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a b s t r a c t

Numerical and experimental analysis was carried out to examine the heat transfer and

pressure drop characteristics of welded type plate heat exchangers for absorption appli-

cation using Computational Fluid Dynamics (CFD) technique. The simulation results based

on CFD are compared with experimental results. A commercial CFD software package

(FLUENT) has been used to predict the characteristics of heat transfer, pressure drop and

flow distribution within the plate heat exchangers. In this paper, a welded plate heat

exchanger with a plate of chevron embossing type was tested by controlling mass flow

rate, solution concentration, and inlet/outlet temperatures. The working fluid is H2O/LiBr

solution with the LiBr concentration of 54–62% in mass. The numerical simulation exam-

ines the internal flow patterns, temperature distribution and the pressure distribution

within the channel of the plate heat exchanger. Three plates of embossing types; chevron

embossing, elliptic and round, are proposed and simulated in this paper. The simulation

results show reasonably good agreement with the experimental results. Also, the numer-

ical results show that the plate with the elliptical shape gives better performance than the

plate of the chevron shape from the viewpoints of heat transfer and pressure drop.

ª 2009 Elsevier Ltd and IIR.
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Nomenclature

A heat transfer area, m2

Ac cross section area, m2

b channel gap distance, m

Cp constant pressure specific heat, kJ kg�1 K�1

Dh hydraulic diameter, m

DT temperature difference, K

F friction factor

Gc channel mass velocity, kg m�2 s�1

_m mass flow rate, kg s�1

Lv vertical length of plate, m

Nt total number of plates

p pressure, kPa

Pn number of passes

Q heat transfer rate, W

t time, s

u velocity, m s�1

U overall heat transfer coefficient, kW m�1 K�1

w plate width, m

x coordinate

Greek

d Kronecker delta

3 turbulent kinetic energy

k turbulent kinetic dissipation

m viscosity, kg m�1 s�1

r density, kg m�3

s turbulent Prandtl number

Subscripts

c cold side

FP flow pass

h hot side

i,j,k axis indexes of space coordinates

in inlet

l molecular

m mean

out outlet

p port

t turbulence
0 fluctuating quantity
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Fig. 1 – Geometry of chevron embossing type.
1. Introduction

Due to the environmental problems caused by CFCs and HCFCs

such as ozone depletion and global warming by CO2 emission,

the development of high efficient absorption refrigeration

systems driven by thermal energy has become an important

issue. In absorption refrigeration systems, the solution heat

exchanger plays an important role in the enhancement of the

system performance. Solution recuperative heat exchangers

are typically shell and tube or plate heat exchanger.

Recently, a number of studies on high efficient solution heat

exchangers have been carried out. Phan et al. (2000) measured

heat transfer coefficient and pressure drop in solution heat

exchangers for various mass flow rates. Kim et al. (2005)

investigated the flow characteristics within brazed type plate

heat exchangers (PHE), and quantified the effect of mass flow

rate, solution concentration and geometric conditions such as

chevron angle on the heat transfer and pressure drop.

Galeazzo et al. (2006) studied a virtual prototype of a plate heat

exchanger using CFD. Their experimental results were

compared to the numerical predictions for heat load obtained

from CFD model. The CFD model represented channels, plates

and conduits of the heat exchanger and took into account the

unequal flow distribution among the channels and the flow

mal-distribution inside the channels. The performance of

a water–lithium bromide absorption chiller operating with

plate heat exchangers was studied by de Vega et al. (2006). A

LiBr–water absorption system with brazed type plate heat

exchangers for the desorber, the condenser and the solution

heat recoverer is considered. Their plate surfaces were grooved

with a corrugated sinusoidal shape and 60� chevron angle.

Typically plate heat exchangers are categorized into three

types depending on the construction mode; gasket type, brazed

type and welded type. In the present study, welded type plate

heat exchangers are tested for H2O/LiBr absorption applications.
The objectives of the present study are to develop a welded

type PHE with embosses on the plates and to compare the

pressure drop and heat transfer characteristics within the

embossing plates. Three different embossing plates are

compared; chevron, elliptic and round embossing type plates.

Numerical results are compared with experimental results.

The results from the present study can be used as reference

data for real absorption applications of the newly developed

plate heat exchanger.

2. Modeling for numerical analysis

2.1. Computational fluid dynamics (CFD) modeling

The simulation of plate heat exchanger is performed by

solving the governing equations of mass, momentum and

energy conservations using CFD. Figs. 1, 2 and 3 show three

different embossing plates simulated in this study; chevron,



Fig. 2 – Geometry of elliptic embossing type.
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elliptic and round embossing types, respectively. All plates

have same dimensions of 1839 mm in length and 294 mm in

width. In FLUENT, the conservation equations of mass,

momentum are solved using the finite volume method.

There are several turbulence models available in the code.

The turbulence flow is calculated by the SIMPLE method and

a first-order upwind difference scheme for the convection–

diffusion treatment. To model the heat transfer process

between channels in a plate heat exchanger, the following

assumptions are made;

(1) The thermo-physical properties of the fluids are constant.

(2) Heat transfer takes place only between the channels and

not between the channels and the ports

(3) No heat loss to the surroundings.

(4) Uniform distribution of flow through the channels of

a pass.

Since the objectives of this study are to develop various

types of embossing plates and to compare the heat transfer

and pressure drop characteristics for the plate heat exchanger

with the embossing plates, the thermo-physical properties of
depressed
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Fig. 3 – Geometry of round embossing type.
the solution are calculated based on the average temperatures

of the hot and cold solutions in the present study.

The governing equations are summarized as follows:

Mass conservation equations:

vr

vt
þ v

vxi
ðruiÞ ¼ 0 (1)

ui ¼ ui þ u0i (2)

where ui and u0i are the mean and instantaneous fluctuation

velocity components, respectively.
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where m is the dynamic viscosity of the solution. The standard

k� 3 turbulence model has been used and the turbulent

kinetic energy and dissipation equations are given as follows

(Hinze, 1975);

Turbulent kinetic energy (k) equations;

v
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ðrkÞ þ v

vxi
ðruikÞ ¼

v

vxi

��
mþ mt

sk

�
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�
þ Gk � r3 (4)

Turbulent kinetic dissipation (3) equations;
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Turbulent viscosity and model constants;

mt ¼ rCm

k2

3
(6)

Gk ¼ �ru0iu
0
j

vui

vxi
(7)

where C13, C23, and Cm are the closure coefficients (Ciofalo et al.,

1996).

2.2. Initial and boundary conditions

The thermal initial and boundary conditions are based on

a H2O/LiBr absorption chiller of 210RT which is most widely

used in real field. The base mass flow rate of the cold side is

2.0 kg s�1, and the inlet temperature of the cold side solution is

kept constant 362.0 K. The mass flow rate varies from

1.2 kg s�1 to 2.0 kg s�1 in the present simulation. No slip and

constant heat flux conditions are assumed at the wall. The

simulation is carried out based on the cold side, and the

thermal conditions for the hot side are given by the heat

fluxes. Table 1 summarizes the thermal conditions used in the

present study, which are based on the experimental results.
Table 1 – Thermal conditions

Mass flow rate (kg s�1) 2.0, 1.8, 1.6, 1.4, 1.2

Perimeter, Pw (m) 0.084

Hydraulic diameter, Dh (m) 0.00318

Turbulence intensity, I 0.05

Reynolds Number, ReD 118–197

Heat flux (kW m�2) 4.5, 3.96, 3.76, 3.51, 3.0
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Fig. 4 – Schematic diagram of experimental apparatus.

Table 2 – Geometric conditions of heat exchanger

Material SPCC

Number of passes 1

Number of plates 60

Plate length (mm) 1839

Plate width (mm) 294

Plate thickness (mm) 0.7

Mean channel gap (mm) 1.6

Heat transfer area per plate (m2) 0.54
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3. Experimental setup and procedure

The experimental setup is shown in Fig. 4. The experimental

apparatus consists of two solution circuits; a LiBr strong

solution circuit and a weak solution circuit. The strong solu-

tion is heated by a high temperature generator. The refrig-

erant vapor generated in the high temperature generator is

condensed in a water cooled condenser and joins the strong

solution from the test section. The strong solution enters the

test section at a higher temperature after passing through

a magnetic pump and a flow meter. The strong solution

releases heat to the weak solution, joins the condensed

refrigerant and finally returns to the high temperature

generator. There is a bypass line to control the mass flow rate

of the strong solution.

As for the weak solution circuit, the weak solution from the

test section joins the bypass line and enters the water cooled

chiller to be cooled down. The weak solution releases more

heat in a plate heat exchanger (PHE) which is connected to the

cooling tower and its temperature is more precisely controlled

by the final heat exchanger. Finally the weak solution enters

the test section after passing through the bypass valve and the

flow meter. The geometric details of the welded type plate

heat exchanger are summarized in Table 2.
Calibrated RTDs are used to measure the temperatures of

the solutions at the inlet/outlet of the test section with the

measurement error of �0.1 K. The solution flow rates of

the test section are measured by volumetric flow-meters with

the measurement error of �0.05 kg s�1. The pressure drop of

the solution flowing through the test section is measured with

a differential pressure transducer with the experimental

measurement error of �0.035 kPa. The inlet temperature of

the strong solution is controlled by heat source input in the

high temperature generator and the inlet temperature of

the weak solution is controlled by three heat exchangers with

the cooling tower. The experimental conditions are summa-

rized in Table 3. The thermo-physical properties of the H2O/



Table 3 – Experimental conditions

Concentration of LiBr 51.8% (cold side)

59.38% (hot side)

Inlet solution Temperature of hot side 420.0 K

Inlet solution Temperature of cold side 362.0 K

Inlet solution flow rate of hot side 1.08–1.8 kg s�1

Inlet solution flow rate of cold side 1.2–2.0 kg s�1
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LiBr solution are calculated using the correlations derived

from the data presented in DiGuilio et al. (1990) and Lee et al.

(1990).
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Fig. 5 – Heat transfer rate versus mass flow rate for chevron

embossing type.
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Fig. 6 – Pressure drop versus mass flow rate for chevron

embossing type.
4. Data reduction

In this study, heat transfer rate and pressure drop are

measured for the plate heat exchanger (PHE) with chevron

embossing plates. The heat transfer performance is esti-

mated by measuring the temperature difference of the

strong and weak solution sides, and the pressure drop is

measured directly by the pressure difference between the

inlet and outlet of the test section. The flow characteristics

are analyzed based on the Reynolds number defined as

follows;

Re ¼ GDh

m
(8)

where

G ¼
_m

AcNFP
(9)

Dh ¼
2bw
ðbþwÞ (10)

In Equations (8)–(10), Dh and NFP are the hydraulic diameter

and the number of flow passes for each solution side. Now the

heat transfer rate is calculated by the follow equation;

Q ¼ _mcCpcDTc (11)

where

DTc ¼ Tc;out � Tc;in (12)

The heat transfer equation is given by

Q ¼ UADTlm (13)

where

DTlm ¼
�
Th;in � Tc;out

�
�
�
Th;out � Tc;in

�
ln
h

Th;in�Tc;out

Th;out�Tc;in

i (14)

The pressure drops at hot (strong solution) and cold (weak

solution) sides are calculated by Eq. (15) (Kakac and Liu, 1998).

The first term in the right-hand side is the contribution of the

friction loss inside the channels, where G denotes the channel

mass velocity (Eq. (9)), f is the Fanning friction factor, Dh is the

hydraulic diameter of channel (Eq. (10)), L is the effective plate

length for the plate heat exchange. The second term in the

right-hand side represents the pressure drop for port flow,

where Gp is the port mass velocity (Eq. (16)).
DP ¼
�

2fðLþ DhÞPnG2

rmDh

�
þ 1:4

 
Pn

G2
p

2rm

!
(15)

Gp ¼
4 _m
pD2

p

(16)

5. Results and discussion

Fig. 5 shows the heat transfer rate of the cold side solution

versus the solution mass flow rate for the welded type plate

heat exchanger with chevron embossing plates. The results

show that the heat transfer rate increases with increasing

the solution mass flow rate. Also the simulation results show

the same trend as the experimental results but there is

somewhat difference in the heat transfer value itself. This is
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mainly due to heat loss to the surroundings during the

experiment.

Fig. 6 shows the pressure drop versus the solution mass

flow rate for the welded type plate heat exchanger with

chevron embossing plates. It is found that the total pressure

drop increases linearly with increasing the mass flow rate for

the present range of the mass flow rate in both the simulation

and the experimental results. The experimental results are 5–

10% higher than the simulation results depending on the mass

flow rate range, and the deviation becomes larger as the mass

flow rate increases.

Fig. 7 shows comparisons of the chevron embossing type,

the elliptic embossing type and the round embossing plates

based on the solution heat transfer rate with respect to the

mass flow rate. As shown in Fig. 5, the simulation results show

the same trends as the experimental results. It is found that

the solution heat transfer rate of the elliptic type is higher

than those of the chevron and round embossing types. This

means that the elliptic embossing type gives a better heat
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Fig. 8 – Pressure drop versus mass flow rate for three

different embossing plates.
transfer performance than the elliptic embossing type, and

the round embossing type under the same geometric and

thermal conditions.

Fig. 8 shows the pressure drop versus the mass flow rate for

chevron, elliptic and round embossing plate types. From this

graph, it is found that the pressure drop of chevron embossing

plate is much larger than those for other plates. This means

that the chevron embossing plate heat exchanger needs more

pumping power. Thus, by considering heat transfer and

pressure drop characteristics, the elliptic embossing plate

heat exchanger is considered the best candidate out of three

types considered in the present study.

6. Conclusions

In this paper, a welded plate heat exchanger with three

different embossing plates was proposed for solution heat

exchanger application in absorption systems, and the char-

acteristics of heat transfer and pressure drop of the welded

type plate heat exchanger was studied. The following

conclusions were drawn from the present study.

1) The simulation results show the same trends as the

experimental results. The solution heat transfer rate

increases with increasing the mass flow rate.

2) It is found that the elliptic embossing type gives better heat

transfer performance than the chevron type plate and

a lower pressure drop than the other plates under the same

geometric and thermal conditions

The present results provide a guideline to apply the welded

type plate heat exchanger with embossing plates for the

solution heat exchanger of absorption systems.
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