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 coefficient h
T. F. Lin and associated frictional pressure drdyP; in a vertical plate heat exchanger for refrig-
erant R-410A. The heat exchanger consists of two vertical counterflow channels which are
Department of Mechanical Engineering, formed by three plates whose surface corrugations have a sine shape and a chevron angle
National Chaio Tung University, of 60 deg. Upflow boiling of refrigerant R-410A receives heat from the hot downflow of
Hsinchu, Taiwan, R.0.C. water. In the experiments, the mean vapor quality in the refrigerant channel is varied from
0.10 to 0.80, the mass flux from 50 to 10§/n¥s, and the imposed heat flux from 10 to
20 kW/nt for the system pressure fixed at 1.08 and 1.25 MPa. The measured data
indicate that both hand AP, increase with the refrigerant mass flux except at low vapor
quality. In addition, raising the imposed heat flux is found to significantly imprevierh
the entire range of the mean vapor quality. However, the corresponding friction fagtor f
is insensitive to the imposed heat flux and refrigerant pressure. Based on the present data,
empirical correlations are provided for hand f,, for R-410A in the plate heat ex-
changer. [DOI: 10.1115/1.1518498
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1 Introduction phase heat transfer coefficient and pressure drops all increased
with the refrigerant mass flux. In a continuing stuf| they

frigerant R-22 has been used as the working fluid in many refriﬁ-howed tr_]at in a double fluted tube for the refrigerant .Reynolds
eration and air-conditioning systems. But it will be phased out flumber higher than 4:210°, R-410A had better evaporation heat
a short period of timébefore 2020 since the chlorine it contains transfer than R-507. Wang et 8] compared the measured data
has an ozone depletion potenti@DP) of 0.055 and compara- for R-22 and R-410A flowing in a horizontal smooth tube and
tively high global warming potentidGWP) of 1500 based on the indicated that the heat transfer coefficients for R-410A were
time horizons of 100 yearfl,2]. As a result, the search for a10—20 percent higher than those for R-22 and the pressure drop of
replacement for R-22 has been intensified in recent years. OwiRg#10A was about 30—-40 percent lower than that of R-22. This
to the fact that there are no single-component hydrofluorocarbapigicome was attributed to the higher latent heat of vaporization,
(HFCs that have thermodynamic properties close to those #fermal conductivity and specific heat, and lower liquid viscosity
R-22, binary or ternary refrigerant mixtures have been introducgdr R-410A. In a similar study Ebisu and TorikodgHi0] indicated
The technical committee for the Alternative Refrigerants Evaludhat the evaporation heat transfer coefficient of R-410A was 20
tion Program(AREP) has proposed an updated list of the potentiglercent higher than that of R-22 up to the vapor quality of 0.4,
alternatives to R-222]. Some of the alternatives on the AREP’swhile the heat transfer coefficients for both R-410A and R-22
list are R-410A, R-410B, R-407C and R-507. Currently, R-134a lsecame almost the same at the quality of 0.6. Furthermore, the
extensively used in many systems. A number of investigatiopsessure drop for R-410A was about 30 percent lower than that of
have been reported in the literature dealing with the phase chamg@2 during evaporation. The quantitative differences in the pres-
heat transfer of R-134a in ducts of various geometries. Howevenre drops between R-410A and R-22 were mainly attributed to
the two-phase boiling and condensation heat transfer charactefiige lower vapor density for R-410A. Wijaya and Spdtzl]
tics for R-410A, R-410B, and R-407C have not been studied eyeached a similar conclusion.
tensively. It should be mentioned here that refrigerant R-410A is ap|ate heat exchanget®PHES have been widely used in food
mixture of R-32 and R-12850 percent by magsvhich exhibits processing, chemical reaction processes and many other industrial
azetropic behavior with a temperature glide of about 0.1°C.  gppjications due to their high effectiveness, compactness, flexibil-
A number of studies have been reported in the open literatyg ang cost competitiveness. Furthermore, they have been intro-
on the R-22 evaporation heat transfer in various enhanced dug{e to the refrigeration and air conditioning systems as evapo-
such as microfin tubef8,4], internally-fin tubeq[S], and axially 41015 or condensers. Recently, a number of investigations on
grooved tube$6]. The measured data were compared with otheSi,=¢ \were reported in the open literature. Unfortunately, these
common_refrlgerants. Recen_tly, Sami and Po[r?ércompar_ed the studies were mainly focused on the single-phase liquid-to-liquid
evaporation and condensation heat transfer data inside an gn-, transfef12—15. In view of this scarcity in the two-phase

hanced tubing for several refrigerant blends proposed as subﬁ - . .
. h at transfer data for PHEs, Yan and [i6] recently investigated
Eg:ﬁerormiﬁjzrleIrll?-lgg/lggsﬁl_ggj'iéif%rohi, Rs'ﬁgvze%n?hgletﬁgiwﬁe evaporation of R-134a in a vertical plate heat exchanger. They
y ’ y SRowed that that evaporation heat transfer for R-134a flowing in
Contributed by the Heat Transfer Division for publication in tf@JBNAL OF the PHE was much higher than that in circular tubes, particularly
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Over the past decades the HCHEydrochlorofluorocarborre-
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sults in significant flow unsteadiness and randomness. In the PHE
LOWER PLATE the upflow of R-410A in one channel is heated by the downflow of
/{Z’ER PLATE  the hot water in the other channel. The heat transfer rate in the test
/\<
'

section is calculated by measuring the total water temperature
drop in the water channel and the water flow rate.

/
\

>

In each test the system pressure at the test section is first main-
tained at a specified level. Then, the vapor quality of R-410A at
the test section inlet is kept at the desired value by adjusting the
temperature and flow rate of the hot water loop for the preheater.
Next, the heat transfer rate between the counterflow channels in

1 the test section can be varied by changing the water temperature
A and flowrate in the water loop for the tests section. Meanwhile,
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A _\dy\% M < the R-410A mass flow rate in the test section is maintained at a
A B Ty desired value.
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In the test any changes of the system variables will lead to

fluctuations in the temperature and pressure of the refrigerant
> flow. It takes about 20—100 minutes for the system to reach a
|—l0mm statistically stable state at which variations of the time-average
inlet and outlet temperatures are both less tha@h2°C, and the
variations of the pressure and imposed heat flux are within 1 per-
SECTION VIEW A-AFOR =07 cent and 4 percent, respectively. Then the data acquisition unit is

initiated to scan all the data channels for ten times in 50 sec. The

NN mean value of the data for each channel is used to calculate the
e e evaporation heat transfer coefficient and the associated frictional
SECTION VIEW B-B FOR = 90° pressure drop. Additionally, the flow rate of water in the test sec-
tion should be high enough to have turbulent flow in the water
70 mm side so that the associated single-phase heat transfer in it is high
120 mm enough for balancing the evaporation heat transfer in the refriger-
ant side.
Fig. 1 Schematic diagram of the plate Before examining the R-410A evaporation heat transfer charac-

teristics, a preliminary test for single-phase water-to-water con-

vective heat transfer in the vertical PHE is performed. The Wil-
with the refrigerant mass flux and vapor quality. Moreover, thgon’s method17] is adopted to calculate the relation between the
rise in the heat transfer coefficient with the quality was larger tha&ingle-phase heat transfer coefficient and the flow rate from these
that in the pressure drop. data. The result obtained can then be used to analyze the data

The above literature review clearly reveals that althoughcquired from the evaporation heat transfer experiments.

R-410A is one of the most possible substitutes for R-22, the two- The uncertainties of the experimental results are analyzed by
phase heat transfer data for R-410A are still scarce especially f8¢ procedures proposed by Kline and McClintddig]. This
PHEs. To complement our previous study on the two-phase h@&g@lysis indicates that the uncertainties for the data of the imposed
transfer in the PHE16], the evaporation heat transfer of R-410A0eat fluxg, mass fluxG, pressureP, pressure droj\P, average

in a vertical PHE is investigated in this study. vapor qualityX, single phase heat transfer coefficigt, evapo-
ration heat transfer coefficiemt., and friction factorf,, are re-

: spectively =6.5 percent =2 percent,=1 percent,=1.5 percent,

2 Experimental Apparatus and Procedures +8 percent,=11 percent+14.5 percent, anct16.5 percent.

The experiment apparatus established previously to explore the

R-134a evaporation in a PHHES6] is used here to investigate the3 Data Reduction

evaporation heat transfer and associated frictional pressure drop

R-410Ain a vertical PHE. It includes a refrigerant loop, two Wa'[e'g2

loops (one for preheater and the other for the test segtiand a

cold water-glycol loop. R-410A is circulated in the refrigeran

Q{'he data reduction analysis detailed in our earlier study for
-134a evaporatiofl6] is also used here to deduce the R-410A
Fvaporation heat transfer coefficient and associated frictional pres-

loop. In order to control various test conditions of R-410A in th ure .drolp frﬁm the measured ravk\]/ data. Spfecmcally, the dalta frgnt:
test section, we need to control the temperature and flow rate, sm%_?_- p | as_? watelr-to-waterr] eat tlransher tests are anal %’]Ze y
the other three loops. The detailed description of the apparatu%ng modified Wilson plo{17]. The single phase convection heat

available from our earlier studyl6]. The refrigerant flow rate is ransfer coefficient in a PHE, suggested by Shah and Fite

measured by an accurate mass flux meter manufactured by M be expressed empirically as

comotion(Type UL-D-IS) with a reading accuracy af 1 percent. k' PO
Here only the test section employed in the experiment is described h,=C- D—) ‘R PHE. | — (1)
in some detail. h Hwall

Three commercial SS-316 plates manufactured by the Kadtere the constant€ and n can be determined from the Wilson
Heat Treatment Co. Ltd., Taiwan, form the plate heat exchangelot.
(test section The plate surfaces are pressed to become groovedlo evaluate the evaporation heat transfer coefficient of the re-
with a corrugated sinusoidal shape and 60 deg of chevron ghgldrigerant flow, the total heat transfer ra@g, between the counter
The detailed configuration of the PHE can be seen in Fig. 1. THews in the PHE is calculated first from the hot water side. Then,
corrugated grooves on the right and left outer plates have athe refrigerant vapor quality at the test section inlet is evaluated
shape but those in the middle plate have a contrary V shape foem the energy balance for the preheater. The change in the re-
both sides. This arrangement allows the flow stream to be divid&iperant vapor quality in the test section is then deduced from the
into two different flow directions along the plates. Thus, the flowotal heat transfer rate to the refrigerant in the test section,
moves mainly along the grooves in each plate. Due to the contrary Q

w

V shapes between two neighbor plates the flow streams near the AX= \ )
two plates cross each other in each channel. This cross flow re- W, -igg
Journal of Heat Transfer OCTOBER 2003, Vol. 125 / 853

Downloaded From: http://heattransfer.asmedigitalcollection.asme.or g/ on 05/01/2014 Terms of Use: http://asme.org/terms



The determination of the overall heat transfer coefficient for the 200 o
evaporation of refrigerant R-410A in the PHE is based on the hea O Presentsingle-phase heat yansfer data
transfer between the counter-flow channels and is expressed as Correlation from Muley and Manglik (199

Qu
~ A-LMTD )

The log-mean temperature differenteTD) is determined from
the inlet and exit temperatures in the two channels. According to
the thermal resistances for heat transfer across the channel, tr
evaporation heat transfer coefficient in the flow of R-410A is
evaluated from the equation

1
h|=

U
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+25% 8

O

© 25%
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whereh,, is calculated from the single-phase water-to-water heat
transfer test.

In order to obtain the friction factor associated with the R-410A
evaporation in the refrigerant channel in the vertical PHE, the
frictional pressure drop\P; is calculated by subtracting the ac-
celeration pressure drop, the pressure losses at the test sectic
inlet and exit manifolds and ports, and the elevation pressure rise
from the measured total pressure drop in the refrigerant channel
The acceleration pressure drop and elevation pressure rise are €
timated by the homogeneous model for two phase gas-liquid flow AT
[19]. The pressure drop in the inlet and outlet manifolds and ports 0 0 50 100 150 200
was empirically suggested by Shah and Folck8. Based on the
above estimation, the acceleration pressure drop and the pressure
losses at the test section inlet and exit manifolds and ports ig > comparison of the present single-phase water convec-
found to be rather small. In fact, the summation of these tw@n heat transfer data with the correlation from Muley and Man-
pressure losses ranges from 1 percent to 3 percent of the tejfitd [13]
pressure drop. The pressure drop due to the elevation difference
between the inlet and outlet ports of the PHE is smaller than 1

percent of the total pressure drop. According to the definition ) o ]
higher than that at 0.1Fig. 3(a)).This significant increase df,

(oo AP¢-Dy 5) with X,, obviously results from the fact that in the high vapor
tp 2G?%. vy L quality regime, intense evaporation at the liquid-vapor interface
- . . . diminishes the thickness of the liquid film on the plate surface to
the f.”Ct'on factor for the evaporation of R-410A in the PHE '$) noticeable degree. This, in turn, reduces the resistance of heat
obtained transfer from the channel surface to the refrigerant. Furthermore,
the data also show that a rise in the refrigerant mass flux always
4 Results and Discussion produces an evident increase in the evaporation heat transfer co-
. ) efficient except at the low vapor quality regime. In fact, at low
_ The single phase water-to-water convection heat transfer coghyor quality X,,<.20) the evaporation heat transfer coefficient
ficient for the present vertical plate heat exchanger deduced frgfnsensitive to the refrigerant mass flux. This can be ascribed to
the modified Wilson plot can be correlated as the fact that the interfacial evaporation of the liquid film on the
| 014 plate is largely suppressed at low vapor quality. Moreover, the
-R&78.prt. (—m) (6) evaporation heat transfer coefficient for the higher mass flux rises
Hwal more quickly with the vapor quality than that for the lower mass
with the regression accuracy of 0.997. Here the viscositigand flux. This larger increase in, with X, at a higheiG is considered
Hwal are, respectively, based on the average bulk water and willresult from the more intense turbulence in the flow for a higher
temperatures estimated by averaging the measured inlet and ouetSimilar results were noted for other system pressures. The
temperatures in the hot and cold sides. The present single-phegsults in Fig. 3 further show that the evaporation heat transfer
heat transfer data well agree with §@8) in the study of Muley coefficient increases significantly with the imposed heat flux for
and Manglik[13], as is clear from Fig. 2. both pressures. For example,Gt75 cg/nfs andP=1.08 MPa
Effects of the refrigerant mass flux, imposed heat flux and sythe quality-average evaporation heat transfer coefficients at 20
tem pressure on the evaporation heat transfer of R-410A in tke/m? is about 32 percent higher than that at 10 K\&/mihis
vertical PHE are illustrated in Fig. 3 by presenting the changes lafige increase in the evaporation heat transfer coefficient is as-
the R-410A evaporation heat transfer coefficient with the refrige¢ribed to the higher wall superheat and thinner liquid film on the
ant vapor quality at the imposed heat fluxgs10 and 20 kw/ri  plate surface for a higher imposed heat flux. It is also noted that
for refrigerant mass fluxe8=50 to 100 kg/ris, system pressuresthe evaporation heat transfer is slightly better at the lower pressure
P=1.08 and 1.25 MPaT,= 10°C and 15°C In these plotsX,, for a higher vapor qualityX,,>0.6). At the low vapor quality for
denotes the mean R-410A vapor quality in the PHE. The tot¥l,<0.5 the effects of the pressure on the evaporation heat trans-
change in the vapor qualite X in the test section for the presentfer is insignificant except for q=20 kW/n? and G
study ranges from 0.126 and 0.337. The data in Fig. 3 cleardy100 kg/nfs (Fig. 3b)). This is attributed to the fact that the
indicate that a given heat flux, mass flux and system pressure tiehsity of the R-410A vapor is lower at a lower saturated pres-
evaporation heat transfer coefficient increases noticeably with thgre, which causes the vapor flow to move in a higher speed and
mean vapor quality of the refrigerant in the PHE. For example, Rence the higher evaporation heat transfer coefficient.
G=75 kg/nfs, P=1.08 MPa, andj=10 kW/n? the evapora- We also compare the present data for the R-410A evaporation
tion heat transfer coefficient a&,, of 0.8 is about 60 percent heat transfer in the PHE with those for R-134A in the same PHE
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Fig. 3 Variations of evaporation heat transfer coefficient with Fig. 4 Variations of friction factor with mean vapor quality for
mean vapor quality for various system pressures and refriger- various system pressures and refrigerant mass fluxes at (@ q
ant mass fluxes at (a) g=10 kW/m? and (b) g=20 kW/m? =10 kW/m? and (b) g=20 kW/m?

reported by Yan and Lif16] and with those for R-410A in a 75 kg/n?s (Fig. 4a)). Besides, the friction factor decreases sig-

horizontal smooth pipe collected by Ebisu and Torikogtd]. . : . : .
This comparison indicates that the R-410A evaporation heat tranlq;:lﬁ;tl&wihotzt)a |nA(irﬁ%she\|/g;2tra (r}nueaalli?yv%p;cgrg%agtytﬁtegv%/evca;por
fer coefficient is higher than that for R-134a in the PHE to %? mC Mmoo

. : . the vapor quality on the friction factor is insignificant. It is of
noticeable _Qegree except at high vapor quality ’_‘?ﬁ>.0-75- interest to note that the friction factor is not affected to a notice-
More specifically, at highX,, the R-134a evaporation is more

. . S ) able degree by the imposed heat flux and refrigerant pressure. We
effective. These opposite trends in different vapor quality rang&ko note that foiX,,>0.5 the frictional pressure drop of R-410A

are attributed mainly to the different thermal conductivities of th@vaporation in the PHE is substantially lower than that for R-134a

two refrigerants for the liquid and vapor phases. Specifically, t ; ; ; :
liquid thermal conductivity for R-410A is higher than that folr?ﬁ the same PHE, but is much higher than in a smooth horizontal

R-134a by about 20 percent. However, the vapor thermal cond

quality the evaporation heat transfer coefficient for R-410A i§-134a
higher than that for R-134a. The results suggest that the evaporae .
tion heat transfer in the PHE is dominated by the heat transfl%
associated with the liquid film evaporation. The comparison al
shows that for R-410A the evaporation heat transfer coefficient
the PHE is substantially higher than that in a horizontal smooﬁ
tube.

The friction factor, defined in Eq(5), associated with the
R-410A evaporation in the PHE obtained in the present study

orrelation equations for the heat transfer coefficient and fric-
n factor associated with the R-410A evaporation in the vertical
YHE are important for thermal design of evaporators in various air
nditioning and refrigeration systems. Based on the present data,
empirical correlation for the evaporation heat transfer coeffi-
cient is proposed by considering the convective and nucleate boil-
AP@ contributiong 20]. It is expressed as

presented in Fig. 4. The results indicate that the friction factor h,=E-h;+S-hp,, for 2000<Re<12,000
significantly decreases with the increase in the refrigerant mass q
flux. For example, atP=1.08 MPa, G=100 kg/nfs, andq and  0.0002-Bo<0.0020 ™

=10 kwi/n?, the quality-average fraction factor is respectivelydereh; and hpool @re respectively given by the Dittus-Boelter Eq.
about 50 percent and 30 percent lower than thosesfe60 and [21] and Coopef22] as
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Fig. 5 Comparison of the proposed correlations with the

present data for (a) the heat transfer coefficient and (b) the
friction factor

h,=0.023 R&'8. PP4. (k, /D) (8)
hp00|: 55. P?.lZ. ( _ |oglopr)—0.55_ M —0.5, q0.67 (9)

Here G is an equivalent mass flux which is a function of the
R-410A mass flux, mean vapor quality and densities at the satu-
rated conditions. Figure 5 shows that more than 74 percent of the
present experimental data fof fall within =25 percent of Eq.

(7), and the average deviation between the present dafg,fand

the proposed correlation is about 18 percent.

5 Concluding Remarks

Experiments have been carried out here to investigate the
evaporation heat transfer and the associated frictional pressure
drop for the ozone friendly refrigerant R-410A in a vertical plate
heat exchanger. The effects of the refrigerant mass flux, imposed
heat flux, system pressure and vapor quality of R-410A on the
evaporation heat transfer coefficient and friction factor were ex-
amined in detail. A summary of the major findings is given in the
following.

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

2. Arise in the imposed heat flux results in a significant in-
crease in the evaporation heat transfer coefficient. Neverthe-
less the influences of the imposed heat flux and system pres-
sure on the friction factor are rather slight.

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

A heat transfer area of the plate,2 m

Bo = boiling number, Be= q/G-i4, dimensionless
cp, = specific heat, J/kg°C

Dy = hydraulic diameterD,=2b,m

E, S = enhancement and suppression factors

fip = two-phase friction factor

BesidesE andSrespectively represent the enhancement and sup- G - refri_gerlant rn||a|§5 f_I(lij, kg/?Ef'l .
pression factors, which are dependent on the boiling number Bo, Ceq = €quivalent all liquid mass flux in Eq¢13, 14

the Martnelli parameteX;; and liquid Reynolds number ReThe
expressions foE andS are

0.86
E=1+ 24,000 Bo'!6+ 1.37( X—) (10)
tt

S=(1+1.1510 5.E2.Re*) * (12)
The friction factor is correlated as

f,,=23,820Re, "%, for 2000<Re<12,000

and 0.0002B0<0.0020 (12)
where Rg, is the equivalent Reynolds number and is defined as
Geq Dn
Reeq— T (13)
in which
p1 1/2
Geq=G{(l—Xm)+Xm- (p_g) } (14)

856 / Vol. 125, OCTOBER 2003

q
h = heat transfer coefficient, WATC
ity = enthalpy of evaporation, J/kg
k = conductivity, W/m°C
L = plate length from center of inlet port to center of
exit port,m
LMTD = log mean temperature difference, °C
M = molecular weight
Nu = Nusselt number, N& h,,- Dy/k,, dimensionless
P = pressure, Pa
Pr = Prandtl number, Pt u-cp/k, dimensionless
w = total heat transfer rat&V
q = imposed heat flux, W/f
Ryar = thermal resistance of the wall
Re = Reynolds number, Re G-D/u, dimensionless
Req = equivalent all liquid Reynolds number in E¢42,
13)
U = overall heat transfer coefficient, W€
vy = specific volume of the vapor-liquid mixture,3fkg
W = mass flow rate, kg/s
Xm = mean vapor quality
«« = Martinelli parameter, dimensionless
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Greek Symbols [8] Sami, S. M., and Poirier, B., 1998, “Two Phase Flow Heat Transfer of Binary
Mixtures Inside Enhanced Surface Tubing,” Int. Commun. Heat Mass Trans-

AP; = frictional pressure dr_op fer, 25, pp. 763—773.
AX = total quality change in the exchanger [9] Wang, C. C., Yu, J. G., Lin, S. P,, and Lu, D. C., 1998, “An Experimental
B = chevron ang|e Study of Convective Boiling of Refrigerant R-22 and R-410A,” ASHRAE

Trans., 104 pp. 1144-1150.
[10] Ebisu, T., and Torikoshi, K., 1998, “Heat Transfer Characteristics and Corre-

4 = viscosity, Ns/m

p = denSIty’ kg/rﬁ lations for R-410A Flowing Inside a Horizontal Smooth Tube,” ASHRAE
Subscripts Trans.,104, pp. 556—561.
[11] Wijaya, H., and Spatz, M. W., 1995, “Two-Phase Flow Heat Transfer and
g = vapor phase Pressure Drop Characteristics of R-22 and R-32/R125,” ASHRAE Trafs,,
| = liquid phase pp. 1020-1027.
m = mean value for the two-phase mixture in the ex- [12] Shah, R. K., and Focke, W. W., 1988, “Plate Heat Exchangers and their Design
changer Theory,” Heat Transfer Equipment DesigR. K. Shah, E. C. Subbarao, and

Mashelkar, R. A., eds. Hemisphere, Washington, pp. 227-254.

p00| = p00| b0|I|ng [13] Muley, A., and Manglik, R. M., 1999, “Experimental Study of Turbulent Flow

r = reduced, refrigerant Heat Transfer and Pressure Drop in a Plate Heat Exchanger With Chevron
w = water Plates,” ASME J. Heat Transfer,121, pp. 110-117.
wall = wall/fluid near the wall [14] Muley, A., Manglik, R. M., and Metwally, H. M., 1999, “Enhanced Heat

Transfer Characteristics of Viscous Liquid Flows in a Chevron Plate Heat
Exchanger,” ASME J. Heat Transfer121, pp. 1011-1017.
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