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Evaporation Heat Transfer and
Pressure Drop of Refrigerant
R-410A Flow in a Vertical Plate
Heat Exchanger
Experiments are carried out here to measure the evaporation heat transfer coefficier
and associated frictional pressure drop∆Pf in a vertical plate heat exchanger for refrig
erant R-410A. The heat exchanger consists of two vertical counterflow channels whi
formed by three plates whose surface corrugations have a sine shape and a chevron
of 60 deg. Upflow boiling of refrigerant R-410A receives heat from the hot downflo
water. In the experiments, the mean vapor quality in the refrigerant channel is varied
0.10 to 0.80, the mass flux from 50 to 100kg/m2s, and the imposed heat flux from 10
20 kW/m2 for the system pressure fixed at 1.08 and 1.25 MPa. The measured
indicate that both hr and∆Pr increase with the refrigerant mass flux except at low vap
quality. In addition, raising the imposed heat flux is found to significantly improve hr for
the entire range of the mean vapor quality. However, the corresponding friction factotp
is insensitive to the imposed heat flux and refrigerant pressure. Based on the presen
empirical correlations are provided for hr and ftp, for R-410A in the plate heat ex
changer. @DOI: 10.1115/1.1518498#
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1 Introduction
Over the past decades the HCFC~hydrochlorofluorocarbon! re-

frigerant R-22 has been used as the working fluid in many ref
eration and air-conditioning systems. But it will be phased ou
a short period of time~before 2020! since the chlorine it contains
has an ozone depletion potential~ODP! of 0.055 and compara
tively high global warming potential~GWP! of 1500 based on the
time horizons of 100 years@1,2#. As a result, the search for
replacement for R-22 has been intensified in recent years. Ow
to the fact that there are no single-component hydrofluorocarb
~HFCs! that have thermodynamic properties close to those
R-22, binary or ternary refrigerant mixtures have been introduc
The technical committee for the Alternative Refrigerants Eval
tion Program~AREP! has proposed an updated list of the poten
alternatives to R-22@2#. Some of the alternatives on the AREP
list are R-410A, R-410B, R-407C and R-507. Currently, R-134a
extensively used in many systems. A number of investigati
have been reported in the literature dealing with the phase ch
heat transfer of R-134a in ducts of various geometries. Howe
the two-phase boiling and condensation heat transfer charac
tics for R-410A, R-410B, and R-407C have not been studied
tensively. It should be mentioned here that refrigerant R-410A
mixture of R-32 and R-125~50 percent by mass! which exhibits
azetropic behavior with a temperature glide of about 0.1°C.

A number of studies have been reported in the open litera
on the R-22 evaporation heat transfer in various enhanced d
such as microfin tubes@3,4#, internally-fin tubes@5#, and axially
grooved tubes@6#. The measured data were compared with ot
common refrigerants. Recently, Sami and Poirier@7# compared the
evaporation and condensation heat transfer data inside an
hanced tubing for several refrigerant blends proposed as su
tutes for R-22, including R-410A, R-410B, R-507 and the qua
ternary mixture R-32/125/143a/134a. They showed that the
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phase heat transfer coefficient and pressure drops all incre
with the refrigerant mass flux. In a continuing study@8# they
showed that in a double fluted tube for the refrigerant Reyno
number higher than 4.23106, R-410A had better evaporation he
transfer than R-507. Wang et al.@9# compared the measured da
for R-22 and R-410A flowing in a horizontal smooth tube a
indicated that the heat transfer coefficients for R-410A w
10–20 percent higher than those for R-22 and the pressure dro
R-410A was about 30–40 percent lower than that of R-22. T
outcome was attributed to the higher latent heat of vaporizat
thermal conductivity and specific heat, and lower liquid viscos
for R-410A. In a similar study Ebisu and Torikoshi@10# indicated
that the evaporation heat transfer coefficient of R-410A was
percent higher than that of R-22 up to the vapor quality of 0
while the heat transfer coefficients for both R-410A and R-
became almost the same at the quality of 0.6. Furthermore,
pressure drop for R-410A was about 30 percent lower than tha
R-22 during evaporation. The quantitative differences in the pr
sure drops between R-410A and R-22 were mainly attributed
the lower vapor density for R-410A. Wijaya and Spatz@11#
reached a similar conclusion.

Plate heat exchangers~PHEs! have been widely used in food
processing, chemical reaction processes and many other indu
applications due to their high effectiveness, compactness, flex
ity, and cost competitiveness. Furthermore, they have been in
duced to the refrigeration and air conditioning systems as eva
rators or condensers. Recently, a number of investigations
PHEs were reported in the open literature. Unfortunately, th
studies were mainly focused on the single-phase liquid-to-liq
heat transfer@12–15#. In view of this scarcity in the two-phase
heat transfer data for PHEs, Yan and Lin@16# recently investigated
the evaporation of R-134a in a vertical plate heat exchanger. T
showed that that evaporation heat transfer for R-134a flowing
the PHE was much higher than that in circular tubes, particula
in high vapor quality convection dominated regime. Both t
evaporation heat transfer coefficient and pressure drop incre

1;
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with the refrigerant mass flux and vapor quality. Moreover,
rise in the heat transfer coefficient with the quality was larger th
that in the pressure drop.

The above literature review clearly reveals that althou
R-410A is one of the most possible substitutes for R-22, the t
phase heat transfer data for R-410A are still scarce especially
PHEs. To complement our previous study on the two-phase
transfer in the PHE@16#, the evaporation heat transfer of R-410
in a vertical PHE is investigated in this study.

2 Experimental Apparatus and Procedures
The experiment apparatus established previously to explore

R-134a evaporation in a PHE@16# is used here to investigate th
evaporation heat transfer and associated frictional pressure dr
R-410A in a vertical PHE. It includes a refrigerant loop, two wa
loops ~one for preheater and the other for the test section!, and a
cold water-glycol loop. R-410A is circulated in the refrigera
loop. In order to control various test conditions of R-410A in t
test section, we need to control the temperature and flow rat
the other three loops. The detailed description of the apparat
available from our earlier study@16#. The refrigerant flow rate is
measured by an accurate mass flux meter manufactured by
comotion~Type UL-D-IS! with a reading accuracy of61 percent.
Here only the test section employed in the experiment is descr
in some detail.

Three commercial SS-316 plates manufactured by the K
Heat Treatment Co. Ltd., Taiwan, form the plate heat exchan
~test section!. The plate surfaces are pressed to become groo
with a corrugated sinusoidal shape and 60 deg of chevron angb.
The detailed configuration of the PHE can be seen in Fig. 1.
corrugated grooves on the right and left outer plates have
shape but those in the middle plate have a contrary V shap
both sides. This arrangement allows the flow stream to be divi
into two different flow directions along the plates. Thus, the flo
moves mainly along the grooves in each plate. Due to the cont
V shapes between two neighbor plates the flow streams nea
two plates cross each other in each channel. This cross flow

Fig. 1 Schematic diagram of the plate
Journal of Heat Transfer
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sults in significant flow unsteadiness and randomness. In the P
the upflow of R-410A in one channel is heated by the downflow
the hot water in the other channel. The heat transfer rate in the
section is calculated by measuring the total water tempera
drop in the water channel and the water flow rate.

In each test the system pressure at the test section is first m
tained at a specified level. Then, the vapor quality of R-410A
the test section inlet is kept at the desired value by adjusting
temperature and flow rate of the hot water loop for the prehea
Next, the heat transfer rate between the counterflow channe
the test section can be varied by changing the water tempera
and flowrate in the water loop for the tests section. Meanwh
the R-410A mass flow rate in the test section is maintained
desired value.

In the test any changes of the system variables will lead
fluctuations in the temperature and pressure of the refrige
flow. It takes about 20–100 minutes for the system to reac
statistically stable state at which variations of the time-aver
inlet and outlet temperatures are both less than60.2°C, and the
variations of the pressure and imposed heat flux are within 1
cent and 4 percent, respectively. Then the data acquisition un
initiated to scan all the data channels for ten times in 50 sec.
mean value of the data for each channel is used to calculate
evaporation heat transfer coefficient and the associated fricti
pressure drop. Additionally, the flow rate of water in the test s
tion should be high enough to have turbulent flow in the wa
side so that the associated single-phase heat transfer in it is
enough for balancing the evaporation heat transfer in the refri
ant side.

Before examining the R-410A evaporation heat transfer cha
teristics, a preliminary test for single-phase water-to-water c
vective heat transfer in the vertical PHE is performed. The W
son’s method@17# is adopted to calculate the relation between t
single-phase heat transfer coefficient and the flow rate from th
data. The result obtained can then be used to analyze the
acquired from the evaporation heat transfer experiments.

The uncertainties of the experimental results are analyzed
the procedures proposed by Kline and McClintock@18#. This
analysis indicates that the uncertainties for the data of the impo
heat fluxq, mass fluxG, pressureP, pressure dropDP, average
vapor qualityXm single phase heat transfer coefficienthw , evapo-
ration heat transfer coefficienthr , and friction factorf tp are re-
spectively66.5 percent,62 percent,61 percent,61.5 percent,
68 percent,611 percent,614.5 percent, and616.5 percent.

3 Data Reduction
The data reduction analysis detailed in our earlier study

R-134a evaporation@16# is also used here to deduce the R-410
evaporation heat transfer coefficient and associated frictional p
sure drop from the measured raw data. Specifically, the data f
the single-phase water-to-water heat transfer tests are analyze
the modified Wilson plot@17#. The single phase convection he
transfer coefficient in a PHE, suggested by Shah and Focke@12#,
can be expressed empirically as

hw5C•S k

Dh
D •Ren

•Pr1/3
•S m

mwall
D 0.14

(1)

Here the constantsC and n can be determined from the Wilso
plot.

To evaluate the evaporation heat transfer coefficient of the
frigerant flow, the total heat transfer rateQw between the counte
flows in the PHE is calculated first from the hot water side. Th
the refrigerant vapor quality at the test section inlet is evalua
from the energy balance for the preheater. The change in the
frigerant vapor quality in the test section is then deduced from
total heat transfer rate to the refrigerant in the test section,

DX5
Qw

Wr• i f g
(2)
OCTOBER 2003, Vol. 125 Õ 853
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The determination of the overall heat transfer coefficient for
evaporation of refrigerant R-410A in the PHE is based on the h
transfer between the counter-flow channels and is expressed

U5
Qw

A•LMTD
(3)

The log-mean temperature difference~LMTD ! is determined from
the inlet and exit temperatures in the two channels. According
the thermal resistances for heat transfer across the channe
evaporation heat transfer coefficient in the flow of R-410A
evaluated from the equation

S 1

hr
D5S 1

U D2S 1

hw
D2Rwall•A (4)

wherehw is calculated from the single-phase water-to-water h
transfer test.

In order to obtain the friction factor associated with the R-41
evaporation in the refrigerant channel in the vertical PHE,
frictional pressure dropDPf is calculated by subtracting the ac
celeration pressure drop, the pressure losses at the test se
inlet and exit manifolds and ports, and the elevation pressure
from the measured total pressure drop in the refrigerant chan
The acceleration pressure drop and elevation pressure rise a
timated by the homogeneous model for two phase gas-liquid fl
@19#. The pressure drop in the inlet and outlet manifolds and p
was empirically suggested by Shah and Focke@12#. Based on the
above estimation, the acceleration pressure drop and the pre
losses at the test section inlet and exit manifolds and ports
found to be rather small. In fact, the summation of these t
pressure losses ranges from 1 percent to 3 percent of the
pressure drop. The pressure drop due to the elevation differ
between the inlet and outlet ports of the PHE is smaller tha
percent of the total pressure drop. According to the definition

f tp52
DPf•Dh

2G2
•vm•L

(5)

the friction factor for the evaporation of R-410A in the PHE
obtained

4 Results and Discussion
The single phase water-to-water convection heat transfer c

ficient for the present vertical plate heat exchanger deduced f
the modified Wilson plot can be correlated as

hw50.2092•S K1

Dh
D •Re0.78

•Pr1/3
•S mm

mwall
D 0.14

(6)

with the regression accuracy of 0.997. Here the viscositiesmm and
mwall are, respectively, based on the average bulk water and
temperatures estimated by averaging the measured inlet and o
temperatures in the hot and cold sides. The present single-p
heat transfer data well agree with Eq.~18! in the study of Muley
and Manglik@13#, as is clear from Fig. 2.

Effects of the refrigerant mass flux, imposed heat flux and s
tem pressure on the evaporation heat transfer of R-410A in
vertical PHE are illustrated in Fig. 3 by presenting the change
the R-410A evaporation heat transfer coefficient with the refrig
ant vapor quality at the imposed heat fluxesq510 and 20 kw/m2

for refrigerant mass fluxesG550 to 100 kg/m2s, system pressure
P51.08 and 1.25 MPa (Tsat510°C and 15°C!. In these plotsXm
denotes the mean R-410A vapor quality in the PHE. The to
change in the vapor qualityDX in the test section for the presen
study ranges from 0.126 and 0.337. The data in Fig. 3 cle
indicate that a given heat flux, mass flux and system pressure
evaporation heat transfer coefficient increases noticeably with
mean vapor quality of the refrigerant in the PHE. For example
G575 kg/m2s, P51.08 MPa, andq510 kW/m2 the evapora-
tion heat transfer coefficient atXm of 0.8 is about 60 percen
854 Õ Vol. 125, OCTOBER 2003
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higher than that at 0.1~Fig. 3~a!!.This significant increase ofhr
with Xm obviously results from the fact that in the high vap
quality regime, intense evaporation at the liquid-vapor interfa
diminishes the thickness of the liquid film on the plate surface
a noticeable degree. This, in turn, reduces the resistance of
transfer from the channel surface to the refrigerant. Furtherm
the data also show that a rise in the refrigerant mass flux alw
produces an evident increase in the evaporation heat transfe
efficient except at the low vapor quality regime. In fact, at lo
vapor quality (Xm,.20) the evaporation heat transfer coefficie
is insensitive to the refrigerant mass flux. This can be ascribe
the fact that the interfacial evaporation of the liquid film on t
plate is largely suppressed at low vapor quality. Moreover,
evaporation heat transfer coefficient for the higher mass flux r
more quickly with the vapor quality than that for the lower ma
flux. This larger increase inhr with Xm at a higherG is considered
to result from the more intense turbulence in the flow for a hig
G. Similar results were noted for other system pressures.
results in Fig. 3 further show that the evaporation heat tran
coefficient increases significantly with the imposed heat flux
both pressures. For example, atG575 cg/m2s andP51.08 MPa
the quality-average evaporation heat transfer coefficients a
kW/m2 is about 32 percent higher than that at 10 KW/m2. This
large increase in the evaporation heat transfer coefficient is
cribed to the higher wall superheat and thinner liquid film on t
plate surface for a higher imposed heat flux. It is also noted
the evaporation heat transfer is slightly better at the lower pres
for a higher vapor quality (Xm.0.6). At the low vapor quality for
Xm,0.5 the effects of the pressure on the evaporation heat tr
fer is insignificant except for q520 kW/m2 and G
5100 kg/m2s ~Fig. 3~b!!. This is attributed to the fact that th
density of the R-410A vapor is lower at a lower saturated pr
sure, which causes the vapor flow to move in a higher speed
hence the higher evaporation heat transfer coefficient.

We also compare the present data for the R-410A evapora
heat transfer in the PHE with those for R-134A in the same P

Fig. 2 Comparison of the present single-phase water convec-
tion heat transfer data with the correlation from Muley and Man-
glik †13‡
Transactions of the ASME
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reported by Yan and Lin@16# and with those for R-410A in a
horizontal smooth pipe collected by Ebisu and Torikoshi@10#.
This comparison indicates that the R-410A evaporation heat tr
fer coefficient is higher than that for R-134a in the PHE to
noticeable degree except at high vapor quality forXm.0.75.
More specifically, at highXm the R-134a evaporation is mor
effective. These opposite trends in different vapor quality ran
are attributed mainly to the different thermal conductivities of t
two refrigerants for the liquid and vapor phases. Specifically,
liquid thermal conductivity for R-410A is higher than that fo
R-134a by about 20 percent. However, the vapor thermal con
tivity for R-410A is lower than that for R-134a. Hence, at low
quality the evaporation heat transfer coefficient for R-410A
higher than that for R-134a. The results suggest that the evap
tion heat transfer in the PHE is dominated by the heat tran
associated with the liquid film evaporation. The comparison a
shows that for R-410A the evaporation heat transfer coefficien
the PHE is substantially higher than that in a horizontal smo
tube.

The friction factor, defined in Eq.~5!, associated with the
R-410A evaporation in the PHE obtained in the present study
presented in Fig. 4. The results indicate that the friction fac
significantly decreases with the increase in the refrigerant m
flux. For example, atP51.08 MPa, G5100 kg/m2s, and q
510 kW/m2, the quality-average fraction factor is respective
about 50 percent and 30 percent lower than those forG550 and

Fig. 3 Variations of evaporation heat transfer coefficient with
mean vapor quality for various system pressures and refriger-
ant mass fluxes at „a… qÄ10 kWÕm2 and „b… qÄ20 kWÕm2
Journal of Heat Transfer
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75 kg/m2s ~Fig. 4~a!!. Besides, the friction factor decreases s
nificantly with the increase in the mean vapor quality at low vap
quality (Xm,0.4). At high vapor quality forXm,0.5, the effect
of the vapor quality on the friction factor is insignificant. It is o
interest to note that the friction factor is not affected to a noti
able degree by the imposed heat flux and refrigerant pressure
also note that forXm.0.5 the frictional pressure drop of R-410
evaporation in the PHE is substantially lower than that for R-13
in the same PHE, but is much higher than in a smooth horizo
pipe for all Xm . The lower frictional pressure drop for R-410
evaporation can be attributed to the fact that the densities
viscosities of R-410A vapor and liquid are lower than those
R-134a.

Correlation equations for the heat transfer coefficient and f
tion factor associated with the R-410A evaporation in the verti
PHE are important for thermal design of evaporators in various
conditioning and refrigeration systems. Based on the present d
an empirical correlation for the evaporation heat transfer coe
cient is proposed by considering the convective and nucleate b
ing contributions@20#. It is expressed as

hr5E•h11S•hpool , for 2000,Re,12,000

and 0.0002,Bo,0.0020 (7)

Hereh1 andhpool are respectively given by the Dittus-Boelter E
@21# and Cooper@22# as

Fig. 4 Variations of friction factor with mean vapor quality for
various system pressures and refrigerant mass fluxes at „a… q
Ä10 kWÕm2 and „b… qÄ20 kWÕm2
OCTOBER 2003, Vol. 125 Õ 855
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h150.023•Re1
0.8
•Pr0.4

•~k1 /Dh! (8)

hpool555•Pr
0.12

•~2 log10Pr !
-0.55

•M 20.5
•q0.67 (9)

Besides,E andS respectively represent the enhancement and s
pression factors, which are dependent on the boiling number
the Martnelli parameterXtt and liquid Reynolds number Re1. The
expressions forE andS are

E51124,000•Bo1.1611.37S 1

Xtt
D 0.86

(10)

S5~111.1531026
•E2

•Re1
1.17!21 (11)

The friction factor is correlated as

f tp523,820•Reeq
21.12, for 2000,Re,12,000

and 0.0002,Bo,0.0020 (12)

where Reeq is the equivalent Reynolds number and is defined

Reeq5
Geq•Dh

m1
(13)

in which

Geq5GF ~12Xm!1Xm•S r1

rg
D 1/2G (14)

Fig. 5 Comparison of the proposed correlations with the
present data for „a… the heat transfer coefficient and „b… the
friction factor
856 Õ Vol. 125, OCTOBER 2003
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Here Geq is an equivalent mass flux which is a function of th
R-410A mass flux, mean vapor quality and densities at the s
rated conditions. Figure 5 shows that more than 74 percent of
present experimental data forhr fall within 625 percent of Eq.
~7!, and the average deviation between the present data forf tp and
the proposed correlation is about 18 percent.

5 Concluding Remarks
Experiments have been carried out here to investigate

evaporation heat transfer and the associated frictional pres
drop for the ozone friendly refrigerant R-410A in a vertical pla
heat exchanger. The effects of the refrigerant mass flux, impo
heat flux, system pressure and vapor quality of R-410A on
evaporation heat transfer coefficient and friction factor were
amined in detail. A summary of the major findings is given in t
following.

1. The evaporation heat transfer coefficient and frictional pr
sure drop normally increases with the refrigerant mass fl
and vapor quality. It is also noted that the evaporation h
transfer coefficient is only slightly affected by the refrigera
mass flux at low vapor quality. Furthermore, the increase
the frictional pressure drop with the vapor quality is mo
evident than the rise of the heat transfer.

2. A rise in the imposed heat flux results in a significant
crease in the evaporation heat transfer coefficient. Never
less the influences of the imposed heat flux and system p
sure on the friction factor are rather slight.

3. Empirical correlation for the R-410A evaporation heat tran
fer coefficient and friction factor in the PHE were provide
to facilitate the design in various thermal systems.
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Nomenclature

A 5 heat transfer area of the plate, m2

Bo 5 boiling number, Bo5 q/G• i f g, dimensionless
cp 5 specific heat, J/kg°C
Dh 5 hydraulic diameter,Dh52b,m

E, S 5 enhancement and suppression factors
f tp 5 two-phase friction factor
G 5 refrigerant mass flux, kg/m2s

Geq 5 equivalent all liquid mass flux in Eqs.~13, 14!
h 5 heat transfer coefficient, W/m2°C

i f g 5 enthalpy of evaporation, J/kg
k 5 conductivity, W/m°C
L 5 plate length from center of inlet port to center of

exit port,m
LMTD 5 log mean temperature difference, °C

M 5 molecular weight
Nu 5 Nusselt number, Nu5 hw•Dh/k1, dimensionless

P 5 pressure, Pa
Pr 5 Prandtl number, Pr5 m•cp/k, dimensionless

Qw 5 total heat transfer rate,W
q 5 imposed heat flux, W/m2

Rwall 5 thermal resistance of the wall
Re 5 Reynolds number, Re5 G•Dh/m, dimensionless

Reeq 5 equivalent all liquid Reynolds number in Eqs.~12,
13!

U 5 overall heat transfer coefficient, W/m2°C
vm 5 specific volume of the vapor-liquid mixture, m3/kg
W 5 mass flow rate, kg/s

Xm 5 mean vapor quality
Xtt 5 Martinelli parameter, dimensionless
Transactions of the ASME
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Greek Symbols

DPf 5 frictional pressure drop
DX 5 total quality change in the exchanger

b 5 chevron angle
m 5 viscosity, Ns/m2

r 5 density, kg/m3

Subscripts

g 5 vapor phase
l 5 liquid phase

m 5 mean value for the two-phase mixture in the ex-
changer

pool 5 pool boiling
r 5 reduced, refrigerant

w 5 water
wall 5 wall/fluid near the wall
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