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It would be misleading to consider only cost aspect of the design of a heat exchanger. High maintenance
costs increase total cost during the services life of heat exchanger. Therefore exergy analysis and energy
saving are very important parameters in the heat exchanger design. In this study, the effects of surface
geometries of three different type heat exchangers called as PHEflat (Flat plate heat exchanger), PHEcorru-

gated (Corrugated plate heat exchanger) and PHEasteriks (Asterisk plate heat exchanger) on heat transfer,
friction factor and exergy loss were investigated experimentally. The experiments were carried out for
a heat exchanger with single pass under condition of parallel and counter flow. In this study, experiments
were conducted for laminar flow conditions. Reynolds number and Prandtl number were in the range of
50 6 Re 6 1000 and 3 6 Pr 6 7, respectively. Heat transfer, friction factor and exergy loss correlations
were obtained according to the experimental results.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The plate heat exchangers are widely used in warming,
heating, cooling applications, food, and cosmetic and chemistry
industry. The plate type heat exchangers are initially devel-
oped for the pasteurized liquid food domain which mostly re-
quires hygienic application. But, these heat exchangers have a
large application area in chemistry and food sector because of
being compact and having the quality to be easily cleaned
[1–5].

The augmentation techniques of heat exchanger efficiency can
be classified as active and passive methods. In active method, heat
transfer can be improved by giving extra energy to system. In pas-
sive method, however, the improvement can be performed without
giving extra energy.

Some examples to active method include the use of mechanical
auxiliary elements, turning of surface, mixing of fluid with
mechanical parts, constituting of electro-static areas in flow area,
vibration of system, etc., Some examples to passive method include
covering of surface, changing of surface, forming of the same pro-
jection parts of the rough surface, locating of the tabulators in flow
area, etc., [6,7].

In the passive methods, usually a turbulence effect is given to
the flow by the shapes having different geometries for this pur-
pose; rugged surfaces are used, in a study made to improve the
ll rights reserved.
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heat transfer [8,9]. Sparrow and his friends [10] examined the heat
transfer on twisted surfaces, in Reynolds number,
2000 6 Re 6 35000 and Pr 4 6 Pr 6 11 interval. In this study water
is used as experimental fluid. These researchers suggest that;

Nu ¼ 0:491 � Re0:63Pr0:3 ð1Þ

The equation can be used for sharp surface geometries. Conse-
quently to the experimental study, in Re > 250 condition, they sug-
gested the following correlation.

Nu ¼ 4þ 29:2: ln
ðRePr0:4 þ 100Þ

1200

" #
ð2Þ

Fabbri [11] made an interesting optimization study about heat
exchangers in wavy canals by using ‘‘genetic algorithm” technique.
The researcher indicated that the wavy surfaces improve the heat
transfer in the situations that the Reynolds and Prandtl numbers
are not too low.

In the most of the studies made on the plate surface heat
exchangers, it is observed that the configuration is symmetrical;
the cold and hot fluid pass by the same number of canals and the
favourite flow shape is based on ‘‘parallel-counter flow”. Kandlikar
and Shah [12] investigated multi pass plate heat exchanger
effectiveness.

In this study, the influence of the geometrical qualifications of
the plate heat exchangers on heat transfer, in ‘‘parallel flow” and
‘‘counter flow” arrangements, in Nu, f, E numbers base, is experi-
mentally examined.
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Nomenclature

A Heat transfer area of the plate, (m2)
Ac Cross-section area, (m2)
Cp Specific heat capacity, ðJkg�1K�1)
C Heat capacity rate, ð¼ _mCpÞ; ðWK�1Þ
Dh Hydraulic diameter, ð¼ 4AcP�1

w Þ; ðmÞ
E Exergy loss, (W)
H Average heat transfer coefficient, ðWm�2K�1Þ
h Specific enthalpy, (Jkg�1)
Pw The total wetted perimeter, (m)
k The thermal conductivity of the fluid, (Wm�1K�1)
T Temperature, (K)
V Average velocity of fluid, (ms�1)
l Dynamic viscosity, (Pa:s)
q Density of fluid, (kgm�3)
DT Logarithmic temperature difference between wall and

fluid, (K)

Dimensionless numbers
Cr Capacity rate ratio, (= Cmin/Cmax)

Nu Average Nusselt number, (= HDh/k)
Pr Prandtl number, (= lCp/k)
Re Reynolds number, (= qVDh/l)
f Friction coefficient

Subscripts
c Cold
e Environment
h Hot
i Inlet
o Outlet
w Wall

Abbreviations
PHE Plate heat exchanger
SSE Sum Square Error
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2. Materials and methods

The experimental apparatus given in Fig. 1 was designed in or-
der to carry out the experimental study. The plates (Fig. 2) were
manufactured by being pressed non-corrodible steel plates, which
were shaped by molds. The molds were manufactured by CNC
workbench [13]. The plate heat exchanger was formed by means
of joining side by side of 15 plates. The heat exchanger is single
pass, because hot and cold fluid passes once on the plate surface
(Fig. 3). The plate surface profiles were set to three different geom-
etries as flat, corrugated and asterisk. The same shape flow chan-
nels on the plates were formed, because of distributing
homogenously and easily of the flow in the channel. Because of
turning the flow from parallel flow to counter flow or just contrary
a by-pass system was added to the experimental apparatus.

Two different water tanks were used to get hot and cold water.
Mass flow rate was measured by rotameter, and kept constant in
both parallel and counter flow. In the experiments the hot water
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flow is made between 0.03 kg/s and 0.16 kg/s, and the hot water
entries are made among 45–80 �C. The plate surfaces are cleaned
before every experiment to avoid the negative influences of the
pollution on the surface of the plates on the heat transfer.

In the experiments performed, Reynolds number changes in the
range of 50 and 1000, and Prandtl number changes in the range of
3 and 7. Also, heat capacity (Cr = Cmin/Cmax) 0.2, 0.5, 0.7 and 1.

3. Theoretical analysis for heat transfer

The heat load, Q, of a PHE in steady-state operation with no heat
losses (Qloss neglected or Qloss = 0), and no phase changes of hot and
cold liquids at constant pressure, can be represented as follows;

Q ¼ ð _mCpÞh ðTh;i � Th;oÞ ¼ ð _mCpÞcðTc;o � Tc;iÞ ð3Þ

In the experimental study, the wall temperatures are measured
by means of thermocouples (Fig. 3). Logarithmic mean tempera-
ture difference between wall and liquids;
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Fig. 2. The heat exchanger having the PHE corrugated and PHE asterisk surface structure.
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DTh;c;lm ¼
DT1 � DT2

ln DT1
DT2

� � ð4Þ

For counter flow (Fig. 3a)

hot water side;

DT1;h ¼ Th;i � Tw1;h; DT2;h ¼ Th;o � Tw2;h ð5Þ

cold water side;
DT1;c ¼ Tw1;c � Tc;o ; DT2;c ¼ Tw2;c � Tc;i ð6Þ

For parallel flow (Fig. 3b);

hot water side;

DT1;h ¼ Th;i � Tw1;h; DT2;h ¼ Th;o � Tw2;h ð7Þ

cold water side;

DT1;c ¼ Tw1;c � Tc;i; DT2;c ¼ Tw2;c � Tc;o ð8Þ



Fig. 3. Temperature distributions for (a) counter flow, (b) parallel flow.
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Reynolds number is calculated based on hydraulic diameter for
cold or hot water side

Re ¼ q � V � Dh=l ð9Þ

Fluids properties are evaluated at mean temperature given by

Tm;c ¼
Tc;i þ Tc;o

2
or Tm;h ¼

Th;i þ Th;o

2
ð10Þ

For adiabatic heat exchanger;

Q ¼ Hh � A � DTh ¼ Hc � A � DTc ð11Þ

The Nusselt numbers, in terms of the cold or hot water side are;

Nu ¼ H � Dh=k ð12Þ
200 400 600 800
Re

Fig. 4. Nusselt number the counter flow as functions of Reynolds number for hot
water side.
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Fig. 5. Nusselt number in the counter flow as a function of Reynolds number for
cold water side.
4. Theoretical analysis for exergy loss

Exergy is called the amount of maximum work obtained theo-
retically at the end of a reversible process in which equilibrium
with environment should be obtained. According to this definition,
exergy balance in a steady-state open system can be written as fol-
lows [14]:

E ¼ TeSirr ¼ Te½ _mcðSc;o � Sc;iÞ þ _mhðSh;o � Sh;iÞ� ð13Þ

dS ¼
Z

v¼const

dQ
T
¼
Z

v¼const

duþ pdv
T

¼
Z

v¼const

CdT
T

ð14Þ

For liquids (v = const.);
Entropy production of adiabatic heat exchanger;

Sirr ¼ Ch ln
Th;o

Th;i
þ Cc ln

Tc;o

Tc;i
ð15Þ

Exergy loss;

E ¼ Te Ch ln
Th;o

Th;i
þ Cc ln

Tc;o

Tc;i

� �
ð16Þ

Th,i, Th,o, Tc,i, Tc,o are measured and E can directly be determined.
For liquids E contains also the exergy loss caused by pressure
drop.

5. Results and discussion

The experimental results obtained are compared with empirical
Nusselt number given as Eq. (17) which had been derived by Gut
[15,16].
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Fig. 6. Nusselt number in the parallel flow as a function of Reynolds number for hot
water side.
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Fig. 7. Nusselt number in the parallel flow as a function of Reynolds number for
cold water side.

Table 2
Typical uncertainties for relevant variable

Variable Uncertainty (%)

Hot fluid inlet temperature, Th,i ±0.1
Hot fluid outlet temperature, Th,o ±0.1
Cold fluid inlet temperature, Tc;i ±0.1
Cold fluid outlet temperature, Tc,o ±0.1
Inner wall temperature, Tw1 ±0.1
Outlet wall temperature, Tw2 ±0.1
Ambient temperature, Te ±0.1
Hydraulic diameter, Dh ±1.2
Pressure difference, DP ±2.5
Water mass flow rate, _m ±2.5
Uncertainty in reading values of tables, (q; Cp; k; l; . . .Þ ±0.1 �0.2
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Nu

Pr1=3 ¼ 0:0169Re0:897 10 < Re < 1000 and 2:2 < Pr < 6:8

ð17Þ
Table 1
The empirical correlations obtained from the experimental results

N

a

Corrugated Parallel flow Hot side 0.
Cold side 0.

Counter flow Hot side 0.
Cold side 0.

Asterisk Parallel flow Hot side 0.
Cold side 0.

Counter flow Hot side 0.
Cold side 0.

Flat Parallel flow Hot side 0.
Cold side 0.

Counter flow Hot side 0.
Cold side 0.
The variation of Nusselt number in the hot side with respect
to Reynolds number for flat, corrugated and asterisk type heat
exchanger is clearly depicted in Fig. 4, which is valid for
Cr = 1 and counter flow conditions. According to Fig. 4 corru-
gated plate has the highest values. The same variations are also
seen for the cold side. Nusselt numbers in the cold side were
found to be less than that in the hot side (Fig. 5). The same
gradient is also seen for parallel flow (Figs. 6 and 7). On the
other hand, the variations in the Nusselt number in both cold
and hot side for parallel flow were found to be less than that
for counter flow.

The empirical correlations obtained from the experimental re-
sults are given in Table 1. The experimental results revealed that
asterisk type heat exchanger is the most advantage in terms of heat
transfer.

The uncertainties arising in calculating a result (WR) due to sev-
eral independent variables are given as follows;

WRþ ¼
dRþ

dX1
w1

� �2

þ dRþ

dX2
w2

� �2

þ ::þ dRþ

dXn
wn

� �2
 !1=2

ð18Þ

where the result R+ is a given function of the independent variables
x1,x2, . . .xn and w1,w2, . . .wn are uncertainties in the independent
variables [17]. Uncertainty calculations showed maximum value
of 2.8% for Reynolds number, 5.3% Nusselt number, 4% Prandtl num-
ber, 6.4% for friction factor and 6.6% for the exergy losses. The indi-
vidual contributions to the uncertainties of the non dimensional
parameters for each of the measured physical properties are sum-
marized in Table 2.

The changing of friction coefficient with Reynolds number
according to the empirical correlation and heat exchanger types
is given in Fig. 8. As can be seen from Fig. 8, pressure drop in the
usselt number Nu
Pr1=3 ¼ aReb

b R-square SSE

05774 0.8091 0.9983 0.1222
04319 0.8368 0.9961 0.2288
0488 0.8640 0.9989 0.1164
0443 0.8709 0.9996 0.3828

04988 0.7830 0.9962 0.1407
03131 0.8368 0.9961 0.1202
03516 0.8637 0.9989 0.06026
02928 0.8713 0.9996 0.01667

02545 0.8508 0.9991 0.00176
02372 0.8508 0.9978 0.04017
02503 0.8633 0.9989 0.03041
02228 0.8717 0.9962 0.00990
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corrugated and asterisk type heat exchanger increased 2.5 and 3.5
times according to the flat type heat exchanger, respectively.

There are three basic types of exergy losses that occurs in a typ-
ical heat exchanger; losses due to the exchange of heat across a fi-
nite temperature difference, the fluid friction and heat exchange
with the environment which are usually neglected because the
heat exchanger surface is insulated to reduce such an exchange
of heat [18].

Figs. 9 and 10 show the variation of the exergy loss with hot
water mass flow rate for different inlet cold water mass flow rates
and counter flow, parallel flow respectively. Figs. 11 and 12 also
show the variations exergy loss for the different inlet hot water
temperature and counter, parallel flow. Fig. 13 shows the varia-
tions of the exergy loss with hot water mass flow rate for different
PHE. The experimental results show that heat transfer has great ef-
fect on exergy loss. It is clear seen that exergy loss of corrugated
type heat exchanger is less than another types.
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6. Conclusion

In this study, in order to increase heat transfer in plate type heat
exchanger by passive method, rectangular fins are located on the
plates. In this manner, flow path of the fluid and surface area of
the plates is increased.

Nusselt number, the efficiency, pressure drop and exergy loss
is discussed comparatively. The conclusions can be drawn from
the experimental study of the heat exchanger designed, and
show the efficiency of the heat exchanger increases with
increasing the fluids’ contact surface, pressure drop
and mass flow rates due to an enhanced heat transfer to the
fluid.

In the experimental results obtained from three different heat
exchanger types, it was seen that the heat gained from corru-
gated type heat exchanger is higher than that of the others.
Accordingly, pressure drop increases too. Pressure drop greatly
increases the capital costs. Because of this, a thermodynamic
optimization should be made between heat transfer and pressure
drop. Pressure drop, however, has not an importance for heat ex-
changer. Because, increasing of the heat exchanger efficiency
causes smaller dimensions of the heat exchanger and decreasing
of the production costs.
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