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Abstract

Saturated flow boiling heat transfer and the associated frictional pressure drop of the ozone friendly refrigerant R-
410A (a mixture of 50 wt% R-32 and 50 wt% R-125) flowing in a vertical plate heat exchanger (PHE) are investigated
experimentally in the study. In the experiment two vertical counter flow channels are formed in the exchanger by three
plates of commercial geometry with a corrugated sinusoidal shape of a chevron angle of 60°. Upflow boiling of sat-
urated refrigerant R-410A in one channel receives heat from the downflow of hot water in the other channel. The
experimental parameters in this study include the refrigerant R-410A mass flux ranging from 50 to 125 kg/m? s and
imposed heat flux from 5 to 35 kW/m? for the system pressure fixed at 1.08, 1.25 and 1.44 MPa, which respectively
correspond to the saturated temperatures of 10, 15 and 20 °C. The measured data showed that both the boiling heat
transfer coefficient and frictional pressure drop increase almost linearly with the imposed heat flux. Furthermore, the
refrigerant mass flux exhibits significant effect on the saturated flow boiling heat transfer coefficient only at higher
imposed heat flux. For a rise of the refrigerant pressure from 1.08 to 1.44 MPa, the frictional pressure drops are found
to be lower to a noticeable degree. However, the refrigerant pressure has very slight influences on the saturated flow
boiling heat transfer coefficient. Finally, empirical correlations are proposed to correlate the present data for the sat-
urated boiling heat transfer coefficients and friction factor in terms of the Boiling number and equivalent Reynolds
number. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction limited data available for the design of PHEs used as
evaporators and condensers. Recently, Yan and Lin
[4,5] experimentally measured the evaporation and

condensation heat transfer coefficients and frictional

Plate heat exchangers (PHEs) have been widely used
in food processing, chemical reaction processes and

many other industrial applications due to their high ef-
fectiveness, compactness, flexibility, and cost competi-
tiveness. Furthermore, they have been introduced to the
refrigeration and air conditioning systems as evapora-
tors or condensers for their high efficiency and com-
pactness. Recently, a number of investigations on PHE
were reported in the open literature. Unfortunately,
most studies about PHE in the open literature were
mainly focused on the single-phase liquid-to-liquid heat
transfer, especially for water [1-3]. There are rather
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pressure drops for R-134a in a PHE. They showed that
the evaporation heat transfer for R-134a flowing in the
PHE was much higher than that in circular tubes, and
both the evaporation heat transfer coefficient and
pressure drop increased with the vapor quality. More-
over, the rise in the heat transfer coefficient with the
vapor quality was larger than that in the pressure drop.

Over the past decades the hydrochlorofluorocarbon
(HCFC) refrigerant R-22 has been used as the working
fluid in many air-conditioning systems. But it will be
phased out in a short period of time (before 2020) be-
cause of its high ozone depletion potential (ODP) and
comparatively high global warming potential (GWP).
As a result, the search for a replacement for R-22 has
been intensified in recent years. Owing to the fact that
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Nomenclature

A heat transfer area of the plate, m?

b channel spacing, m

Bo boiling number, Bo = q/Gi,,
dimensionless

Gy specific heat, J/kg °C

Dy hydraulic diameter, m

f friction factor in Eq. (22), dimensionless

g acceleration due to gravity, m/s’

G mass flux, kg/m? s

Geq equivalent all liquid mass flux in Eq. (28)

h heat transfer coeflicient, W/m? °C

lfg enthalpy of vaporization, J/kg

k thermal conductivity, W/m °C

L channel length from center of inlet port to

center of exit port, m

LMTD log mean temperature difference, °C

P system pressure, MPa

Pr Prandtl number, Pr = uC,/k,
dimensionless

q average imposed heat flux, W/m?

(0] heat transfer rate, W

Ryan thermal resistance of the wall

Re Reynolds number, Re = GDy /1,
dimensionless

Regq equivalent all liquid Reynolds number
in Eq. (27)

T temperature, °C

U overall heat transfer coefficient,
W/m? °C

u flow velocity, m/s

v specific volume m?/kg

w width of the plate, m

w mass flow rate, kg/s

X vapor quality

Greek symbols

AP pressure drop, Pa

AT temperature difference, °C

AX quality change in the exchanger

p density, kg/m’

u viscosity, N s/m”

Subscripts

a acceleration

ave average

ele elevation

exp experiment

f friction

fg difference between liquid phase and vapor
phase

1, O at inlet and exit of test section

L g liquid and vapor phase

m average value for the two-phase mixture or
between the inlet and exit

man the test section inlet and exit manifolds
and ports

r refrigerant

sat saturated state

w water

wall wall of the plate heat exchanger

tp two-phase

there are no single-component HFCs which have ther-
modynamic properties close to those of R-22, binary or
ternary refrigerant mixtures have been introduced. The
alternative refrigerants evaluation program (AREP)
technical committee has established an updated list of
the potential alternatives to R-22. Some of the alterna-
tives on the AREP’s list are R-410A, R-410B, R-407C
and R-507. Among the various alternatives to R-22,
three refrigerants are gaining most favorable support
depending on application and system design [6]: a look-
alike zeotropic mixture such as 407C, higher pressure,
nearly azeotropic mixtures like R-410A or R-410B, and
the lower pressure refrigerant R-134a. Some studies were
carried out and reported in the literature dealing with
the subcooled flow boiling, saturation flow boiling,
evaporation and condensation heat transfer of R-134a in
ducts of various test section geometries, including
smooth and micro-fin tubes, plate heat exchanger and
the other enhanced heat transfer tubes for refrigerant R-
134a [4,5,7-10]. However, the two-phase heat transfer
characteristics for R-407C [11-15] and R-410A [16-21]
flow in ducts are less examined.

In the following the relevant literature on the boiling
heat transfer for R-410A is briefly reviewed. It should be
mentioned here that the refrigerant R-410A is a mixture
of 50 wt% R-32 and 50 wt% R-125 which exhibits
azeotropic behavior. Sami and Poirier [16] compared the
evaporation and condensation heat transfer data for
several refrigerant blends proposed as substitutes for
R-22, including R-410A, R-410B, R-507 and the qua-
ternary mixture R-32/125/143a/134a inside enhanced-
surface tubing. They showed that the two-phase heat
transfer coefficients and pressure drops increased with
the refrigerant mass flux for all alternative refrigerants
and R22. In a continuing study [17], they presented the
data for R-410A and R-507 in a double fluted tube in-
dicating that for the refrigerant Reynolds number higher
than 4.2 x 10°, R-410A had a greater heat transfer rate
than that of R-507. Wang et al. [18] tested nucleate
boiling on several commercially available enhanced-
surface tubes to assess the pool boiling heat transfer
performance for R-22, R-123, R-134a, R-407C, and R-
410A. The heat transfer coefficient of R-410A was found
to be higher than that of R-22 for most enhanced tubes.
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This outcome was attributed to the higher latent heat,
thermal conductivity and specific heat for R-410A and
the corresponding liquid viscosity was lower. Ebisu and
Torikoshi [19] measured the evaporation heat transfer
coefficient and proposed empirical correlations for R-
410A, R-407C and R-22 flowing inside a horizontal
smooth tube. Their results showed that the evaporation
heat transfer coefficient of R-410A was 20% higher than
that of R-22 up to the quality of 0.4, while the heat
transfer coefficients for both R-410A and R-22 became
almost the same at the quality of 0.6. Furthermore, the
pressure drop for R-410A was about 30% lower than
that of R-22 during evaporation. The quantitative dif-
ferences in the pressure drops between R-410A and R-22
were mainly attributed to the differences in vapor den-
sity of two refrigerants. The greater the vapor density,
the smaller the pressure drop of a refrigerant. A similar
study was carried out by Wijaya and Spatz [20] for re-
frigerants R-22 and R-410A in a horizontal smooth
copper tube. Their data showed that the evaporation
heat transfer coefficients for R-410A were much higher
(about 23-63%) than those for R-22, while the R-410A
pressure drops were 23-38% lower than those for R-22.
The advantageous heat transfer characteristics and
pressure drops for R-410A were ascribed to the better
transport properties for R-410A. Shen et al. [21] pro-
vided the data for the pool boiling heat transfer coef-
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ficient of the binary mixture R-32/R-125 with different
mole fractions of R-32. The results indicated that the
pressure and the heat flux dependence of the heat
transfer coefficient for the R-32/R-125 mixtures did not
significantly differ from those of pure components.

The above literature review clearly reveals that heat
transfer in PHE has been studied mainly for single-phase
flow, especially for water. Very few data are available for
the phase change heat transfer characteristics associated
with the PHEs. Although R-410A is one of the most
likely substitute for R-22, the two-phase heat transfer
data for R-410A are still scarce. To continue our pre-
vious study on the phase change heat transfer for R-
134a in PHE [4,5], the saturated flow boiling heat
transfer characteristics and pressure drops for refriger-
ant R-410A flow in a vertical PHE are investigated ex-
perimentally in this study. In addition, empirical
correlations will be developed for predicting the corre-
sponding heat transfer coefficient and friction factor for
R-410A boiling in the PHE.

2. Experimental apparatus and procedures
The experimental apparatus established in the

present study to investigate the saturated flow boiling
heat transfer of R-410A in a vertical PHE, as
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Fig. 1. Schematic diagram of the experimental system.
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schematically shown in Fig. 1, consists of four inde-
pendent loops and a data acquisition system. It includes
a refrigerant loop, two water loops (one for preheater
and the another for the test section), and a cold water—
glycol loop. In order to control various test conditions
of R-410A (including imposed heat flux, refrigerant
mass flux and system pressure) in the test section, we
need to control the temperature and flow rate in the
other three loops.

2.1. Refrigerant flow loop

The refrigerant loop contains a variable-speed re-
frigerant pump that delivers the subcooled refrigerant to
a preheater. The refrigerant mass flow rate is mainly
controlled by an AC motor through the change of the
inverter frequency. The flow rate can be further adjusted
by regulating the bypass valve in the flow path from the
refrigerant pump. To measure the refrigerant mass flow
rate, an accurate mass flux meter is installed between the
refrigerant pump and preheater with a reading accuracy
of £1%. The subcooled refrigerant liquid is heated in the
preheater to a prescribed saturated state before entering
the test section. Then, the saturated liquid refrigerant
moves into the test section and R-410A boils there. Fi-
nally, the vapor-liquid refrigerant mixture is condensed
and subcooled by the low-temperature water—glycol in
the shell-and-coil heat exchangers acting as condenser
and subcooler. An accumulator is connected to a high-
pressure nitrogen tank to dampen the fluctuations of the
flow rate and pressure. In addition, the loop is also
equipped with a receiver, a filter/dryer, a release valve, a
degassed valve and four sight glasses. The pressure of the
refrigerant loop can be controlled by varying the tem-
perature and flow rate of the water—glycol in the con-
denser and subcooler. Two absolute pressure
transducers are installed at the inlet and exit of the test
section with resolution up to +2 kPa. Furthermore, a
calibrated differential pressure transducer is used to
measure the overall pressure drop across the refrigerant
side of the vertical PHE. All the water and refrigerant
temperatures are measured by type T copper—constantan
thermocouples with a calibrated accuracy of +0.2 °C. A
5 cm thick polyethylene insulation is wrapped around
the whole loop to reduce the heat loss to the ambient.

2.2. PHE

Three commercial SS-316 plates manufactured by the
Kaori Heat Treatment, Taiwan form the PHE for the
saturated flow boiling test. The plate surfaces are
pressed to become grooved with a corrugated sinusoidal
shape and 60° of chevron angle, which is the angle of V-
grooves to the vertical axis of the plate. The detailed
configuration for the PHE can be seen in Fig. 2. The
corrugated grooves on the right and left outer plates

450 mm___

500 mm

4,

SECTION VIEW A-A

Fig. 2. Schematic diagram of PHE.

have a V shape but those in the middle plate have a
contrary V shape on both sides. This arrangement al-
lows the flow stream to be divided into two different flow
directions along the plates. Thus, the flow moves mainly
along the grooves in each plate. Due to the contrary V
shapes between two neighbor plates the flow streams
near the two plates cross each other in each channel.
This cross flow results in significant flow unsteadiness
and randomness. In fact, the flow is highly turbulent
even when the Reynolds number is low. In the PHE
three plates form two vertical counter flow channels.
Upflow of the saturated refrigerant R-410A in one
channel is heated by the downflow of the hot water in
the other channel. The heat transfer rate in the test
section is calculated by measuring the water temperature
drop between the water channel inlet and outlet and the
water flow rate.

2.3. Water loop for test section

The water loop in the experimental system for cir-
culating the hot water through the test section contains a
20 1 water thermostat with a 0.5 kW heater, and a water
pump is used to drive the hot water at a specified water
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flow rate. A by-pass valve can also be used to adjust the
water flow rate. The accuracy of measuring the water
flow rate is £0.5%.

2.4. Water loop for preheater

Another water loop designed for the preheater con-
sists of a 125 1 hot water thermostat and a water pump
which drives the hot water at specified temperature and
flow rate to the preheater. Similarly, a by-pass valve is
also used to adjust the flow rate.

2.5. Water—glycol loop

Both the condenser and subcooler, which respectively
condenses and subcools the refrigerant R-410A leaving
the test section, are cooled by an independent low-tem-
perature water—glycol loop. The cooling capacity is 3.5
kW for the water—glycol at —20 °C. A 0.5 hp pump is
used to drive the water—glycol at a specified flow rate to
the condenser as well as to the subcooler. A by-pass
valve is also provided to adjust the flow rate.

2.6. Data acquisition

The data acquisition system includes a recorder, a 24
V-3 A power supply, and a controller. The water flow-
meter and differential pressure transducer use the power
supply as a driver to output an electric current of 4 to 20
mA. The data signals are collected and converted by a
data acquisition system (Hybrid recorder). The con-
verted signals are then transmitted to a host computer
through a GPIB interface for further calculation.

2.7. Experimental procedures

In each test the R-410A pressure at the test section
inlet is first maintained at the saturated level by adjusting
the water—glycol temperature and flow rate through the
condenser and subcooler. Then, the temperature and
flow rate of the hot water loop for the preheater are
adjusted to keep the R-410A at the saturated liquid state.
Next, the heat transfer rate between the counterflow
channels in the test section can be varied by changing the
water temperature and flow rate in the water loop for the
test section. Meanwhile, by selecting the frequency of
the inverter connecting to the refrigerant pump and by
adjusting the by-pass valve, the R-410A flow rate in the
test section is maintained at a desired value.

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 min for the
system to reach a statistically stable state at which vari-
ations of the time-average inlet and outlet temperatures
are both less than +0.2 °C, and the variations of the
pressure and imposed heat flux are within 1% and 4%,

respectively. Then the data acquisition unit is initiated to
scan all the data channels for 10 times in 50 s. The mean
value of the data for each channel is used to calculate the
boiling heat transfer coefficient and pressure drop. Ad-
ditionally, the flow rate of water in the test section should
be high enough to have turbulent flow in the water side so
that the associated single-phase heat transfer in it is high
enough for balancing the boiling heat transfer in the re-
frigerant side. In this study, the Reynolds number of the
water flow is maintained beyond 200.

Before examining the R-410A saturated flow boiling
heat transfer characteristics, a preliminary test for sin-
gle-phase water-to-water convective heat transfer in the
PHE is performed. The Wilson’s method [22] is adopted
to calculate the relation between the single-phase heat
transfer coefficient and the flow rate from these data.
The single-phase heat transfer coefficient can then be
used to analyze the data acquired from the saturated
flow boiling heat transfer experiments. In order to cor-
relate the data for the R-410A saturated flow boiling
heat transfer coefficient, single-phase heat transfer tests
of liquid R-410A are also performed.

2.8. Uncertainty analysis

The uncertainties of the experimental results are an-
alyzed by the procedures proposed by Kline and
McClintock [23]. The detailed results from the present
uncertainty analysis for the experiments conducted here
are summarized in Table 1.

3. Data reduction

A data reduction analysis is needed in the present
measurement to deduce the boiling heat transfer coef-
ficient from the measured heat transfer data. From the
definition of the hydraulic diameter, Shah and Focke [24]
suggested the use of two times the mean channel spacing
as the hydraulic diameter for the PHE when the channel
width is much larger than the channel spacing, i.e.

Dy =2b for w>> b. (1)

Saturated flow boiling heat transfer coefficient and the
associated pressure drop are calculated from reducing
the measured raw data in a computer program. The
reduction procedures are described in the following
sections.

3.1. Single-phase heat transfer

In the single-phase liquid water-to-liquid refrigerant
heat transfer tests, the energy balance between the water
and refrigerant sides was found to be within 2.0% for all
runs. That is
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Table 1
Summary of the uncertainty analysis
Parameter Nominal values Uncertainty
PHE geometry
Length, width and thickness 500, 120, 0.4 mm +0.00005 m
Area of the plate 0.064 m? +7 x 1075 m?
Sensors
Temperature, T’ 7.5-30.5 °C +0.2 °C
Temperature difference, AT 0.2-9.6 °C +4.5%
System pressure, P 1.05-1.45 MPa £0.002 MPa
Pressure drop, AP 4000-11500 Pa £200 Pa
Water flow rate, W, 1.60-2.85 I/m +2%
Mass flux of refrigerant, G 50-125 kg/m” s +2%
Single-phase heat transfer
Heat transfer rate, Q 200-2500 W +6.5%
Heat transfer coefficient, 4, 950-3850 W/ m® °C +11.0%
Heat transfer coefficient, 4, 2000-5000 W/m2 °C +12.5%
Saturated flow boiling heat transfer
Boiling heat flux, ¢ 3.2-38.5 kW /m’ +8.5%
Heat transfer coefficient, 7, g, 3200-8400 W/m2 °C +14.5%
Friction factor 0.86-4.35 +16.5%
|Qw B Qr| 1 1
== <2.0%, 2 —=—————Ryad, )
Qavc ( ) hrl (]1 hw :
where where ;) and h,, are, respectively, the heat transfer co-
Ow = Wy Cou(Tuis — T (3) efficients for the single-phase liquid refrigerant R-410A
W TWERWATWE  Twe and water, and R4 is the wall thermal resistance. To
Or = WGy r(Tro = Tri), 4) obtain the single-phase R-410A convection heat transfer
Owe = (0w + 0O1)/2. (5) coefficient, the convection heat transfer coefficient in the

The thermodynamic and transport properties of water
and R-410A are calculated according to the averages of
the test section inlet and outlet temperatures. The overall
heat transfer coefficient U; between the two counter
channel flows is then calculated from

Qave

U= JLMTD (6)

where A is the heat transfer area accounting for the
actual corrugated surface of the plate which can be
found from the design data provided by the manufac-
turer. The log mean temperature difference (LMTD) is
determined from

_ (AT, — AT»)
where
ATl = Tw,i - Tr,07
AT, =T, T, ®)
2 — Lwo T Lri-

In view of the same heat transfer area in the refrigerant
and water sides, the relation between the overall heat
transfer and convection heat transfer coefficients on
both sides can be expressed as:

water side needs to be determined first. This is accom-
plished by means of separate water-to-water tests in the
same apparatus, combining with the subsequent Wilson-
plot analyses of the measured data.

3.2. Saturated flow boiling heat transfer

The procedures to calculate the saturated boiling
heat transfer coefficient of the refrigerant flow are de-
scribed in the following. Firstly, the total heat transfer
rate between the counter flows in the PHE is calculated
from the hot water side

Qw = WWCp,W(TW,i - Tw,o)- (10)

Note that before entering the test section, the refrigerant
flow is heated to the saturated liquid state from the heat
transfer in the preheater. Then, the heat transfer from
the hot water to the refrigerant sides in the test section
causes the liquid refrigerant to boil. The change in the
refrigerant vapor quality in the test section, AX, is then
deduced from the heat transfer rate between the water
and refrigerant sides in the test section Qy:

Ow

AX = X, = =%
lngVr

(11)
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Note that X, estimated above can be qualitatively
compared with that observed from the sight glass lo-
cated at the exit end of the PHE (Fig. 1). The determi-
nation of the overall heat transfer coefficient for the
saturated flow boiling of R-410A in the PHE is similar
to that for the single-phase heat transfer, i.e.

_ O
U= 4LMTD (12)
The LMTD is again calculated from
(AT, — AD)
LMTD = ————% 13
In (AT /AT:) (13)
here for the saturated boiling
ATy = Twi - Trsa )
1 : sat (14)

ATZ = Tw.o — T sat-

Finally, the saturated flow boiling heat transfer coef-
ficient in the flow of R-410A is evaluated from the
equation
11 1
hr.sat B U hw

- RwallAa (15)

where h,, is determined from the empirical correlation
for the single-phase water-to-water heat transfer test
conducted in the present study.

3.3. Friction factor

To evaluate the friction factor associated with the R-
410A saturated flow boiling, the frictional pressure drop
AP; is calculated by subtracting the acceleration pressure
drop AP,, the pressure losses at the test section inlet and
exit manifolds and ports AP,.,, and the elevation
pressure rise AP, from the measured total pressure
drop AP, in the refrigerant channel

APf:APexp_APa_Aszm_APele- (16)
The acceleration pressure drop and elevation pressure

rise are estimated by the homogeneous model for two-
phase gas-liquid flow [25]

AP, = G*up,AX, (17)
L
APele = §_7 (18)

m

where vy, is the specific volume of the vapor-liquid
mixture when the vapor and liquid are homogeneously
mixed and is given as

Um = [Xng + (1 7va)1)]} = [UI +vafg]~ (19)

The pressure drop in the inlet and outlet manifolds and
ports was empirically suggested by Shah and Focke [24].
It is approximately 1.5 times the head due to flow ex-
pansion at the inlet

2
AP, man =~ 1.5( =/ 5 20

(zvm)i (20)
where u, is the mean flow velocity. With the homo-
geneous model the mean velocity is

g = Gop. (21)

Based on the above estimation, the acceleration pressure
drop AP, and the pressure losses at the test section inlet
and exit manifolds and ports AP,., are found to be
rather small. In fact, the summation of the pressure
losses AP, and AP,,,, ranges from 1% to 3% of the total
pressure drop. According to the definition

AP:Dy
2G%v,L

f ip = (22)
the friction factor for the saturated flow boiling of R-
410A in the PHE is obtained.

4. Results and discussion

In what follows selected results from the present
measurement are presented to illustrate the saturated
boiling heat transfer and frictional pressure drop of the
R-410A flow in the vertical plate heat exchanger. Spe-
cifically, the data for the boiling heat transfer coefficient
and frictional pressure drop in the flow affected by the
refrigerant mass flux, system pressure (saturation tem-
perature) and imposed heat flux are to be examined in
detail. Furthermore, empirical correlation equations for
the heat transfer coefficient and friction factor are pro-
posed. In the present experiment the refrigerant mass
flux G is varied from 50 to 125 kg/m2 s, system pressure
P from 1.08 to 1.44 MPa (saturated temperature Ty,
from 10 to 20 °C), and imposed heat flux ¢ from 5 to
35 kW/mz. The range of the saturated temperature
chosen here is suitable for the application encountered in
air conditioning.

4.1. Single-phase heat transfer

Single-phase liquid R-410A convection heat transfer
coefficients and frictional pressure drops are determined
for the refrigerant inlet temperature ranging from § to 15
°C and mass flux from 50 to 200 kg/m” s (corresponding
to the Reynolds number of 1500-6250). Fig. 3 shows the
comparison of the present single-phase heat transfer
data for R-410A with those for R134a from Chiang [26]
in the PHE. The results showed that the single-phase
R-410A heat transfer coefficients for both R-410A and
R-134a increase with the Reynolds number. Besides, A,
for R-410A is about 25% to 35% higher than that for
R-134a. The higher heat transfer coefficient for R-410A
can be attributed mainly to the higher liquid thermal
conductivity of R-410A. For instance, the physical
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Fig. 3. Comparison of the present single-phase liquid data for: (a) heat transfer coefficient and (b) frictional pressure drop variations
with Reynolds number for R-410A with those for R-134a from [26].

Table 2
Physical properties for R-410A and R-134a
Temperature
5°C 10 °C 15 °C 20 °C
Refrigerant R-410A R-134a R-410A R-134a R-410A R-134a R-410A R-134a
o, kg/m’ 1150.9 1278.0 1129.4 1261.0 1107.8 1243.5 1086.3 1225.0
Pe> kg/m’ 359 17.14 42.5 20.23 49.1 23.8 55.6 27.78
w, 1076 Pa's 156.2 254.4 147.1 238.8 138.0 224.3 128.4 210.7
g, 107 Pas 12.6 11.0 13.0 11.5 13.2 11.4 13.6 11.58
Gy, kl/kg °C 1.534 1.355 1.568 1.370 1.601 1.3865 1.635 1.405
Cpe, kJ/kg °C 1.157 0.925 1.212 0.946 1.268 0.9725 1.323 1.001
i, kJ/kg 214.8 217.4 208.1 211.7 201.5 205.6 194.8 198.9
ki, W/m °C 0.1110 0.0912 0.1079 0.0089 0.1048 0.0087 0.1016 0.0084
kg, W/m °C 0.0123 0.0122 0.0129 0.0127 0.0136 0.0131 0.0144 0.0136

properties listed in Table 2 for R-410A and R-134a show
that at 15 °C the thermal conductivity of liquid R-410A
is approximated 15% higher than that of R-134a.
However, the density and viscosity of liquid R-410A is
respectively about 15% and 60% lower than those of R-
134a. Thus, the frictional pressure drop of liquid R-
410A is lower than that for R-134a especially at high
Reynolds numbers.

4.2. Saturated flow boiling heat transfer

The effects of the refrigerant mass flux, system
pressure and imposed heat flux on the saturated boiling
heat transfer coefficient of refrigerant R-410A in the
vertical PHE are examined in the following. The mea-
sured experimental data are presented in Fig. 4 to first
illustrate the changes of the R-410A saturated boiling
heat transfer coefficient with the imposed heat flux for
various mass fluxes and system pressures. These results
indicate that at the low imposed heat flux the saturated
flow boiling heat transfer coefficient is insensitive to the
refrigerant mass flux. This can be ascribed to the fact that

at the low imposed heat flux boiling in the liquid refrig-
erant is relatively weak due to the low wall superheat.
Furthermore, at given G and P the boiling heat transfer
coefficient increases almost linearly with the imposed
heat flux. The increase is rather significant even at a low
mass flux. For example, at G = 50 kg/m2 sand P = 1.08
MPa the boiling heat transfer coefficient for
g =35kW/m’ is about 65% higher than that for
qg=>5 kW/m2 (Fig. 4(a)). This large rise in the heat
transfer coefficient is considered to mainly result from the
higher nucleation density on the plate, higher bubble
generation frequency and faster bubble growth for a
higher imposed heat flux. In addition, it was found that
even at a low imposed heat flux of 5 kW/m2 the heat
transfer  coefficient is still maintained above
3300 W/m” °C. This is attributed to the contra V-
grooves in the PHE which cause the flow to become
highly turbulent and to the higher thermal conductivity
of R-410A.

To be more specific on how the refrigerant mass flux
affects the saturated flow boiling heat transfer coeffi-
cient, Fig. 5 shows the data for various mass fluxes at
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Fig. 4. Variations of the saturated flow boiling heat transfer coefficient with the imposed heat flux for various mass fluxes at:

(a) P =1.08 MPa; (b) 1.44 MPa.
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Fig. 5. Variations of the saturated boiling heat transfer coefficient with the imposed heat flux for various mass fluxes at P = 1.25 MPa

and G = 125 and 75 kg/m” s (a) and 100 and 50 kg/m” s (b).

P =1.25 MPa. As previously discussed, the saturated
flow boiling heat transfer coefficient is insensitive to the
change in the refrigerant mass flux at low imposed heat
flux. However, the boiling heat transfer coefficient for
the high mass flux of 125 kg/m2 s rises much quicker
than that for the low mass flux of 75 kg/m2 s (Fig. 5(a)).
For instance, the average A, for G =125 kg/m” s is
about 35% higher than that for G =75 kg/m2 s. This
result is the consequence of the stronger convection in
the flow associated with the higher mass flux, which
tends to cause the earlier departure of the bubbles on the
plate and hence enhances the bubble generation fre-
quency. A similar trend is noted for the lower refrigerant
mass fluxes of 100 and 50 kg/m2 s (Fig. 5(b)).

The effects of the system pressure of the refrigerant
channel on the saturated boiling heat transfer are illus-
trated in Fig. 6 by comparing the data at the same mass
flux for the three cases with the system pressures fixed at

1.08, 1.25 and 1.44 MPa, which are respectively equiv-
alent to the saturated temperatures of 10, 15 and 20 °C
for R-410A. These results indicate that the saturated
flow boiling heat transfer coefficient is only slightly af-
fected by the refrigerant pressure.

4.3. Frictional pressure drop

The variations of the frictional pressure drop in the
saturated flow boiling of R-410A in the PHE with the
imposed heat flux are shown in Figs. 7 and 8 for different
mass fluxes and system pressures. As that for the satu-
rated boiling heat transfer coefficient, the total frictional
pressure drop in the PHE increases with the imposed
heat flux for given mass flux and saturated pressure. It is
further noted from the results that a higher mass flux
results in a higher pressure drop. Moreover, at a higher
imposed heat flux the mass flux effects are stronger. For
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Fig. 7. Variations of the frictional pressure drop with the imposed heat flux for various mass fluxes at P = 1.08 MPa for: (a) G = 125

and 75 kg/ m” s; (b) G = 100 and 50 kg/m’ s.

example, at P =1.08 MPa and G =125 kg/m2 s the
frictional pressure drop at the imposed heat flux of
30 kW/m” is about 60% higher than that at 5 kW/m’
(Fig. 7(a)). But at P = 1.08 MPa and G = 50 kg/m’ s
the corresponding frictional pressure drop increase is
only about 35% (Fig. 7(b)). Note that the frictional
pressure drop reduces substantially for a rise of the
system pressure from 1.08 to 1.44 MPa especially at a
higher mass flux, as it is clear from the results in Fig. 8.
For example, at G = 100 kg/m’ s and ¢ = 20 kW /m’
the frictional pressure drop at the pressure of 1.08 MPa
is about 10% and 22% higher than that at P = 1.25 and
1.44 MPa, respectively. The higher AP; for a lower re-
frigerant pressure is attributed to the fact that for a
lower system pressure (that is for lower saturation
temperature) the specific volume of R-410A vapor and
the viscosity of the liquid R-410A are higher. We further
note that for most cases the rise in the saturated boiling
heat transfer coefficient with the imposed heat flux is

more prominent than that in the frictional pressure
drop.

4.4. Correlation equations

Correlation equations for the heat transfer coefficient
and frictional pressure drop associated with the satu-
rated flow boiling of R-410A in the vertical PHE con-
sidered here are important in the design of highly energy
efficient air conditioning and refrigeration systems.
Based on the present data the boiling heat transfer co-
efficient can be correlated as

hr,sat = hr.l (88800‘5)7 (23)
where A, is the all-liquid nonboiling heat transfer co-
efficient and is determined from the empirical correla-
tion for the present single-phase heat transfer tests for
liquid R-410A as
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Fig. 8. Variations of the frictional pressure drop with the imposed heat flux for various system pressures at: (a) G = 100 kg/ m’ s;
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kl m 0.14
hey = 0.2092( — Re°-78Pr1/3(—m) 24
! (Dh ) Hyall ( )
and the boiling number is
Bo = %. (25)
g

Fig. 9(a) indicates that this correlation can satisfactorily
correlate our data with an average deviation of 16.8%.

The measured frictional pressure drop is correlated in
terms of the friction factor. According to our exper-
imental data, the correlation for the friction factor fi, is
proposed as

fip = 61000Re;>, (26)

where Req is the equivalent Reynolds number and is

defined as

Gquh
I}

Reeq = (27)

in which

L)

1/2
p )

g

Geg =G| (1 Xm)+Xm( (28)

Here Gq is an equivalent mass flux which is a function
of the R-410A mass flux, mean quality and density at the
saturated condition. As seen in Fig. 9(b), 85% of the
experimental data are correlated within 20%.

5. Concluding remarks

Experimental measurement has been carried out in
the present study to investigate the saturated flow boil-
ing heat transfer characteristics and pressure drop of R-
410A in the vertical PHE. Results for the saturated flow
boiling heat transfer coefficient and frictional pressure
drop were examined in detail. In addition, correlation
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equations were proposed to correlate the measured heat

transfer and pressure data. The major results can be

summarized in the following:

1. In the PHE, both the saturated flow boiling heat
transfer coefficient and frictional pressure drop in-
crease almost linearly with the imposed heat flux.

2. At a higher imposed heat flux, the effect of the refrig-
erant mass flux on the saturated flow boiling heat
transfer coefficient is significant.

3. The system pressure shows relatively slight influence
on the saturated flow boiling heat transfer coefficient.
Nevertheless, a higher system pressure results in a
lower frictional pressure drop.
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