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Abstract: In the present study, the hydraulic-thermal design and optimization of a
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performance index (the amount of transferred heat exchange to pumping power ratio)
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Algorithm (BA). The present study achieved three solution sets for the design
parameters by investigating the sensitivity of the design parameters heeded in the
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were opted for in such a way that heat transfer increased by 41.6%, 34.55%, and
20.7%, and pressure drop decreased by 11.89%, 27%, and 83%, respectively.
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1 INTRODUCTION

Heat exchangers are widely utilized in engineering
applications like chemical industries, electricity
generation, food manufacturers, environmental
engineering, energy recycling, air conditioning, and
Refrigeration. Nowadays, considering the advancing
technologies in the industrial processes, the demand for
high performance and efficient heat exchangers is
increasing. In recent studies, the optimization of
geometric and process parameters to achieve the
maximum performance and the least pressure drop in
heat exchangers is aimed. This is made through the
assessing the exchanger’s relevant geometric, hydraulic,
and thermal equations, and choosing the proper
optimization algorithm as a novel approach for
increasing the performance of heat exchangers, which is
elaborated by the researchers [1-7].

Yin et al. [8] have implemented multi-objective
optimization of a regenerative heat exchanger, mounted
on the furnace shell, with the objective function of
pressure drop and heat transfer level, entropy
production, and with design parameters of tubes number,
and the length and diameter of tubes through the genetic
algorithm. The results demonstrate that the regenerative
heat exchanger can decrease the heat exchange level and
pressure drop by 18 percent, and 11 percent,
respectively. Momeni et al. [9] have made the multi-
objective optimization of marine diesel engine’s air
cooler with the objective function of total cost, exergy
destruction ratio, and with parameters of tube outer
diameter design, longitudinal and transverse pitch, the
number of tube rows, fin pitch and the heat exchanger
dimensions through the firefly algorithm. They have
reported that the total cost, exergy destruction ratio, the
air pressure drop are decreased by 4.03, 7.66, 12.4, and
2.95 percent.

Wu et al. [10] have optimized a spiral-wound heat
exchanger by considering the thermal capacity at a
constant rate and total transferred heat as the objective
function, through the genetic algorithm. The angle of
twist (in the range of 10 to 30 degrees), and spacer
thickness (in the range of 0 to 10 mm), and the axial
distance (in the range of 0 to 10 mm) are considered as
the design parameters. The minimum total transferred
heat in 4900.6 m? is decreased by 23.4 percent with an
acceptable increase rate in pressure drop. The reported
optimized angle of twist is 11.7 degrees, the spacer
thickness is 0.00237 m and the axial distance between
tubes is 0.00814 mm. Petinrin et al. [11] have performed
the optimization of the preheater heat exchanger of the
crude oil distillation unit (two shell and tube heat
exchangers) by considering 13 design parameters in the
specified ranges and by decreasing entropy to the
minimum level through the firefly algorithm. The € -
NTU and Delaware method are utilized in designing of
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the shell and tube heat exchanger. The decrease in
entropy (caused by fluid’s friction) makes a drastic
decrease in the pumping power of two heat exchangers
from 51.4 to 82.2 percent and 54.8 to 92.2 percent,
respectively.

Mohanty [12] have optimized two shell and tube heat
exchangers with thermal capacities of 4.34 and 1.44
Megawatts with considering the total cost as the
objective function, and through the firefly algorithm.
The total cost consists of an initial cost and operation
cost. Their result for the 4.34, and 1.44 Megawatt heat
exchangers was 27.4 percent, and 8 percent decrease for
the heat exchanger area and 29 percent, and 28 percent
decrease in the total cost, respectively. Pu et al. [13] have
optimized the design parameters of a ground heat
exchanger for a ground-source heat pump through a
multi-objective genetic algorithm mixed with the
Kriging interpolation.

In this research, the effect of the design parameters on
the entropy production rate was investigated. The
investigated design parameters were the inflow velocity,
inflow temperature, the U-shaped tube diameter, the
channel diameter, and tubes distances. Mirzaei et al. [14]
have accomplished the optimization of the efficacy and
the cost parameters in a shell and tube heat exchanger
through a multi-objective optimization method with two
objective functions of maximizing the efficacy and
minimizing the cost. Thermal efficiency has increased
by nearly 28 percent by mixing the genetic algorithm
with constructal theory. Zarea et al. [15] have optimized
a plate-fin heat exchanger by considering 7 parameters
of optimization (the hot and cold inflow length, number
of fin layers, fin frequency, fin height, fin length, and fin
thickness) and by maximizing the efficacy of the
exchanger and minimizing the entropy production
through the € -NTU method and the bees algorithm.
They have demonstrated that the utilization of the bees
algorithm in the optimization of the plate-fin heat
exchanger is efficient.

Etghani et al. [16] have carried out the optimization of
four significant parameters of coil pitch, tube diameter,
hot and cold inflow rate in the design of a shell and tube
heat exchanger through the Taguchi Method for
achieving the maximum heat transfer coefficient and
minimum exergy loss. Their results depict that the
maximum Nusselt number has been observed in the
maximum hot and cold inflows and the heat transfer
coefficient has increased by increasing the coil pitch and
the hot inflow rate. Yang et al. [17] have optimized a
serrated fin-plate heat exchanger by considering five
important parameters of design (fin height, fin distance,
fin thickness and length, and the Reynolds number of the
channel). The objective functions were the heat transfer
rate, total annual cost, and entropy production, and the
optimization process was made through the Morris and
Sobol sensitivity analysis and non-dominated ranking
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genetic algorithm. Their results illustrate the fact that
Reynold's number and fin distance play a significant role
in the performance of the serrated plate-fin heat
exchanger. Many studies that address the heat exchanger
design using optimization algorithms have achieved
design parameters by disregarding the sensitivity of
these parameters to objective functions. However, this
study earmarks the sensitivity of the design parameters
to heat transfer and pressure drop to uncover more
optimal solutions. In the current study, the structural
design optimization of the gasketed-plate heat exchanger
(GPHE), presented in “Fig. 1” has been studied with the
stated characteristics in “Table 1” , and for the cold
water heating purpose through a combination of
thermal-hydraulic modeling and bees optimization
algorithm. The procedure of the bees optimization
algorithm and the related equations for the design and
optimization of the heat exchanger are discussed in the
following sections.

Fluid B

Fluid A

Fig.1  Simple schematic of a gasketed-plate heat exchanger.

Table 1 Geometric characteristics of the gasketed-plate heat
exchanger [19]

Plate thickness (t) 0.6 mm

Chevron angle (5) 45°

Total number of plates (Nt) 105

Enlargement factor (¢) 1.25

Number of passes One pass/one pass
Total effective area (Ae) 110 m?

All port diameter (Dp) 200 mm

Effective channel width (Lw) 0.63m

Vertical port distance (Lv) 1.55m

Horizontal port distance (Ln) 043 m

Compressed plate pack length (L) 0.38 m
Thermal conductivity of 17.5 W/im.K
the plate material (kw)

2 THE BEES ALGORITHM

The bees algorithm is a population-based search
algorithm that has been developed by Pham et al. [18].
In this method, n number of bees are in search of a
food/flower source (the solution of the problem) and
each time that an artificial bee reaches the flower, the
profit is evaluated. The bees possess this ability to
improve the solution and find better ones by utilizing the
others' information. This algorithm can be used to solve
problems that have many solutions, some of which are
better than other. So that, it starts with a random
solution, and iteratively makes small changes to the
solution, each time improving it a little. When the
algorithm cannot see any improvement anymore, it
terminates.

3 MODELING FORMULATION

This section describes thermal-hydraulic modelling of
GPHE, objective function formulation, design variables,
and constraints involved in GPHE design optimization.

3.1. Thermal and Hydraulic Formulation

In this work, the GPHE is assumed to run under a steady
state, with negligible heat loss and uniform velocities.
Further, heat transfer coefficients are assumed to be
uniform and constant.

3.1.1. Heat Transfer

The hot water at 338 K is entering into GPHE with the
mass flow rate of 140 kg/s. The cold water having the
mass flow rate of 140 kg/s is supplied to GPHE at a
temperature of 295 K. The transferred heat exchange in
the GPHE can be calculated as follows [19]:

Qr =UtAAT, 1)

A. is the total developed area of all thermally effective
plates, and ATy is the mean temperature difference. In
“Eqg. (1)” , the fouled (service) overall heat transfer
coefficient is calculated based on the following, and the
value of 0.00005 m?.K/W in (“Eq. (2)” ) is the fouling
factor [19]:

c

-1
U, - (Ui . o.00005] @)

In “Eq. (2)” , the overall heat transfer coefficient for a
clean surface can be calculated by:

-1
11t
Us=| —+—+—
g [hc hy kwj ®)
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In “Eq. (3)” , t and ky, are the plate thickness and plate
thermal conductivity, respectively, and the heat transfer
coefficients for both hot and cold flows are calculated by
considering the thermo-physical properties of hot and
cold water, which is presented in “Table 2” as follows:

Table 2 Thermophysical properties of hot and cold water

Property Water (hot Water (Cold
stream) stream)
cp [J kgIKT] 4183 4178
p [kg m] 985 995
k [Wm K] 0.645 0.617
ulkg m?s?] 5.09x10* 7.66x10*
1
h = & Re"Pr3 (4)
h
Where:
m/ N
Re = __° & (5)
Ap | u
c
Pr =2~ ©)

In “Eq. (4)” , c and n values for Re >100 and $=45° are
0.3 and 0.663, respectively. In “Eq. (5)” , N¢p, Dn and
Acn are the number of channels in each passage, the
hydraulical diameter of channel and the one channel
flow area, respectively, which can be given as:

_ N -1
NCp - 2N A (7)
2b
Dy = " (8)
Ay =bLy 9)

In “Eq. (7)” , Np is equal to 1 for one pass in tubes, and
also N is the total number of plates. In “Eq. (8)” , ¢ and
b are the enlargement factor and the channel depth,
respectively, which can be given as:

_ (A TN,)
¢= L|D><LW (10)
_L — —
p:Nt lb_p t (11)

© 2021 IAU, Majlesi Branch

In “Eq. (10)” , Ne is the effective number of plates that
is equal to Nt-2 and L, is equal to L,-D, considering the
“Fig. 1” . In “Eq. (11)” , p is the plate pitch and L is
the compressed plate pack length.

3.1.2. Pressure Drop
The total pressure drop of GPHE is equal to the total
pressure drops of channels and ports. Thus [20]:

ARotal = ARchannel + AI:’port (12)
Where:

N .2
ADchannel = 4f u i (13)

Dy, 2Nc2p’%2hp

m?2

Ap =112N,——— 14

port p pﬂzDﬁ (14)

In “Eq. (13)” , the fluid friction coefficient for Re>300,
and p=45° is equal to:

1.441

f= Re0-206 (15)

Also, the pumping power is calculated by the overall
pressure drop:

m
PP = Apgota) ¥ (;) (16)

3.2. Objective Function and Design Variables and
Constraints

In the present study, the optimization of the GPHE with
the objective function of heat exchanger performance
index (the ratio of transferred heat exchange to pumping
power,n=Q«PP), and by considering 6 design
parameters (the port diameter, plate thickness, the
enlargement factor, the compressed plate pack length,
the horizontal port distance, and the vertical port
distance) is made through the bees algorithm. The
population (number of bees) is 25, and the iteration
number is 100 for the optimization algorithm. The
boundaries of design parameters that have been utilized
in the heat exchanger are presented in “Table 3” .

Table 3 Design parameters and corresponding ranges

Decision Variables Range
D (M) 0.1-0.3
t (m) 0.0003-0.001
) 1.15-1.25
L (m) 0.3-0.6
Ln (m) 0.3-0.7
Lv (m) 1.1-2
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4 RESULTS AND DISCUSSION

The two sets of optimized solutions from the collection
of bees algorithm optimized solutions have been chosen
as the most suitable design parameters of the GPHE, and
they have been compared to the design parameters of
Kakac et al. [19]. By choosing the optimized design
parameters of solution collection (1), presented in
“Table 4” , in comparison to Kakac et al. [19], the
transferred heat exchange, pumping power are decreased
by 2.77 percent, and 83.41 percent, respectively;
furthermore, the performance index of the heat
exchanger is increased by 5.68.

Table 4 The comparison between the results obtained by BA
and the corresponding results from reference [19]

Reference [19] BA (1) BA (2)
Dp (m) 0.2 0.20127 0.14355
t (m) 0.0006 0.00057499 | 0.0006805
[0} 1.55 1.1509 1.2498
L (m) 0.38 0.59408 0.38156
Ln (m) 0.43 0.6592 0.69021
Lv (m) 1.55 1.7565 1.7459
Q (KW) 16658 16196 23585
pp (W) 39738 6591.7 35013
n 419.18 2457.1 673.62

Also, by choosing the optimized design parameters of
solution collection (2), in comparison to Kakac et al.
[19], the transferred heat exchange is increased by 41.6
percent, the pumping power is decreased by 11.89
percent, and the performance index of the heat
exchanger is increased by 1.6. Therefore, the designer of
the heat exchanger can choose the optimized design
parameters based on the requirements of the
corresponding unit for purposes of either increasing the
transferred heat exchange or the pumping power
decrease. Almost always, the approaches of increasing
the transferred heat exchange in the heat exchangers are
leading to the pumping power increase. We have
depicted that by proper optimizing of the GPHE, the
transferred heat exchange can be increased without the
tangible increase of the pumping power. Besides, to
explore the feasibility of attaining a more optimal heat
exchanger, the present study probes the sensitivity of the
design parameters considered in the optimization of the
GPHE to the objective functions, including the rates of
heat exchange and pump power. In this regard, these
parameters are considered constant in the marked range,
and other parameters are considered variable.

4.1. The Impact of the Enlargement Factor On the
Optimization Process

By considering the constant enlargement factor values in
the range of 1.15 < ¢ <1.25, the effect of this parameter

on the amount of transferred heat exchange and pumping

power, (and therefore, the heat exchanger performance
index) has been evaluated. The evaluation includes the
other five design parameters as variables and is made
through the bees algorithm. The results are
demonstrated in “Fig. 2” , and they depict an increase in
the amount of transferred heat exchange and pumping
power, and the heat exchanger performance index, with
an increase in the enlargement factor.

Fig.2  The impact of the enlargement factor on heat
transfer rate, pumping power and performance index.

In the optimization process, and various values of the
enlargement factor (1.15, 1.17, 1.19, 1.21, 1.23, and
1.25), the values of the other five parameters are the
same, in the best heat exchanger performance index
among this evaluation. These values are presented in
“Table 5”, and they illustrate that the amount of
transferred heat exchange and pumping power, and the
heat exchanger performance index in ¢=1.25, in
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proportion to ¢=1.15 has increased by 10.66 percent,
8.98 percent, and 1.53 percent, respectively. Thus, it can
be concluded that the heat exchanger performance index
in this optimization process (the constant enlargement
factor) has not been increased noticeably, and is not
desirable. Likewise, despite a suitable reduction in the
pump power, the constancy of the magnification factor
design parameter is not recommended in the
optimization process of the GPHE due to the decline of
heat transfer compared to the heat exchanger designed
by Kakac et al. [19].

i i i i
g). 1 0.15 0'2Dp(m) 0.25 0.3 0.35

0.1 0.15 0.2 0.25 0.3 0.35

I I
0.1 0.15 0. 0.25 0.3 0.35

%p (m)

Fig.3  The impact of the port diameter on heat transfer

rate, pumping power and performance index.
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Table 5 The optimal variables in the optimization process at
different enlargement factor
Lh (m) L (m) t(m)
0.54019 0.59663 | 0.00048

Ly (m)
1.478

Dp (m)
0.25652

4.2. The Impact of the Port Diameter on the
Optimization Process

Based on “Fig. 3” , the rates of heat transfer and pump
power approximately decrease by 43.13% and 92.27%
as the port diameter increases from 0.1m to 0.3m. When
the port diameter is considered constant at 0.1m in the
optimization process, and the other design parameters
are considered variable, compared to the heat exchanger
designed by Kakac et al. [19], the heat transfer and pump
power rates increase by 20.51% and 3.6%, indicating a
desirable result. However, by choosing the optimal
design parameters of the solution set (2), illustrated in
“Table 4” and obtained when the six design parameters
were variable; e.g., the port diameter, we can decrease
heat transfer and pump power by 41.6% and 11.89% and
yield much more suitable results. The maximum rates of
heat transfer and pump power were observed when the
port diameter was constant at 0.1m, and the heat transfer
and pump power variations were smaller when the port
diameter increased from 0.15 to 0.3m. Also, the rates of
heat transfer and pump power were smaller than those in
the GPHE designed by Kakac et al. [19]. The optimized
values of the other five parameters for various port
diameters are displayed in Table 6. Moreover, it has
been noticed that for various values of the port diameter,
the optimized other five parameters values are the same;
except in Dp= 0.1 m case.

Table 6 The optimal variables in the optimization process at
different port diameter

Dp (M) Lv (m) Lh (m) L (m) t(m) é
0.1 1.8454 | 0.65591 | 0.44378 | 0.00085 | 1.1869

0.15,

00'225’ 1.3253 | 0.55031 | 0.59941 | 0.00058 | 1.2307
0.3

4.3. The Impact of the Plate Thickness on the
Optimization Process

Based on the “Fig. 4” , by increasing the plate thickness
from 0.3 mm to 1 mm, the transferred heat exchange
amount, and the heat exchanger performance index are
decreased by 9.31 percent, and 36.82 percent,
respectively, and the pumping power is increased by
43.55 percent. Thus, the constancy of this design
parameter in the optimization process of the GPHE is not
recommended. All of the other five optimized design
parameters are the same, and they are presented in
“Table 77 . By comparing “Table 7 to Table 5” , or the
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optimized values of the constant plate thickness to the
optimized values of the constant enlargement factor, it is
unrevealed that the design parameters of Dy, L, Ly and L,
possess the same optimized values for maximizing the
heat exchanger performance index.

7000

6500~

6000

pp (W)

T S o 4

BOOO - eeeememend e .

4500
0.

3000

2800

2600

2400

2200

2000

1800

1600 i i i
0.2 0.4 0.6 0.8 1

Fig.4  The impact of the plate thickness on heat transfer
rate, pumping power and performance index.

Table 7 The optimal variables in the optimization process at
different plate thickness
Lv (m) Ln (m) L (m) ¢ Dp (m)
1.478 0.54019 0.59663 1.1762 | 0.25652

4.4. The Impact of the Compressed Plate Pack
Length On the Optimization Process

According to “Fig. 5” , by increasing the compressed
plate pack length (heat exchanger length) from 0.3 m to
0.6 m, the heat exchanger performance index has been
increased by nearly five times; even by the 37 percent

decrease in the transferred heat exchange amount. This
amount of increase is due to the significant decrease
(87.95 percent) in the pumping power. Also, the results
show that the heat transfer rate increases by 34.55% and
the pump power decreases by 27% when the compressed
plate pack length is constant in 0.3m, and other design
parameters are variable compared to the GPHE designed
by Kakac et al. [19]; revealing very desirable results. All
of the other five optimized design parameters are the
same, and they are displayed in “Table 8” .

i |
025 03 035 04 045 05 055 0.6
L(m)

pp (W)

4500 ! ! ! !
4000 ' '
3500
3000
= 2500
2000

1500

0.2 0.3 0.4 0.5 0.6 0.7
L (m)
Fig.5  The impact of the heat exchanger length on heat

transfer rate, pumping power and performance index.

Table 8 The optimal variables in the optimization process at
different heat exchanger length

Ly (m) L (m) t(m) ¢ Dy (m)
15066 | 057857 | 0.00033 | 1.1699 | 0.27458
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4.5. The Impact of the Horizontal Port Distance On
the Optimization Process

It has been illustrated in “Fig. 6” that by fixing the
horizontal port distance in the range of 0.3 m to 0.7 m,
and 5 other variable design parameters in optimization
process, the heat exchanger performance index has been
increased about three times (due to 34.88 percent
increase in the transferred heat exchange amount, and
57.2 percent decrease in the pumping power).

4

x 10

1.5

o=
N
=]
W
bl
N
o
o
o
[+]
o
~N

9000

8000

7000

6000

PP (W)

5000

4000

3000
0.2

4500

4000
3500
3000

2500

2000

1500

0.2 0.3 0.4 0.5 0.6 0.7
L, (m)
Fig. 6  The impact of the horizontal port distance on heat
transfer rate, pumping power and performance index.

However, since the values obtained for the exchanged
heat transfer are smaller than those obtained from the
GPHE designed by Kakac et al. [19], the constancy of
the horizontal port distance is not suggested contrary to

© 2021 IAU, Majlesi Branch

the suitable reduction in the pump power. For all of the
values in range, all of the other five optimized design
parameters are the same, and they are displayed in
“Table 9” . By comparing “Table 9 to Table 8” , or the
optimized values of the constant heat exchanger length
to the optimized values of the constant horizontal
distance between the ports, it has been proven that the
design parameters of Dy, t, ¢, and L, possess the same
optimized values for maximizing the heat exchanger
performance index.

Table 9 The optimal variables in the optimization process at
different horizontal port distance
Lv (m) Ln (M) t(m) ¢ Dp (M)
1.5066 0.67143 0.00033 1.1699 | 0.27458

4.6. The Impact of the Vertical Port Distance on the
Optimization Process

As it has been displayed in “Fig. 7", by fixing the
vertical port distance in the range of 1.1 mto 2 m, and 5
other variable design parameters in the optimization
process, the heat exchanger performance index has been
increased by about 23.67 percent (due to the doubling in
the transferred heat exchange amount, and 67.44 percent
decrease in the pumping power). The results show that
the heat transfer rate increases by 20.7%, and pump
power decreases by 83% when the vertical port distance
is equal to 2m in the optimization process, and other
design parameters are variable, compared to the GPHE
designed by Kakac et al. [19]. These values indicate very
desirable results. For all of the values in range, all of the
other five optimized design parameters are the same, and
they are displayed in “Table 10” .

Table 10 The optimal variables in the optimization process at
different vertical port distance

Ln (m) L (m) t (m) ¢ Dp (M)

0.63128 | 0.56693 0.00055 1.1979 0.25967

Table 11 The optimal solution sets of design parameters.
Ly(m) | La(m) | L(m) ¢ t (m) Dp (M)
0.690 | 0.381 | 1.24 | 0.00068 | 0.143

L] 17497 "1 | s6 | 98 | 05 55
0.671 1.16 | 0.00033 | 0.274

2 | 15066 43 0.3 99 955 58
3 2 0.631 | 0.566 | 1.19 | 0.00055 | 0.259

28 93 79 815 67

4.7. The Suggested Optimal Solution Sets of Design
Parameters

Concerning the posed subjects, the present study
proposes three suitable solution sets for the optimization
of the GPHE designed by Kakac et al. [19] and presents
them in “Table 11” . The design parameters in these
three optimal solution sets were opted in such a way that
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heat transfer increased by 41.6%, 34.55%, and 20.7%,
and pressure drop decreased by 11.89%, 27%, and 83%,
respectively.

T T ST
0.8
1 1.2 1.4 1.6 1.8 2
L, (m)
7000 T T T T )

3000

2900

2800

= 2700

2600

2400 i i i i
1 1.2 1.4 1.6 1.8 2
L, (m)
Fig. 7 The impact of the vertical port distance on heat
transfer rate, pumping power and performance index.

transferred heat exchange to the pumping power) as the
objective function through the bees algorithm have been
modified and optimized. Also, the effect of these
parameters on the performance of a gasketed-plate heat
exchanger has been evaluated and analyzed singularly,
to choose the suitable values of the parameters. Finally,
three optimal solution sets were selected from the output
solution sets of the bee algorithm for the design
parameters in the optimization process of the GPHE.
The heat transfer rate can increase by 41.6%, 34.55%,
and 20.7%, and pressure drop can decrease by 11.89%,
27%, and 83%, respectively, when every one of these
solution sets is selected.

NOMENCLATURE

5 CONCLUSIONS

The heat exchange increase in the heat exchangers is
usually followed by a significant increase in pressure
drop. In the present study, six design parameters (the
port diameter, plate thickness, the enlargement factor,
the compressed plate pack length, the horizontal port
distance, and the vertical port distance) by considering
the heat exchanger performance index (the amount of

A.  Total effective area, m?

A Channel flow area, m?

b Channel flow gap, m

Cp  Specific heat of fluid, J/kg. K

D, Port diameter, m?

f Fanning friction factor

h Heat transfer coefficient, W/m?K
k Thermal conductivity, W/m. k

L Compressed plate pack length, m
Ln ~ Horizontal port distance, m

L,  Projected plate length, m

Ly Vertical port distance, m

Lw  Plate width inside gasket, m

m  Mass flow rate, kg/s

Neo  Number of channels in each passage

Ne  Effective number of plate

No  Number of passes

N:  Total number of plates

p Plate pitch, m

Pr  Prandtl number

Qr  Heat load under fouled conditions, W

Re  Reynolds number

t Plate thickness, m

Uc Clean overall heat transfer coefficient, W/m?. K
Ur Fould (service) overall heat transfer coefficient,
Wim?, K

Greek Symbols
B chevron angle, deg
p fluid density, kg/m3
¢ enlargement factor
U viscosity, kg/ms

Subscripts
c cold fluid
h hot fluid
w wall
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