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Abstract

In this study, the local heat transfer coefficient of boiling and condensation were obtained by an experimental set up using vertical
stainless-steel type brazed plate heat exchanger. A series of 8 vertical brazed plates are used as the major components of the test section
of experimental set up and are fabricated into layers so that flow channels are formed between the plates through which water and
refrigerants are flowing through. The experiments are carried out at the mass flux of 10, 20 and 50 kg/(m?-s). In order to measure the
local heat transfer coefficient, flat stainless-steel plates of 10 mm in thickness are installed attached to the vertical plates onto which the
thermocouples are positioned to measure the temperature distributions at the surface of the plates. By performing the experiment, the
direction of the heat flux across the plate tends to deviate downward especially at the lower part of the plate due to the non-uniform
temperature distributions across the plate. The results are analyzed and validated at the mass flux of 10 kg/(m?-s) by the aid of the
simulation tool by using ANSYS FLUENT 19.1 to estimate the local heat transfer coefficient and the heat flux across the plate. The
analysis result shows that the simulation model can assist to track the deviation of the direction of the heat flow from the horizontal
direction across the plate and the experimental results of the local heat transfer coefficient have similar trends with that of the simulation

results.
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1. Introduction

Plate heat exchangers (PHEs)which have an advantage
in acquiring larger heat transfer per volume are highly
applicable in industrial applications such as refrigeration,
heating, cooling, chemical processing, etc [1]-[4].
Additionally, PHEs have benefits in reducing refrigerant
charge and lighter structural supports [5], [6]. The
structural construction of the PHEs basically consist of a
series of thin, rectangular, pressed steel plates which are
stacked and pressed together such that several channels are
formed between the plates [7], [8]. The formed channels
have been alternate passages for hot and cold fluid media
streams to exchange heat between the two fluids [1]-[4].
Since PHE generally has larger heat transfer surface area
than a shell and tube type heat exchangers, they are widely
used in in many industrial and domestic applications in the
small to medium size range [9]. Bergles et al. and Kakag
et al. have mentioned that PHEs have the ability in a
flexibility in adding and removing the plates for
accommodating variable heat loads, capable of variations
in geometry and cleanability (e.g. the gasketed-PHE).
Several types of plate heat exchangers are applicable,
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depending on the industrial application. Mainly, plate heat
exchangers: gasketed, brazed, welded/semi-welded and
shell and plate are categorized into four types in many
industrial applications. Brazed plate heat exchangers are
compactable and exhibit high performance in heat transfer
capability, and for these reasons brazed PHEs are suitable
in heating and refrigerating applications such as
evaporation or condensation of refrigerants, heat pumps
and cooling of water or oil circuits in engines [10]-[12].
They provide higher resistant to corrosion due to the
combination of the stainless-steel plates with the copper
brazing and can withstand quite high pressures as all the
local contact points between the corrugations in the stack
are brazed [13]-[16]. On a contrary, the brazed type PHEs
cannot be disassembled for cleaning purpose, and thus the
application in fouling are limited [17]-[20].

In this study, a brazed type PHE with corrugation angle
of 60° were used in the specially fabricated test section.
The refrigerant R1234yf and water were used as the two
operating fluid media. The experiment was carried out and
the heat flux across the plate and the heat transfer
coefficient on the surface of the PHE was estimated
through the measurement points along the plates. The
experimental results were analyzed with the aid of the
simulation model implemented in ANSYS FLUENT
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19.1R1. The input boundary conditions of the simulation
model were used from the experimental data and the heat
fluxes across the plate and the local heat transfer
coefficients of the experimental results were validated
with the simulation results. By the assistance of the
simulation model, the heat fluxes across the plate tends to
deviate downwards at the lower part of the plate can be
seen more clearly. And the validation results show that the
experimental results and the simulation results undergo the
similar trends at the selected measurement points with
more or less deviations in the values of heat fluxes across
the plate and the local heat transfer coefficient.

2. Experimental Setup and Procedure

The test section consisted of 8 brazed plates is
connected to the primary loop through which the
refrigerant of R1234yf is circulated by a micro pump. The
refrigerant flow rate is adjusted by the rotation speed of
the micropump. The inlet hose of the test section is
connected to the pre-heater and the after condenser is
located at the outlet hose of the test section so that the
heated refrigerant from the pre-heater and the test section
can be cooled down to the desired sub-cooled conditions
before returning back to the circulated pump.

Water is used as pre-heater, after condenser, reservoir,
and test section as heat source water in a separate loop.
Coriolis flow meter and flow control valve are used as
auxiliary equipment to monitor and control the refrigerant
flow. After the mass flow rate is measured by the meter, it
is heated by the pre-heater, the pressure and temperature
are measured by the mixer, and then enters the test section.
In addition, the data logger (Keithley Instruments Co., Ltd.
switching function) is used to read the output values of
thermocouples, pressure transducers, and Coriolis flow
meters. The schematic diagram of the experimental set up
has been shown in Fig. 1.
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2.1. Information on test section and measurement
procedure

The test section, 8 plates in total, are stacked and held
together by pressure plate while the refrigerant is flowed
into the channel formed by the clearance between the two
plates among the plates. The water is forced to flow
through the channels lied at the outer sides of the two
plates so that the two plates become a heat transfer
medium during the process of heat exchange between the
two different fluids. A pressure transducer is installed in
the test section to monitor the differential pressure
between the inlet and outlet of the test section and the
overall pressure drop of the test section. In order to
measure the local heat transfer coefficient of the heat
exchanger plates, 20 thermocouples are set and attached to
the surface of the plates to record the temperature
distributions at the surface of the plates for both the
refrigerant and the heat source water sides of the plates.
The measurement points where the thermocouples are set
are shown in Fig. 2. The temperature values obtained by
the thermocouples are used to calculate the heat flux
across the plate and the local heat transfer coefficients.

Table 1 show the geometry of the test section. The
dimensions of the plate are 186 mm, 84 mm, and 5 mm
respectively. The corrugations pitch, depth and chevron
angle are 5.6 mm, 1.5 mm and 60° respectively. The length
between the inlet and outlet port center is 136 mm. The
locations of the temperature measurement points are
located at 14.75, 36.75, 58.75, 80.75, and 102.75 mm
vertically from the inlet port of the plate. The horizontal
arrangements of the measurement points can be seen in the
Fig. 2.

Since the heat flux across the plate and the local heat
transfer coefficient cannot be achieved directly from the
experimental set up, the data reduction method is used to
calculate the heat flux and the local heat transfer
coefficient of the plate based on the temperature recorded
by the thermocouples.

Figure 2. The locations of the measurement points on the plate
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Table 1. Geometry and dimensions of the plate

Fluid flow plate length (mm) 1175
Plate width (mm) 64
Area of the plate (m?) 0.75
Corrugation type Chevron
Angle of the corrugation ( °) 60
Corrugation pitch (mm) 5.6
Number of plates 8
Number of channels on refrigerant side 1
Number of channels on water side 2
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Figure 3. The section view of the test section for the data reduction
method calculation

2.2. Data reduction method

Consider the process as the steady state one-
dimensional heat conduction, the data reduction method is
initiated by the governing equation of the conduction heat
transfer.

oT d (. 0T
T2 (29 =0 &
at  ox\ 0Ox

In the conduction heat transfer, the time derivative
becomes neglected for the steady state process and the heat
flux across the plate in one-dimensional heat transfer (q,.)

IS

Q= 1 (Tw,ref - Tw,water) (2)
x
X1

Because of the unavailability of the measurement
of the wall surface temperature at the refrigerant side
(Twrer), the wall temperature at the refrigerant side is
calculated by the following equation.

AxX3 3
Twanx = wref +( a ) ®)
By using the value of the wall surface temperature
(Twaux), the local heat transfer coefficient, the heat flux
per temperature difference (a,), can be calculated.

. "I @
Tsat - Twall,x

3. Simulation Model and Procedure

Although the heat flux and the local heat transfer
coefficient can be calculated based on the experimental
data, some important characteristics such as the behavior
of the temperature distributions at and across the plate and
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Figure 4. The schematic diagram of the simulation model
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heat flux across of the plate, cannot be evaluated by
experimental work alone. For this reason, a simulation
model is implemented in ANSYS FLUENT19.1R1. By
the assistance of the simulation model, a more detail
analysis can be carried out due to the isothermal lines and
the directional vectors of the heat flux across the plate.
Additionally, the experimental results can also be
validated by the results evaluated from the simulated
model. Figure 4 illustrates the plans and procedure of the
simulation model.
The assumption of the input boundary condition for
the simulation model is as follows
e  Steady state condition
e No external energy exchange with the
surrounding (no external work, no radiation heat
absorption)
e Corrugation effect is neglected
e The model is simulated only at the portion where
the measuring points are located (i.e.,14.75 to
102.75 mm vertically), and the top and down end
sides of the plate is assumed to be adiabatic walls.
e Stainless steel with the thermal conductivity of

16.7 W/(mK) is used as material properties.

A set of temperature values were set at the surface of
the wall based on the experimental results at the mass flux
of G=10 kg/(m?s) according to the following functions
shown in Figs. 5 and 6.

The input boundary condition at the water side was
represented by the following function.

T(x) =7.0x 107 7x* — 0.0002x3 + 0.0145x2
—0.3215x + 11.186

The function mentioned below was applied at the
refrigerant side.

T(x) = 3.0 x 1077x* — 5x3 + 0.0047x2 (6)
+0.1073x + 8.5297

The boundary conditions at the water and refrigerant
sides were scripted in C programming language and
imported to ANSYS FLUENT 19.1R1 as user defined
functions (UDF).

Input variable
temperatures
at water side
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Figure 7. User defined function for the water side
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Figure 8. User defined function for the refrigerant side

4. Results and Discussions

With the boundary conditions mentioned above, the
temperature distributions and the heat flux were calculated
and the local heat transfer coefficient for the condensation
mode at the mass flux of 10 kg/(m2.s) by the ANSYS
simulation model and then the validation of the
experimental and the simulation results are carried out.

4.1. Contour plot of the temperature distributions of the
plate

The directions of the refrigerant and the water was
arranged in counter flow with heated water in downward
direction and condensing refrigerant flowing downward.
Since the heat exchange occurs between the refrigerant
and water, the temperature at the water side increased with
respect to the travelling distance in vertical direction with
the maximum temperature of 15.25°C at the first row of
the measuring points at the top side of the plate and the
minimum temperature of 9.08°C at the bottom. Whereas,
the refrigerant with the temperature of 21.48°C at the
measurement point 1, rejected heat gradually when
flowing in the downward direction and flowed out with the
minimum temperature of 10.91°C from the bottom side.
Due to the unequal, non-uniform temperature distributions
at the refrigerant and the water side and the lower
temperature values at the lower sides of the plate, the
isothermal lines are distributed in more or less inclinations
across the plate which can be seen in Fig. 9(b). The slopes
of the isothermal lines is steeper at the upper side of the
plate than the lower side of the plate because of the
temperature elevations of the refrigerant side and the water
side at the upper side of the plate is larger than that of the
elevations of the two sides at the lower side of the plate.

4.2. Contour plot of the total heat flux across the surface
of the plate and the heat flux in x- and y-
components

As the direction of heat flux is perpendicular to the
isothermal lines, the total heat flux across the plate flow
more or less horizontally from the refrigerant side to the
water side at the upper side of the plate, while at the lower
side of the plate, the directions of the total heat flux deviate
from its horizontal direction and flow downward from the

4



EPI International Journal of Engineering, Vol. 3 No. 1, Feb 2020, pp. 1-9

refrigerant to water side. The magnitude of the maximum
total heat flux occurs at the topmost side of the plate with
avalue of 11.8 kW/m? and on the other hand, the minimum
total heat flux of 1.36 kW/m? appears at the opposite
bottommost part at the lower side of the plate. Since the
directions of the total heat flux varies gradually from the
upper side of the plate with more or less horizontally to the
lower side pointing toward the downward directions, the
magnitudes of the heat flux in x-component, (gx) have a
higher values at the upper side of the plate than the lower
side of the plate. The maximum value of the heat flux in
the direction of x axis is 11.104kW/m? at the uppermost
side of the plate as shown in Fig. 10. The minimum x
component heat flux lies at the bottom edge boundary
between the refrigerant side and the adiabatic wall with the
value of -612.79 kW/m?,

The negative value of the hat flux in x component
show that there is a small amount of heat flowing back to
the refrigerant side in x direction. In opposite to the heat
flux in x component, the values of the heat flux in y
direction increases from lower values to the higher values
form the upper part to the lower part of the plate. The
negative values of the y component heat flux mean that the
y component heat flux have a direction opposite to the y
axis, i.e., the heat flux tends to flow in the downward
direction at the lower part of the plate. The maximum
magnitude of gy is 0.5012kw/m2 at the top upper regions
of the plate at the water side and the value of 85.633W/m2
at the upper parts of the refrigerant side. The maximum
values of gy can be found at the lower region of the
refrigerant side with the magnitude of -3.2398kW/m2 in
downward direction opposite to the y axis.

4.3. Validation of the experimental results and the
simulation results

The validation is carried out at the front and sides of
the plate. The horizontal directional heat flux (qx) at the
left and right sides of the plates are calculated by the data
reduction methods in Eq. (2) by using the temperatures
obtained experimentally. And the obtained heat flux at the
sides are compared with the directional heat flux (qx) from
the simulation model. The comparison results show that
both the simulation and experimental results show the
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similar trends at both the left and right sides of the plate
but the maximum heat flux of the simulation results is
lower than the experimental results with the deviation of
4.7% at the left side and of 4.7% at the right side of the
plate respectively. The experimental local heat transfer
coefficients at the front face of the plate is calculated based
on the Eq. (3) and for the simulation model, the local heat
transfer coefficients are calculated at the ANSYS
FLUENT post processor based on the horizontal
directional heat flux (gy).

The comparison for the local heat transfer
coefficients are proceeded at the measurement points
shown in Fig. 2.The comparison results show that the
values of the heat transfer coefficients are higher at the
middle of the plate than at the two edges for both
simulation and experimental data. And the overall trends
at the measurement points results in higher values for the
experimental data than the simulation data as the
directional heat flux calculated by the experimental setup
results in higher values than that of the simulation model.
The experimental data recorded the peak value of the local
heat transfer coefficient of 2.05 kW/(m?K) at the
horizontal distance of 44 mm at the measurement point of
1 while the corresponding maximum heat transfer
coefficient at the same distance at the same measurement
point of the simulation result provides the value of 1.69
kW/m?K with the deviation of 17.3%. The minimum value
shown by the experimental result has a value of 0.145
kW/m2K which meets the agreement with the minimum
value among all of the simulation results at the same
measurement point at the lowest edge of the measurement
point of the plate at the distance of 4 mm respectively with
the deviation of 28.9%.

Therefore, the overall comparison results between
the experimental data and the simulation data concludes
that the directional heat flux (gx) results at the left and right
sides of the plate have almost identical trends for the both
data whereas there is more or less deviations between the
both results in terms of local heat transfer coefficient
values at the front face of the plate with similar trends but
the larger experimental values of almost every points of
measurement are obtained as the results of comparison.
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Figure 9. Contour of the temperature distributions of the plate (a) Refrigerant side, (b) Cross Section, (c) Water side
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Figure 10. Contour of the total heat flux of the plate (a) Vector plot, (b) Cross section, (c) Refrigerant side (d) Water side
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Figure 11. Contour of the x component heat flux(qy) of the plate (a) Cross Section, (b) Refrigerant side, (c) Water Side
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Figure 12. Contour plot of the y component heat flux(q,) of the plate (a) Cross section, (b) Refrigerant side, (c) Water side
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5. Conclusion

An experimental work was carried for the refrigerant
R1234yf with the plate heat exchanger to obtain the local heat
transfer coefficients in the PHEs for condensation experiment
and the analysis was investigated and validated by the assistance
of the simulation model developed in ANSYS FLUENT 19.1 R1
based on the temperature inputs obtained by the experiments.
The summary of the analysis is shown below.

e The overall directional vector of the total heat flux across
the plate tends to flow from the upper side of the plate to
the lower side of the plate and this effect can be seen
clearly in the simulation results.

e The validation results of the directional x component heat
flux at the left and right sides of the plate results in nearly
identical trends at the measurement points from top to
bottom vertically.

e For the local heat transfer coefficients comparison
between the experimental and the simulation data show
the similar trends with the experimental values mostly
larger than the values received by the simulation model
for the selected measurement points at the front face of
the plate.
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