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ABSTRACT: Condensation heat transfer experiments were conducted with a oblong shell and
plate heat exchanger without oil in a refrigerant loop using R-134a. An experimental refrig-
erant loop has been developed to measure the condensation heat transfer coefficient ., and
frictional pressure drop 4p; of R-134a in a vertical oblong shell and plate heat exchanger.
Four vertical counter flow channels were formed in the oblong shell and plate heat exchanger
by four plates having a corrugated sinusoid shape of a 45° chevron angle. The effects of the
refrigerant mass flux, average heat flux, refrigerant saturation temperature and vapor quality
were explored in detail. Similar to the case of a plate heat exchanger, even at a very low
Reynolds number, the flow in the oblong shell and plate heat exchanger remains turbulent.
The results indicate that the condensation heat transfer coefficients and pressure drops in-
crease with the vapor quality. A rise in the refrigerant mass flux causes an increase in the
h, and 4dp;. Also, a rise in the average heat flux causes an increase in the k,. But the effect
of the average heat flux does not show significant effect on the 4p,;. On the other hand, at a
higher saturation temperature, both the %, and 4p, found to be lower. Based on the present
data, the empirical correlations are provided in terms of the Nusselt number and friction
factor.

Nomenclature

: mass flow rate [kg/s]
: Nusselt number
! Prandt! number

: heat transfer rate [W]

A heat transfer area of the plate [m’]
b  : channel spacing [m]

¢, * specific heat [J/kgKI]

D, : hydraulic diameter [m]

f . friction factor

iy - enthalpy of vaporization [J/kgl

. Reynolds number

: temperature [C]

: overall heat transfer coefficient [W/m?K]
: velocity [m/s]

. vapor quality

"R aNpoOTZY

L : length from center of inlet port to cen-
ter of exit port [m]

t Corresponding author Greek symbols
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E-mail address: parksonforever@hanmail.net dp : pressure drop [Pal
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AT : temperature difference [K]
o density [kg/m’]
: viscosity [Ns/m%]

v specific volume [m*/kgl
Subscripts

eq ' equivalent

f ¢ liquid

g ' vapor

7,0  at inlet and exit of test section
lat : latent heat
b/} . pre-heater

7 . refrigerant
sat  saturation
sens ' sensible heat
t I test section
tp : two—phase

w . water

1. Introduction

In view of space saving, the design of more
compact heat exchangers is relatively important.
Also, to meet the demand for saving energy
and resources today, manufacturers are trying
to enhance efficiency and reduce the size and
weight of heat exchangers. Over the past de-
cade, there has been tremendous advancement
in the manufacturing technology of high effi-
ciency heat exchangers. This has allowed the
use of smaller and higher performance heat
exchangers. Consequently, the use of smaller
and high performance heat exchanger will be-
come popular in the design of HVAC heat ex-
changers. Normally, these heat exchangers are
used in the two-phase system for evaporation
and condensation. In the design and analysis
of the two-phase system with this heat ex-

changer, it is necessary to understand the heat -

transfer and frictional characteristics of the heat
exchanger.

When compared with the well-established
shell and tube heat exchangers, the plate heat
exchanger shows a lot of advantages, such as
high NTU values, compactness, low cost, multi
duties and reduced fouling etc. Plate heat ex-
changers have been widely used in food pro-
cessing, chemical reaction processes, and other
industrial applications for many years. The ad-
vantage of using plate heat exchanger was
clearly indicated in many studies."? In the last
30 years, plate heat exchangers have been in-
troduced to the refrigeration and air condition-
ing systems as condensers or evaporators for
their high efficiency and compactness.

The oblong shell and plate heat exchanger is
different from the conventional plate heat ex-
changer. The plates that have an oblique pat-
tern are ellipse in shape and stacked together
in criss-cross pattern, which are enclosed in a
cylindrical shell. The operating temperature up
to 350°C, and the pressures up to 10 MPa can
be achieved. Although oblong shell and plate
heat exchanger looks different’ from the con-
ventional rectangular plate heat exchanger, the
underlying flow channel configuration is the
same as the conventional plate heat exchanger.
The oblong shell and plate heat exchanger is
being introduced to refrigeration and air condi-
tioning systems as condenser or evaporator for
its high efficiency and compactness. However,
there are little data available for the design of
oblong shell and plate heat exchanger to be
used as condenser and evaporator.

In this study, the characteristics of the con-
densation heat transfer and pressure drop for
R-134a flowing in the oblong shell and plate
heat exchanger were experimentally explored to
set up data base for the design of the oblong
shell and plate heat exchanger.

2. Experimental apparatus and method

The heat transfer plate and experimental sys-—
tem used to study the condensation of R-134a
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Fig. 1 Schematic diagram of heat transfer plate
of oblong shell and plate heat exchanger.
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Fig. 2 Schematic diagram of two-phase flow
experimental system.

are schematically shown in Figs.1 and 2, re-
spectively, The experimental system corsisted
of a test section, a refrigerant loop, a water
loop and a data acquisition unit. Refrigerant R~
134a is circulated in a refrigerant loop. In order
to obtain different test conditions of R-134a in-
cluding the vapor quality, saturation tempera-
ture (pressure} and imposed heat flux, the tem-
perature and flow rate of the working fluid in
the water loop were controlled.

2.1 Test section

The test section (oblong shell and plate heat

Cold water Cold water

Plate side

Refrigerator
inlet

Refrigerater
outlet

Cald water Cold water

Fig. 3 Details of condensation flow direction.

exchanger) used in this study was formed by
four commercialized SUS-304 plates. The plate
surfaces were pressed to form grooved chan-
nels with a corrugated sinusoid shape and 45°
chevron angle. The corrugated grooves on the
right and left outer plates have an oblique shape
but those in the middle plate have a criss~
cross pattern on both sides. Due to the criss-
cross pattern between two neighbor plates, the
flow streams near the two plates cross each
other in each channel. This cross flow creates
a significant unsteady and random flow. In fact,
the flow is highly turbulent even at low Rey-
nolds number. The flow pattern of test section
is schematically shown in Fig. 3.

2.2 Refrigerant loop

The refrigerant loop contains a refrigerant
pump, a pre-heater, a test section, a sub-cooler,
a strainer, a mass flow meter, a dryer&filter,
and five sight glasses. The refrigerant pump is
a magnetic pump (TUTHILL California) driven
by a DC motor which is, in tum, controlled by
a variable DC output motor controller. The
variation of the liquid R-134a flow rate was
controlled by the rotational speed of DC motor
through the change of the DC current. The re-
frigerant flow rate was measured by a mass
flow meter (Oval) installed between the pump
and the receiver with an accuracy of %0.2%.

The pre-heater is used to evaporate the re-
frigerant to a specified vapor quality at the
test section inlet by transferring heat to R-
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134a. The amount of heat transfer from the
pre-heater to refrigerant is measured by a
power meter (YOKOGAWA) connected to the
pre-heater source. The dryer&filter intends to
filter the solid particles possibly present in the
loop. Meanwhile, a sub-cooler is used to con-
dense the refrigerant vapor flowing out the
test section by a cold water to avoid cavita-
tions at the pump inlet. The pressure of the
refrigerant loop can be controlled by varying
the temperature and flow rate of cold water in
the sub-cooler. After condensed, the sub-cooled
liquid refrigerant flows back to the receiver.

2.3 Water loop for test section

The water loop in the system, which is de-
signed for circulating cold water through the
test section, has a 200 liter constant tempera-
ture water bath equipped with a 5kW heater
and an air cooled refrigerant unit of 1 RT cool-
ing capacity for accurate control of the water
temperature. The cold water is driven by a
0.37kW water pump with an inverter to the
test section with a specified water flow rate.
The accuracy of water flow rate measurement
by a mass flow meter is =0.2%.

2.4 Water loop for sub-cooler

The water loop for condensing R-134a vapor
has a 200 liter constant temperature water bath
equipped with a 5kW heater and an air cooled
refrigeration unit of 3RT cooling capacity for
accurate control of water temperature. A 0.37
kW water pump with an inverter is used to
drive the cold water at a specified water flow
rate to the sub-cooler.

2.5 Data acquisition

The data acquisition unit includes a 20 chan-
nel Fluke NetDAQ 2640A recorder combined
with a personal computer. The recorder was
used to record the temperature and voltage

data. The NetDAQ 2640A recorder allows the
measured data to transmit to personal com-
puter to be analyzed immediately.

2.6 Experimental procedures

The vapor quality of R-134a at the test sec-
tion inlet can be kept at the desired value by
pre-heater. The heat transfer rate in the test
section can be varied by changing the tem-
perature and flow rate in the water loop for
the test section. 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 is high
enough to balance the condensation heat trans-
fer in the refrigerant side.

3. Data reduction
3.1 Two-phase condensation heat transfer

For the definition of the hydraulic diameter,
Shah and Wanniarachchi® suggested to use two
times of the channel spacing as the hydraulic
diameter for plate heat exchangers when the
channel width is much larger than the channel
spacing. So we follow this suggestion.

D, ~2b o)

The total heat transfer rate between the
counter flows in the test section is calculated
from the cold water side as

Q= mw,ccp_w( Tw,c,o_ Tw,c,i) )

Then, the refrigerant vapor quality entering
the test section is evaluated from the energy
balance for the pre-heater. The heat transfer
to the refrigerant in the pre-heater is the sum
of the sensible heat transfer (for the tempera-
ture rise of the refrigerant to the saturated
value) and latent heat transfer (for the evapo-
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ration of the refrigerant).

Qp = Qenst Quat (3)
Qsens = mrcp,r(Tr,sat_ Tr,p,i) (4)
Qlat = mri}'gxi (5)

The above equations can be combined to
evaluate the refrigerant quality at the exit of
pre-heater that is considered to be the same
as the vapor quality of refrigerant entering the
test section. Specifically,

xX; = -l— Q - cp,r(Tr,sat_ Tr,p,i)‘ 6)
gl m, !

The change in the refrigerant vapor quality in
the test section is then deduced from the heat
transfer to the refrigerant in the test section,

Q:

Ax = —— V)]
m, g

The average quality in the test section is
given as

- _dx
Xm =X~ (8)

The overall heat transfer coefficient U for
the counter flow between the two channels can
be expressed as

__ Q@
U= A AT iwrn )]

where LMTD is the logarithmic mean tem-
perature difference between the two channels
defined as

AT, - 4T,

where

ATI = Tr,sat,i— Tw,c,o (11
ATZ = Tr.sat,o_ Tw,c,i (12)

with T, o ; and T, o , are the saturation tem-

peratures of R-134a corresponding respectively
to the inlet and outlet pressures in the oblong
shell and plate heat exchanger.

In view of the same heat transfer area in
the refrigerant and water sides, the relation be-
tween the overall heat transfer coefficient and
the convective heat transfer coefficients on both
sides can be expressed as

AR NER R

where the modified Wilson plot method” was
applied to calculate %, ..

3.2 Two—phase frictional pressure drop

To evaluate the frictional pressure drop as-
sociated with the R-134a condensation in the
refrigerant channel, the frictional pressure drop
dps was calculated by subtracting the pressure
losses at the test section inlet and exit ports

Apom, then adding the deceleration pressure
rise during the R-134a condensation 4dp, and
the elevation pressure rise dp,, from the mea-

sured total pressure drop dp., for the refrig-

erant channel. Note that for the vertical down-—
ward refrigerant flow studied here the eleva-
tion pressure rise should be added in evalua-

ting 4ps. Thus
Ap; = Abexp + Apde + Apele - Apl’oﬂ (14)

The deceleration and elevation pressure rises
were estimated by the homogeneous model for

two-phase gas-liquid flow.®

Apde = GZ ufgdx (15
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Apele =

where v, is the mean specific volume of the
vapor-liquid mixture in the refrigerant channel
when they are homogeneously mixed and is
given as

U = [xmv,+ (1 —x,) 0] = (vp +x,05) A7)

The pressure drop in the inlet and outlet
ports was empirically suggested by Shah and
Focke.® 1t is approximately 1.5 times the head
due to the flow expansion at the channel inlet

2
Bppon = 1.5(2“7”‘) as)

where u,, is the mean flow velocity. With the

homogeneous model, the mean velocity is
Uy = Go, (19)

Based on the above estimation, the decelera-
tion pressure rise, the pressure losses at the
test section inlet and exit ports, and the ele-
vation pressure rise were found to be rather
small. The frictional pressure drop ranges from
95~99% of the total pressure drop measured.
According to the definition

by D ) (20)

T = ——( 2G%,, L

the friction factor for the condensation of R-
134a is obtained.

4. Results and discussion

4.1 Single-phase heat transfer

Before measuring the R-134a condensation
heat transfer and pressure drop, single-phase
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Fig. 4 Heat transfer coefficient variations with
the Reynolds number for the shell side
in single-phase water-to-water test.

water—-to-water tests were conducted first.

The results from this single-phase experiment
were illustrated Fig.4 and the measured convec-
tion heat transfer coefficient in the shell side
was correlated by the least square method as

Nu, = 0.05 Re"%® pr !/ 1)

To estimate the uncertainty of single-phase
heat transfer coefficient, an uncertainty analy-
sis proposed by Kline and McClintock” was
carried out. The uncertainty of single-phase heat
transfer coefficient was within about *10%.

4.2 Two-phase heat transfer

In the present investigation of the R-134a
condensation in the oblong shell and plate heat
exchanger, the R-134a mass flux G was varied
from 40 to 80kg/m’s, the average heat flux
¢, from 40 to 80kW/m’ and the saturation

temperature T, o, from 30 to 40C. The mea-

sured heat transfer coefficients are to be pre-
sented in terms of their variations with the
average vapor quality in the test section.
Figure 5 shows the effect of the refrigerant
mass flux on the measured condensation heat
transfer coefficients, where the measured data
for G=40, 60 and 80kg/m’s at T, ,=30C
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Fig. 5 Variations of condensation heat transfer
coefficient with mean vapor quality for
various mass fluxes at ¢, =6.0 kW/m?®

and T,'Sa,=30°C.

and g, =6.0kW/m’ are plotted as a function of
X,,. The results show that the condensaticn heat
transfer coefficient rises linearly with the mass
flux in the total vapor quality region. This ob-
viously results from the simple fact that at a
higher x,, the liquid film on the surface is
thinner and the condensation rate is thus higher.

The effects of average heat flux on the con-
densation heat transfer are shown in Fig.6 by
plotting the measured data for ¢, =4, 6 and
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Fig. 6 Variations of condensation heat transfer
coefficient with mean vapor quality for
various heat fluxes at G=60kg/m’s and
T, +=30T.

8kW/m’ at G=60kg/m’s and T, ,=30T as a
function of x,,. It is well known that the con-

densation rate is almost proportional to the
heat flux. The results indicate that at a given
vapor quality the heat transfer coefficient is
higher for a higher heat flux. Note that the R~
134a quality-averaged condensation heat transfer
coefficient at 8.0kW/m? are about 8% larger than
40xW/m®. However, compared with the mass
flux effects shown in Fig.5, the heat flux has
a small effect on the condensation heat transfer
coefficient in the whole vapor quality region.
The effect of the refrigerant saturation tem-
perature on the condensation heat transfer co-
efficient is illustrated in Fig.7 by plotting the
data for T, =30, 35 and 40T at G=60kg/m’s

and ¢, =6kW/m’ as a function of x,,. The re-

sults suggest that, at a given saturation tem-
perature, the condensation heat transfer coeffi-
cient increases with the mean vapor quality.

At a fixed x,,, the condensation heat transfer
coefficient is lower for a higher T, in the

whole quality region. Specifically, the mean heat
transfer coefficient at 30C is about 21% bigger
than that at 40°C. This is conjectured to be
mainly resulting from reduction in the conduc-
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Fig. 7 Variations of condensation heat transfer
coefficient with mean vapor quality for
various saturation temperatures at G=
60 kg/m’s and g, =6.0 kW/m".
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tivity of liquid film for the R-134a saturation
temperature raised from 30 to 40C. The as-
sociated thermal resistance of the liquid film is
larger, causing a poorer heat transfer rate.

It is necessary to compare the present data
for the R-134a condensation heat transfer co-
efficient in the oblong shell and plate heat ex-
changer to those in plate heat exchanger re-
ported in the literature. Due to the limited
availability of the data for plate heat exchangers
with the same range of the parameters covered
in the present study, the comparison is only
possible for a few cases. This is illustrated in
Fig.8, in which our data are compared with
correlation of Yan et al.® Note that the data
from Yan et al. are average condensation heat
transfer coefficient measured in a plate heat
exchanger with the vapor quality from 0.08 to
0.86. Yan et al. proposed condensation heat
transfer correlation equation such as

h,D

Nu = —kf"— =4.118Rel*Pr}? (22

where Re,, is the equivalent Reynolds number.

Re,, is defined as

Nuy, =4.118Re% Pr'”

Re,, = G[(l -x_,)+x,,[-ﬁ—:]u]

t Yan et al.’s correlation
3
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Fig. 8 Comparison of the present heat transfer
data with those for plate heat exchanger
from Yan et al.

D
Re,, = —Ge/‘i—fi (23)

and G, is the equivalent mass flux first pro-

19" defined as

posed by Akers et a

0 0.5
Geq=G[(1—xm)+xm(p—f)] (24)

g

The comparison shows that the R-134a con-
densation heat transfer coefficient for oblong
shell and plate heat exchanger is about 30%
higher in average higher than that for the
plate heat exchanger.

4.3 Two—-phase pressure drop

Figure 9 shows the effect of the refrigerant
mass flux on R-134a frictional pressure drop.
The results indicate that, at a given mass flux,
the pressure drop is larger for a higher vapor
quality. In addition, the pressure drop with the
vapor quality is more pronounced for a higher
mass flux. This obviously results from the
simple fact that at a higher x, the velocity of
vapor was larger and the pressure drop was
thus higher.
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Fig. 9 Frictional pressure drop variations with
the mean vapor quality for various mass
fluxes at g, =60kW/m’ and T, o=
307C.
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Figure 10 shows the effects of the heat flux
on the frictional pressure drop. The data indi~
cate that at a given heat flux the frictional
pressure drop increases linearly with the mean
vapor quality of the refrigerant. But an in-
crease in the heat flux dose not show signi~
ficant effect on the frictional pressure drop.

The results in Fig. 11 for different saturation
temperatures of R-134a indicated that, at a
given T, o4, the pressure drop is larger for a

higher vapor quality. Note that in the total va-
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Fig. 10 Frictional pressure drop variations with
the mean vapor quality for various heat
fluxes at G=60kg/m’s and T, =30

C.
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Fig. 11 Frictional pressure drop variations with
the mean vapor quality for various sat-
uration temperatures at G=60kg/m’s
and g," =6.0kW/m”

por quality range the pressure drop is smaller
at a higher T, . This is conjectured to be
mainly resulting from a reduction in the ve-
locity of vapor for the R-134a saturation tem-
perature raised from 30 to 40°C.

4.4 Correlation equations
To facilitate the use of the oblong shell and

plate heat exchanger as condensers, correlating
equations for the dimensionless condensation

500
o O  Present data
——— Proposed correlation, = 19.11 Rz" d
g
&
~
3
Z
R-134a
100 |~
X G= 40 ~80 kg/m’s
q,"=4~6kW/m®
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50 L 1 J S S S S W | L
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-

Fig. 12 Comparison of the proposed correla-
tion for Nusselt number with the pre-
sent data.
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[ 1 — Proposed correlation, = 3.964 x 10° Re, 196
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Fig. 13 Comparison of the proposed correla-
tion for friction factor with the pre-
sent data.
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heat transfer coefficient and friction factor based
on the present data are provided. These are the
modified forms of Yan et al.’s correlations.

Nu = 19.11Re 5# pr }3 (25)
and
fi» =3.964 X 10°Re ;"% (26)

Figure 12 shows the comparison of the pro-
posed condensation heat transfer correlation to
the present data, indicating that most of the
experimental values are within *£10%. Figure
13 shows the comparison of the proposed cor-
relation for the friction factor to the present
data. It is found that the average deviation is

about £20% between f,, correlation and the data.

5. Conclusions

An experiment has been carried out in the
present study to measure the heat transfer co-
efficient and pressure drop for the condensation
flowing in the oblong shell and plate heat ex-
changer. The effects of the mass flux, average
imposed heat flux, saturated temperature and
vapor quality on the measured data were ex-—
perimentally examined in detail.

The present results for the oblong shell and
plate heat exchanger show that the condensa-
tion heat transfer coefficient and pressure drop
increase with the refrigerant mass flux. A rise
of heat flux causes an increase in the con-
densation heat transfer coefficient. But the heat
flux does not show effect on the frictional pres-
sure drop. It was noted that, at a higher sat-
uration temperature, condensation heat transfer
coefficient and pressure drop are lower.

The empirical correlations are also provided
for the measured heat transfer coefficients and
pressure drops in terms of the Nusselt number
and friction factor.
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