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Abstract
Purpose – This study aims to investigate heat and mass transfer in a one-row heat exchanger. The required
equations are obtained based on two-dimensional model analysis in a cell of the heat exchanger. By using
finite difference approach, the obtained equations are solved to determine distribution of temperature and the
efficiency of the heat exchanger in the case of partially wet surface. In this research, Lewis Number as unity
and water vapor saturation as parabolic are assumed. Obtained results show that increase in thermal
conductivity fin leads to decreasing thermal resistance; therefore, temperature changes in radial from center
to out of fin are reduced and efficiency of fin increases.
Design/methodology/approach – In this regard, fin material plays a significant role in fin efficiency.
Changes in airflow also result in an efficiency increase by temperature and relative humidity, and efficiency is
decreased by airflow velocity increase, and these changes are almost linear. Moreover, the fins with more wet
surface are more sensitive to changes in fin dimensions and air flow characteristics, and it is a result of conjugate
heat transfer mechanism, in which latent heat transfer in the fins withmore wet surface has a significant role.
Findings – Thermal property and geometry of the fin under wet conditions play a more important role than
the fin under dry conditions. Changes in airflow result in an efficiency increase by temperature and relative
humidity, and efficiency is decreased by airflow velocity increase, and these changes are almost linear. Fins
with more wet surface are more sensitive to changes in fin dimensions and air flow characteristics.
Originality/value – Effects of the temperature of water supply and mass flow rate were considered in the
study. The results had good agreement with actual data.
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A = Parameter defined in equation (30);
a1–3 = Parameters defined in equations (43)-(45);
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B = Parameter defined in equation (31);
C = Parameter defined in equation (27);
c = Parameter definned in equation (7);
Cp = The specific heat of the air-water vapor mixture J

kg�K
� �

;
e = Specific internal energy (j/kg);
F = Conservative function defined in equation (48);
f = Body force (N);
G = Conservative function defined in equation (49);
Ga =Mass rate kg

s�m2

� �
;

h = Heat transfer coefficient W
Km2

� �
;

hd =Mass transfer coefficient kg
s:m2

� �
;

ifg = Evaporative latent heat j
kg

� �
;

J = Jacobian matrix;
k = Thermal conductivity W

Km

� �
;

L = Fin length (m);
Le = Lewis number;
M = Parameter defined in equation (25);
N = Parameter defined in equation (26);
P = Pressure (Pa);
_q = Heat flux W m2= Þ�

;
_ql = Latent heat flux W m2= Þ�

;
_qs = Sensible heat flux W m2= Þ�

;
R = parameter defined in equation (28);
S =Width fin (m);
T = Dimensionless fin temperature;
T1 = Dimensionless air temperature;
T1,e = Dimensionless outlet air temperature;
Ti
1;e = Dimensionless outlet air temperature ideal;

t = Fin temperature (K);
tb = Tube temperature (K);
th = Fin thickness (m);
t1 = Air temperature (K);
t1,t = Inlet air temperature (K);
U = Conservative function defined in equation (47);
u = Velocity in x-direction (m/s);
V = Velocity magnitude (m/s);
v = Velocity in y-direction (m/s);
W = Parameter defined in equation (28);
w = Saturate absolute humidity in fin temperature kg

kg

� �
;

w1 = Air absolute humidity kg
kg

� �
;

w1,i = Inlet air absolute humidity kg
kg

� �
;

a = The corresponding x-direction in the computing space;
b = The corresponding y-direction in the computing space;
d = Fin pitch (m);
r = Density (kg/m3);
s = Stress (pa); and
h = Fin efficiency.
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1. Introduction
Generally, wet fins are categorized as cold and hot types. In the conditions the temperature
of the cold fin is lower than the dew point temperature, the air vapor will be condensed on
the fin. Depending on the condition of heat exchanger, a part or full of the finmay be covered
by a layer of water. In hot fins, the mechanism is different. The film of water is prepared out
of the heat exchanger; therefore, the absolute humidity of air increases due to evaporation on
the fin. This phenomenon results in a sharp reduction in the temperature of the fluid existing
in the tubes. In hot fin heat exchangers, that part or whole hot fin supposed to be wet is
independent of heat exchanger situation. Evaporative coolers and condenser and cooling
towers are among the most conventional applications of these fins. In these mediums,
indirect or direct interaction via sensible and evaporative latent heat leads to heat transfer
from the hot fluid to the surrounding. The influence of evaporation of water significantly
enhances the performance of cooling (Yang and Clark, 1975).

Due to simultaneous heat and mass transfer in the evaporative heat exchangers, the
process of cooling in these devices is more complex compared with the heat exchangers
work based on sensible heat.

Several studies have been carried out on the cold fins in fully or partially wet or dry
surface conditions. Naphon (2006) carried out a theoretical study on heat transfer of annular
fins for the mentioned operating conditions. In the study, influences of operating fluid inlet
conditions and dimensions of the fins on the heat transfer and efficiency were considered. In
another research (Kazeminejad, 1995), a one-dimensional model of conductive heat transfer
was analyzed and the efficiency in the cases of fully wet and dry surface was investigated.
Pirompugd et al. (2007) analyzed the performance of a plate fin-tube heat exchanger by
introducing Finite Circular Fin model. The analysis was conducted for both fully and
partially wet conditions. Jang and Lin (2002) present the two-dimensional analysis for the
efficiency of continuous plate fin-tube heat exchangers in staggered and in-line
arrangements under dry, partially wet and fully wet conditions for different heat transfer
coefficients and relative humidity of air. It is shown that the fin efficiencies of the staggered
arrangement are higher than those for the in-line arrangement. El-Din (1998) developed a
solution, which was analytical, by assuming a linear variation of humidity ratio of the
saturated air on the surface to assess the performance of the fin under various working
conditions. Qiao and Laughman (2016) represent a novel method to analyses heat exchanger
under fully wet, partially wet and dry conditions. Also, Lin et al. (2001) studied and
visualized the cold fin under the dehumidifying condition experimentally and determined
four regimes through the phenomenon. They estimated that the dry fin efficiency is about
15-25 per cent higher than the corresponding wet fin efficiency.

In addition to cold fins, wet hot fins are investigated in various studies. Maclaine-Cross
and Banks (1981) evaluated evaporative heat transfer between parallel plates by applying a
one-dimensional method. Assuming Lewis number as unity and linear water vapor
saturation line, a simplified analytical model was proposed. Utilizing the same method,
Kettleborough and Hsieh (1983) concluded that the most influential factor on the evaporative
heat exchanger performance is the temperature of the wet bulb. Hsu et al. (1989) developed
the optimal design of an evaporative cooler on the basis of a one-dimensional analysis. A
performance assessment approach was suggested by Chen et al. (1989) to evaluate
evaporative coolers in a plate or cylindrical shapes. Stoitchkov and Dimitrov (1998)
conducted a study on the evaporative cooling in a cross-flow plate heat exchanger by
applying a model which was more advanced compared with the model utilized by Maclaine-
Cross and Banks (1981). All the reviewed studies have used one-dimensional models. These
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types of model are dependent on the experimental data or need theoretical analysis related to
coefficients of heat andmass transfer.

Tsay (1994) investigated heat and mass transfer in a plate channel, which was covered
by a thin film of water, by applying the two-dimensional model. Afterward, the coefficients
of heat and mass transfer were determined. It was proved that the latent heat transfer had
more effect on thermal performance compared with the sensible heat transfer. Yan (1995,
1998) carried out an analysis of the evaporative cooling of a liquid film which had a
turbulently mixed convention by using a two-dimensional model. Effects of the temperature
of water supply and mass flow rate were considered in the study. The results had good
agreement with the actual data.

In this paper, a parametric study on the geometry of the fin and the conditions of the inlet
air is carried out using a two-dimensional numerical simulation, which has not been widely
applied to hot fin under partial wet condition.

2. Modeling
A set of fins located in a one-row heat exchanger is represented in Figure 1. In this figure,
broken lines refer to the boundaries of a unified cell of the heat exchanger. To simplify the
problem and obtaining the equations, below assumptions are used:

� The flow of moist air is steady and has uniform velocity.
� Changes in thermos-physical properties and the pressure of air flow are neglected.
� Variations of temperature via the thickness of fin can be neglected.
� The film of water is thin and does not influence the flow of air.
� The thermal contact resistance between a thin layer of water with air and fin surface

is negligible.
� The coefficients of convective heat and mass transfer are assumed to be

constant.
� The film of water is constantly substituted with water at the same temperature at its

surface.
� Both radiation and natural convection heat transfers can be neglected.
� Heat transfer between the flow of air and the surface of the tube is not

considered.

By applying energy balance and mass balance of moist air, governing equations are
derived. Both the flow of moist air and the surface of the fin two governing equations
due to the partially wet-surface fin, one of them for the wet surface and the other one of
the dry part.

Figure 1.
Schematic of the fin-
tube heat exchanger
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2.1 Fin

@2t
@x2

þ @2t
@x2

þ 2 _q
kth

¼ 0 (1)

where _q is represented (Jang and Lin, 2002):

_q ¼ h t1 � tð Þ þ hdifg w1 � wð Þ wet region

_q ¼ h t1 � tð Þ dry region

(
(2)

Generally, Lewis number in the moist air is close to 1, and below relationships are applicable
(Handbook, 1993).

Le2=3 ¼ h
hdCPa

� 1 (3)

Substituting equation (3) in equation (2), heat flux for the wet region of the fin can be
rewritten as:

_q ¼ h t1 � tð Þ þ h
CPa

ifg w1 � wð Þ (4)

where t1 the temperature of is moist air andw1 is its absolute humidity.

2.2 Air stream
By considering a thin layer of water on the fin, temperatures of water and fin are equal.
Therefore, the energy equation is single for the flow of air (Kays, 2012):

@t1
@x

¼ � 2h
GaCPad

t1 � tð Þ (5)

However, in mass balance, the situation is different as the mass transfer is equal to zero in a
dry section of the fin while it is valuable in wet section (Kays, 2012):

@w1
@x

¼ � 2h
GaCPad

w1 � wð Þ wet region

@w1
@x

¼ 0 dry region

8>>><
>>>:

(6)

To integrate equations (5) and (6), the ratio of absolute humidity air variation to temperature
variation can be calculated:

c ¼ w1 � wð Þ
t1 � tð Þ wet region

c ¼ 0 dry region

8><
>: (7)

By considering equations (2) and (7), the energy equations can be derived as:
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@2t
@x2

þ @2t
@y2

þ 2h
kth

t1 � tð Þ 1þ ifgc
CPa

� �
¼ 0 (8)

McQuiston (1978) and McQuiston and Parker (1982) assumed that in the case of fully wet
surface, the value of c is constant. In partially wet surface, this value must be locally
determined by applying equation (7), which requires a direct relation between saturate
absolute humidity and temperature. The suggested equation is suggested in Coney et al.
(1989):

w ¼ 1:2075� 0:9125 * 10�2t þ 0:1726 * 10�4t2 (9)

The local value belongs to the C parameter, which can be obtained by using the above
equation.

The boundary conditions are:
In connection of tube and fin:

t ¼ tb (10)

There is no heat transfer in tail and head of fin due to the thinness of the fin:

@t
@x

¼ 0 at x ¼ 0 ; x ¼ L: (11)

Thsymmetry, which is illustrated in Figure 1, leads to an adiabatic condition in boundary
where y = s/2

@t
@y

¼ 0 at y ¼ 0 and y ¼ S=2 (12)

The absolute humidity and temperature are known:

t1 ¼ t1i at x ¼ 0 (13)

w1 ¼ w1i at x ¼ 0 (14)

3. Non-dimensionalization
By applying the below variables, which are non-dimensional, it is possible to render the
governing equation dimensionless:

X ¼ x
L

(15)

Y ¼ y
L

(16)

T ¼ t � tb
t1i � tb

(17)
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T1 ¼ t1 � tb
t1i � tb

(18)

W ¼ w� wb

w1i � wb
(19)

W1 ¼ w1 � wb

w1i � wb
(20)

C ¼ ifgc
CPa

(21)

Dimensionless variables can be utilized to make the governing equations non-
dimensionalized:

@2T
@X2 þ

@2T
@Y2 þM T1 � Tð Þ 1þ Cð Þ ¼ 0 (22)

@W1
@X

¼ �N W1 �Wð Þ (23)

@T1
@X

¼ �N T1 � Tð Þ (24)

where:

M ¼ 2hL2

kth
(25)

N ¼ 2hL
GaCPad

(26)

C ¼ R
W1 �W
T1 � T

(27)

R ¼ ifg w1i � w1ð Þ
CPa t1i � tbð Þ (28)

W ¼ AT þ BT2 (29)

A ¼ t1i � tbð Þ
w1i � wbð Þ �0:9125 * 10�2 þ 0:3452 * 10�4 * tb

� �
(30)

B ¼ t1i � tbð Þ2
w1i � wbð Þ 0:1726 * 10�4ð Þ (31)
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The developed boundary conditions are developed as:

T ¼ 0 at the connection with tube (32)

@T
@X

¼ 0 at x ¼ 0 and x ¼ 1 (33)

@T
@Y

¼ 0 at Y ¼ 0 and Y ¼ S=2L (34)

T1 ¼ 1 at X ¼ 0 (35)

W1 ¼ 1 at X ¼ 0 (36)

3.1 Efficiency
The temperature of outlet air, absolute humidity and temperature distribution are obtained
by deriving governing equations for the system and numerically solving them. The
efficiency of the fin is determined as the ratio of actual to ideal heat transfer, which means
that the temperatures of the tube and fin are equal:

h ¼ Qactual

Qideal
(37)

Rosman et al. (1984) applied the fin efficiency as the following straightforward equation:

h ¼ T1;e

Ti1;e
(38)

T1,e and Ti
1;e refer to dimensionless temperature of air at the outlet actually and ideal

dimensionless temperature of outlet air, respectively.

4. Numerical solution
Equations (22)-(24) are complicated and contain differential equations which are second-
order interdependent, which makes them difficult to be solved analytically. Therefore, a
finite difference numerical approach is applied. By considering nonrectangular physical
domain, grids must be generated in the first step. There are various methods for producing
mesh in complex geometric domains; the most widely used approaches are mesh production
using algebraic equations. A grid generation method, which is increasingly being developed,
involves solving a kind of partial differential equations. In this way, a partial differential
equation system is solved for the position of the network points in the physical space, while
computing space is rectangular with lattice with similar intervals. These methods can be
classified into three groups: elliptic, hyperbolic and parabolic. Elliptical network production
has been developed extensively. This method is commonly used for two-dimensional
problems that can be transformed into three-dimensional problems. Parabolic and
hyperbolic generators have not developed much, but have a remarkable future (Hoffman
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and Chiang, 2000). Furthermore, elliptic partial differential equations are used to generate
the grids. In the other words, two Laplace equations are solved to determine the grid
coordinate points in physical space. where x and y are dependent on computational
coordinates a and b .

Equations (39) and (40) show the elliptic partial differential equations which should be
solved numerically to obtain grids in the physical domain. Afterward, the equations will be
transferred to the computational domain to be solved:

axx þ ayy ¼ 0 (39)

b xx þ b yy ¼ 0 (40)

where:

x ¼ x a; bð Þ (41)

y ¼ y a; bð Þ (42)

Finally, by discretizing the Laplace equation and applying equations (41) and (42) the
algebraic equations to determine mesh in the physical domain are obtained (Anderson and
Wendt, 1995):

xi;j

¼
a1
Dað Þ2 xiþ1;j þ xi�1;j½ � þ a3

Dbð Þ2 xi;jþ1 þ xi;j�1½ � � a2
2DaDb xiþ1;jþ1 þ xi�1;j�1 � xi�1;jþ1 � xiþ1;j�1½ �

n o
2 a1

Dað Þ2 þ
a3

Dbð Þ2
� �

(43)

yi;j

¼
a1
Dað Þ2 yiþ1;j þ yi�1;j½ � þ a3

Dbð Þ2 yi;jþ1 þ yi;j�1½ � � a2
2DaDb yiþ1;jþ1 þ yi�1;j�1 � yi�1;jþ1 � yiþ1;j�1½ �

n o
2 a1

Dað Þ2 þ
a3

Dbð Þ2
� �

(44)

where a, b, and c are computed from flowing relations numerically:

a1 ¼ x2b þ y2b (45)

a2 ¼ xaxb þ yayb (46)

a3 ¼ x2a þ y2a (47)

The number of divisions in the direction of a and b determines the number of meshes. On
the other hand, the independence of the mesh is an important factor in determining the
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number of divisions in the coordinate directions of the computational space that is obtained
by try and error. Table I shows the optimal grid number to have independent results to grid
size.

Therefore, the number of 969 meshes is selected, and numerical results are obtained
based on it.

The grid system which is obtained by solving a set of elliptic partial differential equation
(recent equations) is represented in Figure 2, as well as wetness pattern, which is assumed.
As illustrated, the distances between the grids are not equal in y- and x-directions.
Therefore, it is necessary to transfer the governing equations to a computational domain to
numerically solve them.

Considering the governing equation which is completely compressed and in conservative
form for two-dimensional problems (Anderson andWendt, 1995):

@U
@t

þ @F
@x

þ @G
@y

¼ source (48)

where U, F and G are represented by equations (47)-(49):

U ¼ r ru rv r eþ V2

2

� �� 	�1

(49)

F ¼ ru ru2 þ P � t xx rvu� t xy r eþ V 2

2

� �
uþ Pu� k

@T
@x

� ut xx � vt xy

� 	�1

(50)

G ¼ rv ruvþ P � t yx rv2 � t yy r eþ V2

2

� �
vþ Pv� k

@T
@y

� vt yx � vt yy

" #�1

(51)

And source terms may be defined by equation (50):

Table I.
Effect of grid number
on the results

Grid no. Change in outlet air temperature (%) Change in fin efficiency (%)

189 – –
363 12 5
615 5 2
969 1 0.4
2059 0.3 0.1

Figure 2.
The used grid system
based on the elliptic
partial differential
equations and
wetness pattern (blue
area)
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source ¼ 0 r fx r fy r ufx þ vfy
� �þ r _q


 ��1 (52)

By applying chain rule and equations (41) and (42), the main conservative governing
equation [equation (46)] can be converted to (Anderson andWendt, 1995):

J
@U
@t

þ @

@a
JF

@a

@x

� �
þ JG

@a

@y

� � !
þ @

@b
JF

@b

@x

� �
þ JG

@b

@y

� � !

�F
@ J

@a

@x

� �
@a

þ
@ J

@b

@x

� �
@b

0
B@

1
CA� G

@ J
@a

@y

� �
@a

þ
@ J

@b

@y

� �
@a

0
@

1
A

¼ J sourceð Þ

(53)

where J is a Jacobeanmatrix:

J � @ x;yð Þ
@ a;bð Þ �

@x
@a

@y
@a

@x
@b

@y
@b

2
6664

3
7775 (54)

Now all the equations are transferred to the computational space and can be calculated for
all the partial derivatives in the physical space using the Jacobin and the geometric
coordinates of gridding previously obtained.

The solving procedure can be summarized as follows:
� Initialize the temperature of the fin;
� Solve equation (23);
� Solve equation (24);
� Locally determine the C parameter;
� Solve equation (22);
� Do the convergence test; and
� Start the first step by considering the obtained temperature of the fin.

To solve governing equations and grid generation procedure, finite difference method is
used with convergence criterion 10�6 in residual of fin temperature. In mathematical
language:

ERROR ¼

X i ¼ m
j ¼ n
i ¼ 2
j ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tkþ1
i;j � tki;j

� �2r

969
@10�6 (55)

where x represents the number of the repetition of the numerical solution.
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5. Validation
To verify present modeling and numerical solution, the effect of fin thickness on fin
efficiency is investigated, in which Song et al. (2003) have calculated trend of efficiency
increase by increasing in thickness. They have evaluated a rectangular fin with constant
heat flux under fully wet condition. Present modeling is used to estimate fin efficiency that is
similar to Song and et al.’s work. Figure 3 represents the trend of fin efficiency with fin
thickness numerically and analytically under fully wet condition.

6. Result and discussion
To estimate the fin efficiency under partially wet conditions, the effect of some of the most
important airflow variables, as well as the heat exchanger fin, is investigated. Therefore,
among the airflow variables, inlet air velocity, temperature and relative humidity are
determined as the most important parameters in the efficiency of the fin. In the case of the
fin, the effect of fin thickness, pitch and its material are considered as the most important
parameters affecting the efficiency of the fin under partially wet conditions.

Influential values related to the dimensions of the fin and stream of air, as well as their
range of changes, are represented in Table II.

Figure 3.
Compression of
numerical and
analytic study

Table II.
Important properties
of the criteria and
their range of
changes

Property Criterion value Range of changes

Fin thickness 0.0005 (m) 0.0002-0.002 (m)
Fin length 0.08 (m) –
Fin Width 0.04 (m) –
Tube diameter 0.04 (m) –
Fin pitch 0.005 (m) 0.003-0.015 (m)

Thermal conductivity 221
W
mK

45-221
W
mK

Tube temperature 330 (K) –
Air velocity 2 (m/s) 0.25-5 (m/s)
Inlet air temperature 310 (K) 290-320 (K)
Relative humidity (%) 42 10-70
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6.1 Fin material effect
Three different fin materials of aluminum, iron and stainless steel are used to investigate
efficiency variations and fin temperature distribution. Evaluated efficiency for thermal
conductive coefficient changes in different amount (percentage) of surface wetness has been
shown in Figure 4. Obviously, fin efficiency is increased by the increase in thermal
conductive coefficient, because variations of fin temperature distribution are decreased,
which leads to a reduction in the difference between actual and ideal heat transfer. If the
thermal conductive coefficient is infinite, efficiency becomes unity, and if it is zero, efficiency
will be zero. Figures 5-7 show fin temperature distributions for mentioned materials in 60
per cent surface wetness. Isothermal lines for a material with a lower thermal conductive
coefficient are dense and those with higher thermal conductive coefficient are contrary. This
means that when fins are under wet conditions, fin material is of great importance. In other
words, to compensate for the reduced efficiency of the heat exchanger under wet conditions,
it is better to choose the finmetal with a higher conduction coefficient.

Figure 4.
Efficiency for thermal
conductive coefficient

changes in the
different percentage
of surface wetness

Figure 5.
Fin temperature
distributions for

aluminum
k ¼ 221 W

m:k

� �
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Another important point in the impact of metal fins is that increasing the heat conduction
coefficient allows the fin to widen to increase heat transfer. This means that the aluminum
heat exchanger should have a larger dimension than the iron case, i.e. the pipes should have
a greater distance than the iron heat exchanger, because the increase in the dimensions of
the fins in the aluminum heat exchanger would increase the heat transfer, and in an iron
heat exchanger, such a phenomenon does not occur because of the lower efficiency of the
iron fin.

In the case of comparison of wet and dry fins, it can be said that heat exchangers under
wet conditions should be produced with a material with a higher heat transfer coefficient
than dry heat exchangers; otherwise, the dimensions of the fin are necessary to decrease
(Figures 5-7). In fact, the tubes in wet heat exchangers should be designed more compact
than the dry case, because the increase in the width of the fins does not increase the amount

Figure 6.
Fin temperature
distributions for iron
k ¼ 65 W

m:k

� �

Figure 7.
Fin temperature
distributions for
stainless steel
k ¼ 45 W

m:k

� �
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of heat transfer largely (especially in low thermal conduction coefficient fin material).
Therefore, if the material of two fins is considered the same under dry and wet conditions, it
is recommended that the dimension of fins in the wet heat exchanger be smaller than that in
the dry heat exchanger. This may reduce the initial cost of production, and the fin efficiency
will not change much. In other words, if the two same size heat exchangers work under dry
and wet conditions, it is necessary for the heat exchanger which operates under wet
conditions to have a higher thermal conductivity coefficient; otherwise, the efficiency
reduction is extremely severe.

With more attention to Figure 4, it turns out that by increasing the wetness amount
(percentage) in general, the efficiency is reduced. This reduction is less for the fin with a
higher thermal conductive coefficient. Increasing the thermal conductive coefficient has
reduced the effect of wetness area percentage by reducing the efficiency. This is a matter of
re-emphasizing the application of the heat exchanger with higher heat conduction capacity
under wet conditions.

6.2 Fin thickness effect
Efficiency for fin thickness variations in different percentages of surface wetness is shown
in the Figure 8. Increase in total storage energy of fin is caused by the increase in fin
thickness, and following the decrease in fin temperature gradient, efficiency is increased.
Increase in fin thickness is limited practically. Thus, it is not economically efficient to
increase the fin thickness more than some extent. Figure 8 proves that the more the fin
surface is wet, the more the fin thickness is needed to increase the fin performance (Song
et al., 2003). With reference to Figure 8, it can be seen that increasing the thickness of the fin
boundlessly increases the efficiency to one. For this reason, the thickness of the fin is limited
to achieve higher efficiency through physical constraints. Another important point about the
thickness of the fin is to increase its effect on the efficiency of the fin with a broader wet
surface. In other words, the fin performance with a wider wet surface is more sensitive to
thickness. Because the bigger the wet surface of the fin, the bigger the latent heat transfer
from the fin, and to compensate for this, high-temperature gradient created in the fin can be

Figure 8.
Efficiency for fin

thickness variations
in the different

percentage of surface
wetness
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added to its thickness. As a result of the application, it seems that heat exchangers used
under wet conditions should have thicker fins than those under dry conditions.

6.3 Fin pitch effect
The increase in fin pitch causes fewer variations in fin gradient; therefore, efficiency is
increased. As shown in Figure 9, the increase in the wetness of the fin surface, for the fin
pitch variations, leads to more fin efficiency variations because latent heat transfer is more
compared with that in the fin with more dry surface. Although the increase of the pitch of
fins (d ) improves the efficiency of the fins, it is important that the heat transfer equations for
air are developed in two dimensions, and as the pitch of the fin increases, the third
dimensional effects will also be important. Therefore, the results in Figure 9 do not seem to
provide a reliable estimate of the physical reality of the problem for big pitches. But the
results are still remarkable for the small pitches. By increasing the spacing of the two fins,
according to equation (26), the value of the non-dimensional parameter “N” decreases. Then,
equation (23) reduces the amount of evaporation and, consequently, reduces the latent heat
transfer. Reducing the latent heat transfer, which has a considerable amount, causes the fins
to not have extreme temperature gradients and ultimately cause an increase in the
temperature of the outlet air.

6.4 Effect of inlet air temperature
The increase in dry bulb temperature with fixed relative humidity of inlet air increases the
efficiency of the wet-surface fin. When absolute humidity of air increases, it reduces latent
heat transfer; therefore, the gradient of fin temperature decreases and the reduction in the
difference between actual and ideal heat transfer occurs.

However, the increase in fin efficiency is predictable with an increase in inlet air
temperature. Because in a constant relative humidity, by increasing the air temperature,
absolute humidity will increase. It results in reduction of latent heat transfer; consequently,
the reduction in fin temperature decreases. Reducing the temperature gradient leads to
increased efficiency generally.

Figure 9.
Efficiency for fin
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As shown in Figures 10 and 11, increasing the relative humidity of the air reduces the effect
of the air temperature on the efficiency. As a general rule, increasing the relative humidity of
the air reduces the latent heat transfer. For this reason, the variation in efficiency for
different air temperature in the relative humidity of 80 per cent (Figure 11) is clearly less
than that in relative humidity of 40 per cent (Figure 10). Therefore, in higher relative
humidity, the effect of the air inlet temperature on the efficiency of the fin is less.

By comparing the slope of the curves in both Figures 10 and 11, it can be seen that the
efficiency of fins with a lower wetting surface are relatively independent to the increase in
the inlet temperature. Because the portion of the latent heat transfer in them is a small
contribution and may not have much impact on the fin efficiency. However, in the case of

Figure 10.
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more wetting, the portion of latent is remarkable, which is why the ratio of changes in the fin
efficiency versus the inlet air temperature is more sensitive.

6.5 Effect of inlet air relative humidity
When the two-dimensional analysis is completed, inlet air relative humidity variations have
more effect on efficiency compared to one-dimensional analysis (Chen et al., 1989). Because
the temperature variation of the fin is applied in two directions, the evaporation rate from
the fin and, consequently, the relative humidity of the fin efficiency are estimated more
accurately.

Efficiency variations for each change in inlet air relative humidity are between 10 and 70
per cent (Figure 12). As it is indicated, a decrease in the wetness of the fin surface, for
relative humidity variations, leads to less fin efficiency variations, because sensible heat
transfer is more compared with that in the fin with the less dry surface (more wet surface). If
the inlet air relative humidity increases, the amount of vapor in the air rises and water on fin
evaporates less, resulting in more efficiency. Increasing the relative humidity of the air at
constant temperature is equivalent to increasing the proportion of water vapor in the air
passing through the fin. By increasing the absolute humidity of the air, the air capacity
decreases for water vaporization on the fin, which means to reduce the latent heat transfer.
As a result, the fin temperature gradient is reduced and approaches the ideal fin condition.

But cold wet-surface fin acts contradictory. It means that the increase in air relative
humidity results in less efficiency of fin (Kundu, 2009).

6.6 Effect of inlet air velocity
The effect of inlet air velocity on efficiency is significant because variations of velocity bring
about convective heat transfer efficiency variations. Kays (2012) reported the rise in
efficiency due to the increase in air velocity (low Reynolds) in dry-surface fin. Figure 13
shows the efficiency of partially wet-surface fin for different velocities. The increase in inlet
air velocity causes a rise in convective heat and mass transfer coefficient, which increases

Figure 12.
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the heat transfer from the fin. As it is shown in Figure 13, the slope of diagram of efficiency-
velocity is constant. Erens and Dreyer (1993) reported similar results for different heat
exchangers under wet surface.

However, the results for the high Reynolds are not very significant because the flow
regime has actually changed and turned into a turbulent flow regime, while the initial
assumption of the numerical solution in the present study is the layer flow regime. Even at
low speeds, most heat exchangers operate under turbulent flow conditions due to
geometrical disturbances.

It should be noted that reducing fin efficiency at higher speeds never means that lower
speeds are preferred for heat exchanger operation. But in terms of the definition of the fin
efficiency, this decrease in the efficiency is the result of the deviation of the air temperature
from the fin under the actual condition to the fin under ideal condition.

7. Conclusion
In this paper, two-dimensional heat andmass transfer two-dimensional governing equations
under partially wet-surface condition were solved by using the F.D method. To obtain the
performance of the fin heat exchanger, several fin geometric dimensions and air flow
properties were changed. In this parametric study, the following results can be concluded:

� Increasing the percentage of wetness of the fin area generally reduces the fin
efficiency, although this reduction in efficiency does not necessarily mean lowering
the heat transfer. But it also means that the fin is far from ideal fin (isothermal fin).

� Thermal conductive coefficient and thickness of fin, as the surface of the fin is wet,
should be more than those of a dry-surface fin to reach more efficiency and heat
transfer. For this reason, it is recommended to increase the thickness of the fin and
reduce their width to increase the heat exchanger efficiency under wet conditions
compared to a heat exchanger with the same material but under dry conditions.

� The increase in fin pitch for efficiency increase is limited by the third dimension,
which is very important in the numerical analysis where the pitch fin grows. But the
present study analyses are only two-dimensional. It also appears that in the wet-fin

Figure 13.
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heat exchanger, the fin pitch should be considered slightly more than the heat
exchanger under dry conditions.

� The increase in inlet air temperature and relative humidity leads to an increase in
efficiency. This increase in the efficiency of the fin occurred because of the reduction
in heat transfer, and it is clear that with decreasing relative humidity and
temperature of the inlet air, heat transfer increases from the fins. Therefore, this
increase in output occurs because of the definition of efficiency.

� The increase in inlet air velocity results in a decrease in efficiency. In this regard,
although the fin efficiency is reduced, the higher velocity of the intake air is
recommended because it can ultimately increase the heat transfer from the heat
exchanger.

As a final and practical result, it can be said that the heat exchanger working under wet
conditions should have a larger fin pitch with a higher thermal conductivity coefficient and
a thicker fin than the a case that works under dry conditions.
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