comparison of HFO-1234yf condensation heat

transfer  coefficient  according

temperature with G=1,000kg/m’s
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Figure 4.8 Comparison of condensation heat transfer

coefficient of HFC-134a and HFO-1234yf at

low mass flux
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Figure 4.9 Comparison of condensation heat transfer

coefficient of HFC-134a and HFO-1234yf at
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Figure 4.11 HFO-1234yf friction pressure drop for saturation
temperature 30 C
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Figure 4.12 HFO-1234yf friction pressure drop for saturation
temperature 40C
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Figure 4.13 HFO-1234yf friction pressure drop for saturation

temperature 50C

_5‘|_

Al 4% Addy 2 uF
25

& R1234yf T =50"C, G=1000kg/m’s

@ R1234yf T =50°C, G=750kg/m’s -

o R1234yf T, =50"C, G=550kg/m’s

20 - ;
T & R1234yf T =50°C, G=400kg/m’s ]
= .
o
o = ®
5 15
o e
3
w
7]
& 10
c . [
A o
2 ®
w
5 A .
o
e o
< . * L ] b
0 T & T T T
0.0 0.2 0.4 0.6 0.8 1.0
Quality, x [-]



422 THLE BT 7

Figure 4.14% HFO-1234yfe] A& <4 550, 1,000 kg/m’soll A
30 CollA 40 CT= w7 v HAeE Rlastitt. T19HolA &
sl2 % st dgAsrt FoiAle Ae 1Y & Ao o

= Jung et al.(1989)22] Ar#2lo o3 2z AuH)

b

=]

%)

2f 10G*L
AP, = le;)— 1 f &, 2dz) 4.5)
P, =12.82X, ""(1—2)"" (4.6)
fro=0.046Re” "2 (5000 < Re < 200000) 4.7)

2] (4.5)+= Martinelli and Nelson*?2] & 735} 218 FA3t] A AH Jung
et al.(1989)9] g#2lolt}t 2le Bm dHASE dA9} A U,
T §OR oozl A 42 HlEdTE A & F Yok T} U

olA W X, ko] FHolAH AHASIE Zolx|= HS AT 4 A
423 A3 v

Figure 4.17 X3}L% 40T, A& <% 400, 500 kg/m’soll Al vpz 457
3l5 HFC-134a9} HFO-1234yfE Hlustth. tiF9] =4 HFC-134a
o] mhz FH737F HFO-1234yfRtt =2 A& & & o} o]& HFC-134a
o HAe} F7lo] HAAF, A %

Ago] 5 A7) wEolth,

=)
o

1y 5 rE el BEE st <



ps)
=

i)

50

40

30

20

Friction pressure drop [kPa]

10

@ R1234yf T, =40°C, G=1000kg/m’s
& R1234yf T, =30°C, G=1000kg/m’s
| ® R1234yf T,,=40°C, G=550kg/m’s
A R1234yf T,,=30°C, G=550kg/m’s
. & &
F Y
A @
4 @
e
A o
A
A
i e A e
A A @ ®
@ 5 ®
&
T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Quality, x [-]

Figure 4.14 Comparison of HFO-1234yf friction pressure
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Figure 4.15 Comparison of friction pressure drop of

HFC-134a and HFO-1234yf at low mass flux
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