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Estimation of heat-transfer characteristics on a fin under wet conditions
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Abstract

The finite difference method in conjunction with the least-squares scheme and experimental temperature data is proposed to solve the
one-dimensional (1-D) and two-dimensional (2-D) inverse heat conduction problems in order to predict the average overall heat-transfer
coefficient �h on a fin and wet fin efficiency gf for various air speeds under wet conditions. The sensitive and overall heat-transfer coef-
ficients on the fin, the Lewis number and the functional form between the relative humidity and fin temperature are unknown a priori
in the present study. In addition, the sensitive and overall heat-transfer coefficients on the fin are also assumed to be non-uniform. Thus
the whole fin is divided into several sub-fin regions in order to predict the �h and gf values. Variations of these two predicted values with
the relative humidity (RH) for various air speeds can be obtained using the present inverse scheme in conjunction with measured fin
temperatures. In order to validate the accuracy and reliability of the present inverse scheme, a comparison between the present estimates
obtained from the 1-D and 2-D models and exact values is made using simulated temperature data. The results show that the present
estimates of the �h value obtained from the 1-D and 2-D models agree well with the exact values even for the case with the measurement
errors. Variations of the �h and gf values obtained from 2-D model with the RH value are similar to those obtained from 1-D model for
various air speeds. However, the present estimates of the �h and gf values obtained from the 2-D model an slightly deviate from those
obtained from the 1-D model. It is worth mentioning that the deviation between the �h value in the downstream region and that in
the upstream region can be observed using the 2-D model. This phenomenon cannot be obtained from the 1-D model.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Finned tube heat exchangers are commonly used in air
conditioning. In designing such heat exchangers, it is neces-
sary to consider the interactions between the local heat
transfer and flow distribution within the fins. Thus a good
estimation of the steady-state heat-transfer characteristics
is difficult to be determined using the commercially soft-
ware, such as STAR CD and FLUENT, etc. However,
most of the previous works about the heat-transfer charac-
teristics of the finned tube heat exchangers were limited to
the experiments. The fins are always used for the enhance-
ment of heat transfer in the industrial heat exchangers such
as dehumidification and air-cooling, etc. This implies that
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the two-phase flow on the fin can be observed for these
industrial heat exchangers. Such problems can be regarded
as heat and mass transfer processes because the warm and
humid air encounters the cold fin that its temperature can
be below the dew point temperature. Thus the actual heat
transfer of such problems must include the sensitive heat
transfer and latent heat transfer originated by mass trans-
fer. On the other hand, the overall heat-transfer coefficient
mainly involves the sensitive heat-transfer coefficient and
that due to mass transfer. This also implies that the fin per-
formance of such problems is significantly influenced by
the combined heat and mass transfers associated with the
cooling and dehumidification of the air. During the dehu-
midification process, the droplets can drain off the fin sur-
face due to gravity and the forced air flow. With regard to
the fin temperature and dew point temperature of the sur-
rounding air, three different states on a fin surface can be
observed [1,2]. The fin surface will be completely wet if
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Nomenclature

Af lateral surface area of the fin, m2

Aj lateral surface area of the jth sub-fin region, m2

[A] global conduction matrix
C parameter
Cp specific heat of moist air, J/(kg K)
[K] global conduction matrix
[F] force matrix
h(X) overall heat-transfer coefficient, W/(m2 K)
h(X,Y) overall heat-transfer coefficient, W/(m2 K)
�h average overall heat-transfer coefficient, W/

(m2 K)
hi overall heat-transfer coefficient at x = xi, W/

(m2 K)
�hj average overall heat-transfer coefficient on the

jth sub-fin region, W/(m2 K)
hs sensitive heat-transfer coefficient, W/(m2 K)
ifg latent heat of water condensate, J/kg
Km mass transfer coefficient, kg/(s m2)
kf thermal conductivity of the fin, W/(m K)
L fin height or side length of a square plate fin, m

‘ distance between two neighboring nodes in the
x- and y-directions

m(x) dimensionless parameter, 2L2hðX Þ
kf d

m(x,y) dimensionless parameter, 2L2hðX ;Y Þ
kf d

�mj dimensionless parameter on the jth sub-fin re-
gion,

2L2�hj

kf d
N number of the measured temperatures in the fin

or sub-fin regions
Nx number of nodes in the x-direction
Ny number of nodes in the y-direction
P number of sub-space intervals

Q total heat-transfer rate dissipated from the fin,
W

qj heat-transfer rate dissipated from the jth sub-fin
region, W

RH relative humidity
T fin temperature, K
Ta air ambient temperature, K
Tb fin base temperature, K
Tm measured fin temperature at x = xm, K
Tj measured fin temperature in the jth sub-fin re-

gion, K
[T] global temperature matrix
Vair frontal air speed, m/s
X, Y spatial coordinates, m
x, y dimensionless spatial coordinates
xm measurement location

Greek symbols
d fin thickness, m
gf wet fin efficiency
xj random error
xa air humidity ratio
xf humidity ratio evaluated at the fin temperature.
h dimensionless fin temperature, (T � Ta)/

(Tb � Ta)
[h] global temperature matrix

Superscripts

cal calculated value
exa exact value
mea measured data
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the temperature of the whole fin is lower than the dew
point temperature of the surrounding air. The partially
wet surface occurs when the dew point temperature is lower
than the fin tip temperature and is higher than the fin base
temperature. If the temperature of the whole fin is higher
than the dew point temperature, the fin is fully dry. As sta-
ted by Liang et al. [3], the condensation of the moist air
along the fin surface reduced the fin efficiency. In order
to determine the wet fin efficiency, it is necessary to model
the combined heat and mass transfers on the cooling sur-
face in detail. It is known that the heat transfer on the
fin is closely related to the airflow pattern. Velayati and
Yaghoubi [4] applied a numerical method to investigate
convective heat transfer from an array of parallel bluff
plates. It can be found from Ref. [4] that there exhibited
very complex three-dimensional flow characteristics within
parallel bluff plates. This complex flow pattern is accompa-
nied by fluid separation and reattachment. This can cause
local variation of the heat-transfer coefficient on the dry
fin. It was demonstrated by Saboya and Sparrow [5] that
the sensitive heat-transfer coefficient can vary by a factor
of 50 over a plate fin in a one-tube-row plate finned-tube
heat exchanger. It was found that the measured fin effi-
ciency was less than the calculated result assuming a uni-
form heat transfer coefficient [3]. Moreover, the
calculated results of Saboya and Sparrow [5], Chen et al.
[6], Chen and Chou [7,8] and Chen and Hsu [9] also showed
that the heat-transfer coefficient on the fin inside the plate
finned-tube heat exchangers was non-uniform under dry
conditions. On the other hand, the conventional analysis
assuming the uniform heat-transfer coefficient on the fin
seems to be inadequate. This implies that the actual
steady-state heat-transfer coefficient on a fin for the present
problem should be the function of position. However, due
to the difficulty of considering variable sensible heat-trans-
fer coefficient, a uniform sensible heat-transfer coefficient
was often assumed by many investigators in order to deter-
mine the wet fin efficiency [3].

Lin and Jang [2] applied the second-order central-differ-
ence scheme to investigate a two-dimensional fin efficiency
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analysis of combined heat and mass transfers in elliptic fins.
Liang et al. [3] made a comparison of one-dimensional (1-
D) and two-dimensional (2-D) models for the wet fin effi-
ciency of a plate-fin-tube heat exchanger using the fourth-
order Runge–Kutta method and a second-order central-dif-
ference scheme. It is worth noting that the fin efficiency of a
2-D rectangular plate-fin was approximated by a 1-D equiv-
alent annular circular fin having the same surface area.
Their results [3] showed that the wet fin efficiency obtained
from the 1-D model agreed with that obtained from the 2-D
model. Chen [10] applied a 2-D model to analyze the fin per-
formance with heat transfer and mass transfer in cooling
and dehumidifying processes. In this work, the effect of
the moist air temperature and relativity humidity (RH) on
the fin performance was considered. His results showed that
the wet fin efficiency was sensitive to the RH value. Lin et al.
[11] applied a 1-D model in conjunction with an experimen-
tal study to investigate the performance of a square fin
under wet conditions. Their experimental results showed
that there existed the fully dry, very fine droplet, larger
droplet and film-like regions on the fin. The distribution
of the droplet on the fin can be random and non-uniform.
The measured fin temperatures in the upstream sub-fin
regions were lower than those in the downstream sub-fin
regions under the condition of the same fin height. How-
ever, in order to simplify the problem considered, the sensi-
ble heat-transfer coefficient was assumed to be constant
over the fin, and the Lewis number was also assumed to
be unity. It was a pity that a comparison between their cal-
culated and experimental fin temperatures was not made. It
can be found from Ref. [12] that the measurements of the
local heat-transfer coefficient on a plate fin under steady-
state heat-transfer conditions were very difficult to perform,
since the local fin temperature and local heat flux were
required. Thus the wet fin efficiency was often determined
under the assumptions of the uniform sensible heat-transfer
coefficient and the given functional relation between the rel-
ative humidity and fin temperature [1–3,10,11,13,14]. Liang
et al. [3] and Lin et al. [11] applied the model of McQuiston
[15] to determine the wet fin efficiency. Virtually, various
relations between ‘‘the difference of the humidity ratio eval-
uated at the fin temperature and air humidity ratio” and
‘‘the difference of the fin temperature and air ambient tem-
perature”, such as the quadratic functional form, can also
be proposed [2,3,10,11,13,14]. In the present study, the sen-
sible and overall heat-transfer coefficients, the Lewis num-
ber and the functional relation between the relative
humidity and fin temperature are assumed to be unknown.
The main purposes of the present study is to estimate the
average overall heat-transfer coefficient and wet fin effi-
ciency under wet conditions using experiment temperature
data given by Lin et al. [11]. In order to validate the reliabil-
ity and accuracy of the present inverse scheme, a compari-
son of the overall heat-transfer between the present
estimates obtained from the 1-D and 2-D models and exact
values is made using simulated temperature data. Rosario
and Rahman [16] analyzed the heat transfer in partially
wet annular fin assembly during the process of
dehumidification.

As stated by Lin et al. [11], the effect of the RH value on
the fully wet fin efficiency of extended surface was very con-
fusing. Threlkeld’s model [17] showed that the wet fin effi-
ciency was slightly affected by the RH value. ARI 410-91
standard [18] was based on the 1-D analysis given by Ware
and Hacha [19]. It can be found from Ref. [11] that the
fully wet fin efficiency obtained from this standard [18]
was independent of the relative humidity under fully wet
conditions. Conversely, the works of Chen [10], Elmahdy
and Biggs [13], McQuiston [15] and Rosario and Rahman
[16] showed that the fully wet fin efficiency significantly
decreased with increasing the RH value. Thus another pur-
pose of the present study is to investigate the relation of the
wet fin efficiency and the relative humidity. It is known that
the accuracy of the estimated overall heat-transfer coeffi-
cient has a great effect on the wet fin efficiency. Thus the
estimation of a more accurate overall heat-transfer coeffi-
cient on the fin is also an important task for the present
problems.

Quantitative studies of the heat-transfer processes
occurring in the industrial applications require accurate
knowledge of the surface conditions and the thermal phys-
ical quantities of the material. It is well known that these
physical quantities and the surface conditions can be pre-
dicted using the measured temperatures inside the test
material. Such problems are called the inverse heat conduc-
tion problems that have become an interesting subject
recently. To date, various inverse methods in conjunction
with the measured temperatures inside the test material
have been developed for the analysis of the inverse heat
conduction problems [20,21]. However, to the authors’
knowledge, a few investigators performed the prediction of
the overall heat-transfer coefficient on the fin under wet
conditions and wet fin efficiency using the inverse scheme
because both heat transfer and mass transfer occurred
simultaneously during the process of dehumidification.

Chen et al. [6], Chen and Chou [7,8] and Chen and Hsu
[9], respectively applied the finite difference method in con-
junction with the least-squares scheme and experimental
temperature data to predict the average sensitive
heat-transfer coefficient on the fin and fin efficiency inside
one-tube plate finned-tube heat exchangers for various fin
spacings in forced convection and free convection under
dry conditions. The estimated results of the average sensi-
tive heat-transfer coefficient on the fin in free convection
agreed with those obtained from the correlations recom-
mended by current textbooks [22,23]. This implies that
the present inverse scheme has good accuracy and good
reliability. Thus the similar inverse scheme [6–9] is applied
to investigate the present 2-D problem.

The whole fin is first divided into several analysis sub-fin
regions in the present study before performing the inverse
calculation. Later, the finite difference method in conjunc-
tion with experimental measured temperatures given by Lin
et al. [11] and least-squares method is applied to predict the
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average overall heat-transfer coefficients on these sub-fin
regions. Furthermore, the average overall heat-transfer
coefficient on a fin under wet conditions and wet fin effi-
ciency can be obtained for various air speeds and RH val-
ues. The effects of the relative humidity and air speed on
the estimation of the overall heat-transfer coefficient and
wet fin efficiency under wet conditions will also be investi-
gated. The computational procedure for the estimates of
the overall heat-transfer coefficients on each sub-fin region
is performed repeatedly until the sum of the squares of the
deviations between the calculated and measured tempera-
tures becomes minimum.
2. Mathematical formulation

A one-dimensional (1-D) inverse heat conduction prob-
lem is first introduced to estimate the unknown overall
heat-transfer coefficient under wet conditions and wet fin
efficiency. The physical geometry of the one-dimensional
inverse problem is shown in Fig. 1. The mathematical for-
mulation, basic assumptions and experimental temperature
data used in this study come from the work of Lin et al.
[11]. For the direct heat conduction problems, the temper-
ature field can be determined provided that the overall
heat-transfer coefficient h(X) is given. However, the overall
heat-transfer coefficient is not known for the inverse heat
conduction problems (IHCP). It cannot be estimated unless
additional information of the measured fin temperatures at
various measurement locations in the test material is given.
In this study, the thermocouples are fixed at several differ-
ent locations in order to record their temperatures. The
IHCP investigated here involve the estimates of the
unknown overall heat-transfer coefficient and wet fin effi-
ciency from the measured fin temperatures at various mea-
surement locations. The governing differential equation is
expressed as [11]
g

airV
x

δ
0=

dx

dT

bTT =

Fig. 1. Physical geometry of the 1-D inverse problem.
kfd
d2T

dX 2
� 2½hsðX ÞðT � T aÞ þ ifgKmðxf � xaÞ�

¼ 0 for 0 < X < L ð1Þ

where T is the fin temperature. Ta is the air ambient tem-
perature. X denotes the spatial coordinate. L is the fin
height. d is the fin thickness. Kf is the thermal conductivity
of the fin. hs is the sensible heat-transfer coefficient. ifg de-
notes the latent heat of water condensate. Km denotes the
mass transfer coefficient. xa is the air humidity ratio. xf

is the humidity ratio evaluated at the fin temperature.
Various relations between ‘‘xf � xa” and ‘‘T � Ta” can

be proposed [3,10,11,13,14]. On the other hand, their rela-
tionship cannot be linear. Coney et al. [14] assumed that
the functional relation between ‘‘xf � xa” and ‘‘T � Ta”

was a second-order polynomial function. However, in
order to compare with the results given by Lin et al. [11],
the relation between ‘‘xf � xa” and ‘‘T � Ta” in the pres-
ent study can be assumed as

xf � xa ¼ CðT � T aÞ ð2Þ
where the parameter C is not always a constant in the pres-
ent study Cp is the specific heat of moist air.

Substituting Eq. (2) into Eq. (1) yields

d2T

dX 2
� 2hðX Þ

kfd
ðT � T aÞ ¼ 0 for 0 < X < L ð3Þ

where h(X) is the overall heat-transfer coefficient for the 1-
D model and can be expressed as

hðX Þ ¼ hsðX Þ þ ifgKmC ð4Þ
Obviously, this overall heat-transfer coefficient involves the
sensible heat-transfer coefficient and that due to mass
transfer. As stated by Liang et al. [3], it is difficult to deter-
mine the parameter C. Coney et al. [14] indicated that the
overall heat-transfer coefficient was related to the fin tem-
perature, h(X) and the hs value might not be regarded as
the constant values simultaneously. This implies that the
parameter C can be the function of X for the 1-D model.

As stated by Lin et al. [11], most of the investigators
applied the Chilton–Colburn analogy to perform their
studies. The Chilton–Colburn analogy [24] was expressed
as

hs

KmCp

¼ Le2=3

where Le is the Lewis number. It is worth noting that Le is
not assumed to be unity in the present study. Cp is the spe-
cific heat of moist air.

The corresponding boundary conditions of this problem
are

T ð0Þ ¼ T b ð5Þ
and

dT
dX
¼ 0 at X ¼ L ð6Þ

where Tb is the fin base temperature.
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The ‘‘insulated tip” assumption can be an adequate
approximation provided that the actual heat-transfer rate
dissipated through the fin tip is much smaller than the total
heat-transfer rate drawn from the base wall [7–9,25]. For
simplicity, the average overall heat-transfer coefficient on
the tip surface of the fin can be assumed to be the same
as that on the lateral surfaces of the fin. This implies that
the ‘‘insulated tip” assumption in the present study can
be reasonable provided the ratio of the surface area of
the fin tip to the total fin surface area, d

2Lþd, is very small.
Based on experiment data of the present study, the surface
area of the fin tip is only 0.9% of the total fin surface area
for L = 10 cm and d = 0.2 cm. Thus the assumption of
Eq. (6) should be reasonable.

For convenience of the inverse analysis, the following
dimensionless parameters are introduced as

x ¼ X
L
; mðxÞ ¼ 2L2hðX Þ

kfd
and h ¼ T � T a

T b � T a

ð7Þ

Introducing these dimensionless variables in Eq. (7) into
Eqs. (3), (5) and (6) leads to the following dimensionless
equations:

d2h
dx2
� mðxÞh ¼ 0; 0 < x < 1 ð8Þ

hðxÞ ¼ 1; at x ¼ 0 ð9Þ

and

dh
dx
¼ 0; at x ¼ 1 ð10Þ

However, it can be found from Fig. 4 of Ref. [11] that
the measured fin temperatures on the downstream sub-fin
regions were markedly higher than those on the upstream
sub-fin regions for various air speeds under the conditions
of the same fin height, relative humidity, fin base tempera-
ture Tb and ambient temperature Ta. This implies that the
application of the 1-D model to the present problem may
meaT2

meaT3

meaT1

meaT10
meaT9
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meaT7

meaT6
meaT5

meaT4

g

airV
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y

Fig. 2. Physical geometry of the 2-D inverse problem with measurement
locations and sub-fin regions.
not be very reasonable. Moreover, there exhibited the recir-
culating flows of the airflow coming into the region
between two parallel fins [4] and the random distribution
of the droplets on the fin under wet conditions [11]. Thus
a 2-D inverse heat conduction problem is introduced to
estimate the unknown overall heat-transfer coefficient and
wet fin efficiency under wet conditions. Fig. 2 shows the
physical geometry of the two-dimensional inverse problem
with measurement locations and sub-fin regions, where L

denotes the side length of the square plate fin. Due to the
thin fin behavior, the temperature gradient in the Z-direc-
tion (the fin thickness) is small and the fin temperature var-
ies only in the X- and Y-directions. It is known that the
heat-transfer coefficient on the fin inside the plate fin heat
exchangers under dry conditions was non-uniform [5–9].
Thus the overall heat-transfer coefficient h(X,Y) for the
2-D model is also assumed to be non-uniform. Similarly,
this overall heat-transfer coefficient h(X,Y) can be esti-
mated provided that the fin temperatures at several differ-
ent measurement locations can be measured. The present
study applies the similar inverse scheme [6–9] in conjunc-
tion with experimental measured temperatures given by
Lin et al. [11] to estimate the unknown average overall
heat-transfer coefficient and wet fin efficiency under wet
conditions in forced convection. Under the assumptions
of the steady-state and constant thermal properties, the
2-D heat conduction equation for the thin plate fin can
be expressed as

o2T

oX 2
þ o2T

oY 2
¼ hsðX ; Y Þ

kf t
ðT � T aÞ þ

ifgKmðxf � xaÞ
kf t

ð11Þ

Its corresponding boundary conditions are

oT
oY
¼ 0 at Y ¼ 0 and Y ¼ L ð12Þ

T ð0; Y Þ ¼ T o ð13Þ
oT
oX
¼ 0 at X ¼ L ð14Þ

where X and Y are the spatial coordinates. T, kf, hs, ifg, Km,
xa and xf have been defined in Eq. (1). Based on experi-
ment data of the present study and the assumption of the
insulated tip, the ratio of the surface area of the fin tip to
the total fin surface area, 3Ld

2L2þ3Ld
, is only 2.91% for

L = 10 cm and d = 0.2 cm. This also implies that the
assumption of Eqs. (12) and (14) is reasonable.

However, in order to compare with the results obtained
from the 1-D model, the relation between ‘‘xf � xa” and
‘‘T � Ta” shown in Eq. (2) is also used. Thus substituting
Eq. (2) into Eq. (11) yields the following form as

o2T

oX 2
þ o2T

oY 2
¼ 2hðX ; Y Þ

kfd
ðT � T aÞ for 0 < X < L; 0

< Y < L ð15Þ

where h(X,Y) is the unknown overall heat-transfer coeffi-
cient for the 2-D model and can be expressed as
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hðX ; Y Þ ¼ hsðX ; Y Þ þ ifgKmC ð16Þ
Similarly, the functional relation between ‘‘xf � xa” and
‘‘T � Ta” is not known in the present study. On the other
hand, the parameter C in Eq. (16) can be the function of
X and Y for the 2-D model. It is obvious that the functional
form of the parameter C for the 2-D model is different from
that for the 1-D model, as shown in Eq. (4).

For convenience of the inverse analysis, the following
dimensionless parameters are introduced as:

x ¼ X=L; y ¼ Y =L; h ¼ T � T a

T b � T a

and

mðx; yÞ ¼ mr ¼
2L2hðX ; Y Þ

kfd
ð17Þ

Substitution of Eq. (17) into Eqs. (11)–(14) gives the fol-
lowing equations:

o2h
ox2
þ o2h

oy2
¼ mðx; yÞh ð18Þ

oh
oy
¼ 0 at y ¼ 0 and y ¼ 1 ð19Þ

h ¼ 1 at x ¼ 0 ð20Þ

and

oh
ox
¼ 0 at x ¼ 1 ð21Þ
3. Numerical analysis

3.1. One-dimensional model

The application of the central-difference method to Eq.
(8) can produce the following difference equation as:

hi�1 � 2hi þ hiþ1

‘2
� mðxiÞhi ¼ 0 for i ¼ 2; 3; . . . ;Nx ð22Þ

where n is the nodal number. ‘ = 1/(Nx � 1) denotes the
distance between two neighboring nodes in the x-direction
and is uniform. m(xi) denotes the dimensionless value at
x = xi.

The discretized form at x = 0 is expressed as

h1 ¼ 1 ð23Þ
The application of the central-difference approximation

to the boundary condition (10) can yield the difference
equation as

hn�1 ¼ hnþ1 ð24Þ
Substitution of Eq. (24) into Eq. (22) yields the difference
equation as

2

‘2
hn�1 �

2

‘2
þ mð1Þ

� �
hn ¼ 0 ð25Þ

Rearrangement of Eqs. (22), (23) and (25) can yield the
matrix equation as

½K�½h� ¼ ½F � ð26Þ
where [K] is the (Nx � 1) � (Nx � 1) global conduction ma-
trix. [h] is the (Nx � 1) � 1 matrix representing the nodal
temperatures. [F] is the (Nx � 1) � 1 force matrix. The no-
dal temperatures can be obtained from Eq. (26) using the
Gauss elimination algorithm.

Once the unknown overall heat-transfer coefficient h(X)
is obtained, the average overall heat-transfer coefficient �h
and total heat-transfer rate dissipated from the whole fin
to the ambient Q can be determined using the following
expressions.

The exact value of the average overall heat-transfer coef-
ficient �h under wet conditions for the 1-D and 2-D models
can respectively be expressed as

�h ¼
R L

0 hðX ÞdX
L

and �h ¼
R L

0

R L
0 hðX ; Y ÞdX dY

L2
ð27Þ

The total heat-transfer rate dissipated from the whole fin
to the ambient Q for the 1-D model can be written as

Q ¼ 2

Z L

0

hðX ÞðT a � T ÞdX ð28Þ

The wet fin efficiency gf is defined as the ratio of the
actual heat-transfer rate from the fin to the dissipated heat
rate from an ideal fin which the temperature of the whole
fin is the same as the fin base temperature Tb. Thus the
fin efficiency gf for the 1-D model can be expressed as

gf ¼
Q

2�hLðT a � T bÞ
ð29Þ

In order to estimate the unknown overall heat-transfer
coefficient h(X), additional information of the steady-state
measured temperatures at N interior measurement loca-
tions is required. The more a number of the analysis sub-
space intervals are, the more accurate the estimation of
the unknown overall heat-transfer coefficient can be. Rela-
tively, a more computational time can be required.

The functional form of the unknown overall heat-trans-
fer coefficient h(X) in the present study is assumed to be the
function of X before performing the inverse calculation.
However, it may not be easy to obtain an approximate
polynomial function that can completely fit h(X) for the
whole space domain considered. Under this circumstance,
the distribution of h(X) can be approximated by a series
of p connected cubic polynomial functions. The unknown
overall heat-transfer coefficient on the kth analysis sub-
intervals hk(X) can be expressed as

hkðX Þ ¼
X4

j¼1

CjX j�1; k ¼ 1; . . . ; p ð30Þ

where Cj, j = 1,2, . . . , 4, are the unknown coefficients and
can be estimated using the least-squares method in con-
junction with the measured fin temperatures in each analy-
sis sub-space interval.

Due to the application of the cubic spline, the manda-
tory constraints at the interface between two adjacent anal-
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ysis sub-intervals must be satisfied and are expressed as
[26,27]:

hk ¼ hkþ1; h0k ¼ h0kþ1 and h00k ¼ h00kþ1;

k ¼ 1; 2; . . . ; p � 1 ð31Þ

In practical applications, measured temperature profiles
often exhibit random oscillations due to measurement
errors [11,27–29]. On the other hand, due to experimental
uncertainties, more realistic measured temperatures should
add simulated small random errors to the exact data
obtained from the solution of the related direct problem.
Thus in order to simulate the measured temperature T mea

j

taken from the jth thermocouple, the exact value T mea
j

can be modified by adding a small random error. The mea-
sured temperature T mea

j used in the present inverse analysis
can be expressed as

T mea
j ¼ T exa

j ð1þ xjÞ for j ¼ 1; 2; . . . ;N ð32Þ

where N denotes the number of the measured temperatures
in the fin. xj is the random error generated by the QuickB-
AISC 4.50 and is assumed to be within �3% to 3% in the
present study. The standard deviation of the mean of the
measured temperatures with respect to the exact values is
respectively defined as [26,27]:

rexa ¼ 1

N

XN

j¼1

T mea
j � T exa

j

� �2
" #1=2

; j ¼ 1; 2; . . . ;N ð33Þ

It is easy to obtain the fin temperatures at several differ-
ent measurement locations using the thermocouples. A
curve-fitted profile generated through a least-squares pro-
cess can be used to fit experimental fin temperature data
before performing the inverse calculations. Later, the mea-
sured fin temperatures T mea

j , j = 1, 2,. . ., N, can be
obtained from this curve-fitted profile. Thus the unknown
overall heat-transfer coefficient h(X) can be obtained using
these measured fin temperatures.

The least-squares minimization technique is applied to
minimize the sum of the squares of the deviations between
the calculated and measured fin temperatures at selected
measurement locations. The error in the estimates
EðC1;C2; . . . ;CMtÞ for the 1-D model can be expressed
as

EðC1;C2; . . . ;CMtÞ ¼
XMt

j¼1

T cal
j � T mea

j

h i2

ð34Þ

where Mt denotes the number of the unknown coefficients.
It is obvious that the Mt value is equal to ‘‘p + 3” in the
present study. T cal

j denotes the calculated temperature at
x = xj. The estimated values of Cj, j = 1,2, . . . ,Mt, can be
determined provided that the values of EðC1;C2; . . . ;CMtÞ
are minimum. The detailed computational procedures for
estimating the unknown coefficients Cj can be found in
Refs. [26,27]. In order to avoid repetition, they are not
shown in this manuscript. The computational procedures
of the present study are repeated until the values of
T mea

j �T cal
j

T mea
j

��� ��� for j = 1,2, . . . ,Mt are all less than 10�5.

3.2. Two-dimensional model

In the present study, the whole fin is divided into N sub-
fin regions. Later, the overall heat-transfer coefficient on
each sub-fin region is assumed to be constant. The applica-
tion of the finite difference method to Eq. (18) can produce
the following difference equation on the kth sub-fin region
as:

hiþ1;j � 2hi;j þ hi�1;j

‘2
þ hi;jþ1 � 2hi;j þ hi;j�1

‘2

¼ �mkhi;j for i ¼ 1; 2; . . . ;Nx; j

¼ 1; 2; . . . ;Ny and k ¼ 1; 2; . . . ;N ð35Þ

where Nx and Ny are the nodal numbers in x- and y-direc-
tions, respectively. ‘ is the distance between two neighbor-
ing nodes in the x- and y-directions and is defined as ‘ = 1/
(Nx � 1) = 1/(Ny � 1). �mk denotes the unknown dimen-
sionless parameter on the kth sub-fin region and is defined
as �mk ¼ 2L2�hk=ðkdÞ, where �hk denotes the average overall
heat-transfer coefficient on the kth sub-fin region.

The finite difference forms of the boundary conditions
(19)–(21) can be written as

hi;2 ¼ hi;0 and hi;Ny�1 ¼ hi;Nyþ1 for i ¼ 1; 2; . . . ;N x ð36Þ
hi;j ¼ 1 and hNx�1;j ¼ hNxþ1;j for j ¼ 1; 2; . . . ;N y ð37Þ

Substitution of Eqs. (36) and (37) into Eq. (35) can obtain
the difference equations at the boundary surfaces as

hiþ1;1 � 2hi;1 þ hi�1;1

‘2
þ 2hi;2 � 2hi;1

‘2
¼ �mkhi;1

for k ¼ 1; 3; 5; 7; 9 ð38Þ
hiþ1;Ny � 2hi;Ny þ hi�1;Ny

‘2
þ
�2hi;Ny þ 2hi;Ny�1

‘2
¼ �mkhi;Ny

for k ¼ 2; 4; 6; 8; 10 ð39Þ

�2hNx;j þ 2hNx�1;j

‘2
þ hNx;jþ1 � 2hNx;j þ hNx;j�1

‘2
¼ �mkhNx;j

for k ¼ 9; 10 ð40Þ

The difference equations for the nodes at the interface
between two neighboring sub-fin regions, as shown in
Fig. 3, are given as

hiþ1;j� 2hi;jþ hi�1;j

‘2
þ hi;jþ1� 2hi;jþ hi;j�1

‘2
� �mk þ �mkþ1

2
hi;j ¼ 0

for k ¼ 1;3; . . . ;9 ð41Þ

and

hiþ1;j� 2hi;jþ hi�1:j

‘2
þ hi;jþ1� 2hi;jþ hi;j�1

‘2
� �mk þ �mkþ2

2
hi;j ¼ 0

for k ¼ 1;2; . . . ;8 ð42Þ
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Fig. 3. Nodes for the interface of two neighboring sub-fin regions.
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The difference equations for the nodes between four
neighboring sub-fin regions are given as

hiþ1;j � 2hi;j þ hi�1;j

‘2
þ hi;jþ1 � 2hi;j þ hi;j�1

‘2

� �mk þ �mkþ1 þ �mkþ2 þ �mkþ3

4
hi;j

¼ 0 for k ¼ 1; 3; 5; 7 ð43Þ

Rearrangement of Eqs. (35) and (38)–(43) can yield the
similar matrix equation shown in Eq. (26). However, the
elements in [K], [h] and [F] for the 2-D model are different
from those for the 1-D model.

Under the assumption that the unknown overall heat-
transfer coefficient on each sub-fin region is approximated
by a constant value, the heat transfer rate dissipated from
the jth sub-fin region qi can be expressed as

qi ¼ 2�hj

Z
Aj

ðT � T aÞdA for j ¼ 1; 2; . . . ;N ð44Þ

The average overall heat-transfer coefficient on the fin �h un-
der wet conditions for the 2-D model can be expressed as

�h ¼
XN

j¼1

�hjAj

,
Af ð45Þ

where N is the number of the sub-fin regions. Af is the lat-
eral surface area of the fin.

As stated by Rosario and Rahman [16], the actual total
heat-transfer must include both the sensible heat transfer
and latent heat transfer originated by the mass transfer
during the process of dehumidification. The sensible heat
transfer is due to convection from the air to the fin because
of the temperature difference between the air and the fin.
The latent heat transfer is caused by the humidity ratio dif-
ference between the air and the fin surface. Thus the wet fin
efficiency gf for the 2-D model can be expressed as [3,6–
9,16]

gf ¼
PN

j¼1qj

2AfðT a � T bÞ�h
ð46Þ

The actual total heat-transfer rate dissipated from the fin to
the ambient Q for the 2-D model can be written as

Q ¼
XN

j¼1

qj ð47Þ

In order to estimate the unknown overall heat-transfer
coefficient �hj on the jth sub-fin region, additional informa-
tion of steady-state measured fin temperatures is required
at N interior measurement locations. The measured fin
temperature taken from the jth thermocouple is denoted
by T mea

j . The error in the estimates Eð�m1; �m2; . . . ; �mN Þ for
the 2-D model is minimized and is defined as

Eð�m1; �m2; . . . ; �mNÞ ¼
XN

j¼1

T cal
j � T mea

j

h i2

ð48Þ

where the unknown average overall heat-transfer coeffi-
cients on each sub-fin region �hj, j = 1,2, . . . ,N, can be ob-
tained from the definition of �mj. The calculated fin
temperature taken from the jth thermocouple location,
T cal

j , is taken from the similar matrix equation shown in
Eq. (26).

The estimated values of �mj, j = 1,2, . . . ,N, are deter-
mined until the value of Eð�m1; �m2; . . . ; �mN Þ is minimum.
The detailed computational procedures for estimating the
unknown value �mj can be found in Refs. [6–9]. In order
to avoid repetition, they are not shown in this manuscript.
The computational procedures for the 2-D model are also

repeated until the values of
T mea

j �T cal
j

T mea
j

��� ��� for j = 1, 2,. . ., N

are all less than 10�5. Once the �mj values, j = 1,2, . . . ,N,
are determined, the average overall heat-transfer coefficient
�h, total heat-transfer rate Q and wet fin efficiency gf under
wet conditions can be obtained from Eqs. (45)–(47).

4. Results and discussion

In order to demonstrate the accuracy and reliability of
the present inverse scheme, two numerical examples and
an experimental example using experimental data given
by Lin et al. [11] are illustrated. Thus the least-squares fit-
ting method is applied to fit experimental measured fin
temperatures given by Lin et al. [11]. The data used in
the present study come from the work of Lin et al. [11].
Thus the data taken for the inverse analysis are:
k = 177 W/m �C, d = 0.002 m, L = 0.1 m, Ta = 300.15 K
and Tb = 282.15 K. The measured fin temperature T(X)
for the 1-D model is defined as the average of the fin tem-
peratures at the measurement locations (X,Y = 0.25 L) and



H.-T. Chen, H.-C. Wang / International Journal of Heat and Mass Transfer 51 (2008) 2123–2138 2131
(X,Y = 0.75L) shown in Fig. 4 of Ref. [11]. Comparisons
among the present estimates, the exact values and an exper-
imental result given by Lin et al. [11] are made.

4.1. Numerical example

In order to validate the accuracy and reliability of the
present inverse method, two examples with the overall
heat-transfer coefficient h(X) = 50eX for the 1-D inverse
heat conduction problem and h(X,Y) = 1000XY for the
2-D inverse problem are illustrated. The inverse problems
considered here are concerned with the estimations of the
unknown average overall heat-transfer coefficient �h for
h(X) = 50eX and h(X,Y) = 1000XY. In order to predict
the �h value, additional measured fin temperatures taken
at various interior measurement locations require to be
obtained from the related direct problems. The nodal num-
ber Nx used in the computation of the 1-D model is
Nx = 11. Four measurement locations 0.02 m, 0.04 m,
0.06 m and 0.08 m are needed to record the measured tem-
peratures for the inverse problem with h(X) = 50 eX and
p = 1. However, five measurement locations 0.02 m, 0.04
m, 0.06 m, 0.07 m and 0.08 m are taken for p = 2. The
unknown function h(X) on each analysis sub-interval can
be expressed as Eq. (30). Thus the values of Cj for
j = 1,2, . . . ,Mt will be predicted. The unknown coefficients
Cj for j = 1,2, . . . ,Mt used to begin the iterations are taken
as unity. In order to investigate the effect of the number of
analysis sub-intervals p on the present estimates, Table 1
displays the comparison of h(X) at various nodes and
�h between the present estimates and exact values for the
1-D model and various p and xj values. The results show
that the present estimates of h(X) at various nodes and �h
show no obvious deviations for p = 1 and 2 and agree well
with the exact values. The relative error of the �h value is
about 0.06% for the 1-D model, xj = 0 and p = 1. Thus
p = 1 is taken for all the following inverse calculations of
the 1-D model through this illustrative example. The pres-
ent estimates of h(X) at various nodes slightly deviate from
Table 1
Comparison of the heat-transfer coefficient for h(X) = 50exp(X) and various p

X (m) h(X) (W/m2 K)

Present estimate Exact va

p = 1 p = 2

xi = 0 xi = 0.4% xi = 0

0.01 50.395 48.443 50.480 50.503
0.02 51.968 49.131 51.002 51.010
0.03 51.532 50.146 51.517 51.523
0.04 52.085 51.349 52.035 52.041
0.05 52.625 52.601 52.571 52.564
0.06 53.150 53.761 53.129 53.092
0.07 53.657 54.691 53.682 53.625
0.08 54.144 55.252 54.201 54.164
0.09 54.609 55.304 54.651 54.709
1.00 55.050 54.707 55.001 54.609
the exact value for xj = 0.4%. The maximum relative error
of h(X) between the present estimates and exact values is
about 4.6%. However, the relative error of the �h value
between the present estimate and exact value is about
0.77%. This implies that the present inverse method not
only can obtain good estimates but also can reduce the
amount of the measurement locations needed for the
inverse calculation of the 1-D model. The initial guesses
can be insensitive to the present estimates. Thus the effect
of the initial guesses is not investigated in the present study.

Ten measurement locations are needed to record the
measured temperatures for the inverse problem with
h(X,Y) = 100 XY. The nodal numbers Nx and Ny used in
the computation of the 2-D model are Nx = Ny = 21. The
unknown �mj value on the jth sub-fin region for
j = 1,2, . . . ,N will be predicted. The unknown coefficients
�mj for j = 1,2, . . . ,N used to begin the iterations are taken
as unity. Table 2 displays the comparison of the unknown
average overall heat-transfer coefficient �hj on the jth sub-fin
region and average overall heat-transfer coefficient �h
between the present estimates and exact values for mea-
surement error xj = 0. It is found that the present estimates
of �hj and �h agree well with the exact values for xj = 0.
Table 3 shows the comparison of the �hj and �h values
between the present estimates and exact values for
xj = 0.4% and the 2-D model. The results show that the
present estimates of �hj and �h slightly deviate from the exact
value for xj = 0.4%, too. The maximum relative error of
the �hj value between the present estimates and exact value
is about 4.6%. However, the relative error of the �h value the
present estimate and exact value is about 0.24% for
xj = 0.4%. This implies that the present inverse scheme
can also obtain good estimates for the 2-D model.

4.2. Experimental example

The main purpose of this study is to apply experimental
data given by Lin et al. [11] to estimate the unknown aver-
age overall heat-transfer coefficient �h, total heat-transfer
and xj values

�h (W/m2 K)

lue Present estimate Exact value

p = 1 p = 2

xi = 0 xi = 0.4% xi = 0

52.554 52.184 52.570 52.588



Table 2
Comparison of the heat transfer coefficient for h(X,Y) = 1000XY, mj = 1
and xj = 0

T mea
j (K) �hjðW=m2 KÞ �hðW=m2 KÞ

Present
estimate

Exact
value

Present
estimate

Exact
value

T mea
1 ¼ 282:360 h1 = 0.252 h1 = 0.250 2.500 2.500

T mea
2 ¼ 282:400 h2 = 0.750 h2 = 0.750

T mea
3 ¼ 282:763 h3 = 0.750 h3 = 0.750

T mea
4 ¼ 282:880 h4 = 2.250 h4 = 2.250

T mea
5 ¼ 283:111 h5 = 1.249 h5 = 1.250

T mea
6 ¼ 283:297 h6 = 3.751 h6 = 3.750

T mea
7 ¼ 283:371 h7 = 1.750 h7 = 1.750

T mea
8 ¼ 283:641 h8 = 5.248 h8 = 5.250

T mea
9 ¼ 283:512 h9 = 2.250 h9 = 2.250

T mea
10 ¼ 283:790 h10 = 6.751 h10 = 6.750

Table 3
Comparison of the heat transfer coefficient for h(X,Y) = 1000XY, mj = 1
and xj = 0.4%

T mea
j (K) �hjðW=m2 KÞ �hðW=m2 KÞ

Present
estimate

Exact
value

Present
estimate

Exact
value

T mea
1 ¼ 282:342 h1 = 0.246 h1 = 0.250 2.494 2.500

T mea
2 ¼ 282:401 h2 = 0.763 h2 = 0.750

T mea
3 ¼ 282:799 h3 = 0.741 h3 = 0.750

T mea
4 ¼ 282:847 h4 = 2.238 h4 = 2.250

T mea
5 ¼ 283:164 h5 = 1.264 h5 = 1.250

T mea
6 ¼ 283:201 h6 = 3.753 h6 = 3.750

T mea
7 ¼ 283:436 h7 = 1.670 h7 = 1.750

T mea
8 ¼ 283:463 h8 = 5.259 h8 = 5.250

T mea
9 ¼ 283:616 h9 = 2.263 h9 = 2.250

T mea
10 ¼ 283:631 h10 = 6.746 h10 = 6.750
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Fig. 4. Distributions of the curve-fitted fin temperatures and experimental
fin temperatures given by Lin et al. [11] for various Vair and RH values.
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Fig. 5. Comparison of the overall heat transfer coefficient h(X) for
RH = 50%, Vair = 0.5 m/s and various p values.
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rate Q and wet fin efficiency gf under the assumption of
constant thermal properties and wet conditions. Experi-
ments proposed by Lin et al. [11] were performed in an
environmental chamber, as shown in Fig. 1 of their work.
The test apparatus was based on the air-enthalpy method
proposed by ANSI/ASHARE Standard 33 [30]. The air-
flow measuring apparatus was constructed from ASHRAE
Standard 41.2 [31]. Dry and wet bulb temperature measure-
ment devices of the airflow were constructed based on
ASHRAE Standard 41.1 [32]. Control resolution for the
related dry and wet bulb temperatures was 0.1 �C. The
material of the test fin was aluminum alloy 601. The test
fin was 100 mm in length, 100 mm in width and 2 mm in
thickness. The fin spacing was 3 mm. The thermocouple
of type T was mounted at various measurement locations.
The detailed locations of the thermocouples and the mea-
sured fin temperatures at various measurement locations
were respectively shown in Figs. 2 and 4 of Ref. [11]. It
can be observed from Fig. 4 of Ref. [11] that the experi-
mental measured fin temperatures exhibited random oscil-
lations. Thus the curve-fitted scheme is applied to fit these
experimental fin temperature data over the whole space
domain. Later, these curve-fitted temperatures are applied
to perform the inverse analysis. Lin et al. [11] applied the
1-D model to obtain the wet fin efficiency. However, the
overall heat-transfer coefficient was not predicted.

Fig. 4 shows the distributions of the curve-fitted fin tem-
perature and experimental fin temperature given by Lin
et al. [11] for various Vair and RH values. The present inverse
scheme in conjunction with these curve-fitted temperatures
is applied to estimate the unknown overall heat-transfer
coefficient h(X) and wet fin efficiency gf. Fig. 5 displays the
comparison of the unknown overall heat-transfer coefficient
h(X) for RH = 50%, Vair = 0.5 m/s and various p values.
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The results show that the present estimated results for p = 1
and 2 show no obvious deviations. Their maximum relative
error value is about 1.53%. Thus p = 1 is taken for all the
following inverse calculations through this experimental
example. Fig. 6 shows the distribution of the unknown
heat-transfer coefficient h(X) for various Vair and RH values.
It can be found from Fig. 3 of Ref. [11] that there is a more
droplets accumulation for RH = 90% than for RH = 50%
under the same operating conditions. In addition, the wet
portion on the fin is also increased with increasing the RH
value. Higher RH values indicate a higher amount of mass
transfer and a higher amount of latent energy. On the other
hand, a larger relative humidity can cause a higher latent
heat-transfer and lower fin surface temperature. Moreover,
a higher air speed translates into a larger mass of moisture
flowing across the fin surface under the same RH value. It
can be observed from Fig. 4 of Ref. [11] that the whole fin
is in partially wet condition for RH = 50% and is in fully
wet condition for RH = 90% when Vair = 0.5 m/s and 4 m/
s. The whole fin is in fully wet condition for Vair = 0.5 m/s
and is in partially wet condition for Vair = 4 m/s under the
condition of RH = 70%. This implies that a higher air speed
can blow away a larger mass of the condensate on the fin
under the same RH value, and the dry-wet boundary is
upwardly moved with increasing the RH value. It can be
observed from Fig. 3 of Ref. [11] that the droplets on the
fin is not very much for RH = 50% and Vair = 0.5 m/s and
4 m/s. Under this circumstance, the effect of the droplets
on the unknown overall heat-transfer coefficient h(X) can-
not be significant for RH = 50% and Vair = 0.5 m/s and
4 m/s. Thus h(X) can display the monotonous increase along
the X-direction, as shown in Fig. 6. However, the effect of the
droplets on h(X) gradually becomes significant with increas-
ing the RH value especially for Vair = 0.5 m/s. This implies
that the contribution of mass transfer may be much than
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Fig. 6. Distribution of h(X) for various Vair and RH values.
the sensitive heat transfer under these conditions so that
h(X) increases with increasing the RH value for a fixed Vair

value. As stated by Lin et al. [11], the formation of droplet
can be seen only in the vicinity of the fin base for
Vair = 4 m/s and RH = 50%. The drop size at the boundary
separating the dry and wet portions is very fine and increases
as it approaches to the fin base. Due to the action of the grav-
ity, the larger droplets may randomly roll down along the fin
from the fin tip and may result in the random distribution of
droplets on the fin due to the airflow coming into the
region between two parallel fins. These droplets can accumu-
late in the vicinity of the fin base. It can be found from
Figs. 3(b) and 3(c) of Ref. [11] that there is a more droplets
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Fig. 8. Variation of the gf value with the RH value for various Vair values.
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accumulation in the neighborhood of the fin base and fin tip
for RH = 70% and 90%. This implies that the contribution
of mass transfer may be much than the sensitive heat transfer
in these regions for RH = 70% and 90%. In addition, It is
found from Fig. 4 of Ref. [11] that the measured fin temper-
atures at Y = 0.25L and X = 0.5L, 0.6L and 0.7L exhibit
T(X = 0.6L) > T(X = 0.5L) > T(X = 0.7L) for RH = 70%
and 90%. It is obvious that there can be a slight error in these
measured results. Thus the distribution of the unknown
overall heat-transfer coefficient that shows a peculiarity in
nature of the wave-like distribution for Vair = 0.5 m/s and
RH = 70% and 90% can result from the random distribution
of droplets on the fin or the temperature measurement
errors. This result can require the further validation. Fig. 6
also displays that the h(X) value is increased with increasing
the Vair value for a fixed RH value.

Figs. 7 and 8, respectively shows variation of the average
overall heat transfer coefficient �h and wet fin efficiency gf

obtained from the 1-D and 2-D models with the RH value
for various Vair values. It can be observed that the �h value
increase with increasing the RH value for a fixed Vair value.
Table 4
Effect of the RH value on the present estimates of �h, Q and gf for p = 1, 1-D model and various Vair values

RH = 50% RH = 70% RH = 90%

Vair = 0.5 m/s Vair = 4 m/s Vair = 0.5 m/s Vair = 4 m/s Vair = 0.5 m/s Vair = 4 m/s

�h ðW=m2 KÞ 23.272 68.023 38.838 83.108 58.173 203.429
Q (W) 5.746 9.722 8.651 11.093 10.511 16.037
gf 0.698 0.400 0.624 0.374 0.506 0.221

Table 5
Present estimates for the 2-D model and various Vair and RH values

RH = 50% RH = 70% RH = 90%

Vair = 0.5 m/s Vair = 4 m/s Vair = 0.5 m/s Vair = 4 m/s Vair = 0.5 m/s Vair = 4 m/s

T mea
j (K) T mea

1 ¼ 283:6 T mea
1 ¼ 284:5 T mea

1 ¼ 283:9 T mea
1 ¼ 284:8 T mea

1 ¼ 284:6 T mea
1 ¼ 285:6

T mea
2 ¼ 284:3 T mea

2 ¼ 285:3 T mea
2 ¼ 285:1 T mea

2 ¼ 285:6 T mea
2 ¼ 286:2 T mea

2 ¼ 287:3
T mea

3 ¼ 285:8 T mea
3 ¼ 288:4 T mea

3 ¼ 286:7 T mea
3 ¼ 289:4 T mea

3 ¼ 288:2 T mea
3 ¼ 291:3

T mea
4 ¼ 287:3 T mea

4 ¼ 290:2 T mea
4 ¼ 289:0 T mea

4 ¼ 291:5 T mea
4 ¼ 290:8 T mea

4 ¼ 294:2
T mea

5 ¼ 287:4 T mea
5 ¼ 291:5 T mea

5 ¼ 288:8 T mea
5 ¼ 292:7 T mea

5 ¼ 290:7 T mea
5 ¼ 295:2

T mea
6 ¼ 289:0 T mea

6 ¼ 293:4 T mea
6 ¼ 291:3 T mea

6 ¼ 294:5 T mea
6 ¼ 293:4 T mea

6 ¼ 297:4
T mea

7 ¼ 288:5 T mea
7 ¼ 293:7 T mea

7 ¼ 290:3 T mea
7 ¼ 294:8 T mea

7 ¼ 292:3 T mea
7 ¼ 297:4

T mea
8 ¼ 290:0 T mea

8 ¼ 295:1 T mea
8 ¼ 292:7 T mea

8 ¼ 296:0 T mea
8 ¼ 294:8 T mea

8 ¼ 298:5
T mea

9 ¼ 289:1 T mea
9 ¼ 294:9 T mea

9 ¼ 291:0 T mea
9 ¼ 295:8 T mea

9 ¼ 293:1 T mea
9 ¼ 298:3

T mea
10 ¼ 290:7 T mea

10 ¼ 296:2 T mea
10 ¼ 293:1 T mea

10 ¼ 297:0 T mea
10 ¼ 295:8 T mea

10 ¼ 299:1

�hj ðW=m2 KÞ �h1 ¼ 19:67 �h1 ¼ 25:57 �h1 ¼ 20:90 �h1 ¼ 18:66 �h1 ¼ 44:38 �h1 ¼ 34:65
�h2 ¼ 50:95 �h2 ¼ 50:57 �h2 ¼ 69:80 �h2 ¼ 79:36 �h2 ¼ 122:84 �h2 ¼ 188:80
�h3 ¼ 8:85 �h3 ¼ 13:62 �h3 ¼ 6:75 �h3 ¼ 46:05 �h3 ¼ 14:47 �h3 ¼ 61:33
�h4 ¼ 57:80 �h4 ¼ 106:10 �h4 ¼ 76:12 �h4 ¼ 110:32 �h4 ¼ 133:27 �h4 ¼ 291:11
�h5 ¼ 6:31 �h5 ¼ 26:81 �h5 ¼ 7:76 �h5 ¼ 56:51 �h5 ¼ 12:04 �h5 ¼ 136:21
�h6 ¼ 24:01 �h6 ¼ 123:58 �h6 ¼ 84:86 �h6 ¼ 115:71 �h6 ¼ 121:09 �h6 ¼ 320:62
�h7 ¼ 2:41 �h7 ¼ 49:74 �h7 ¼ 6:23 �h7 ¼ 58:21 �h7 ¼ 10:35 �h7 ¼ 148:27
�h8 ¼ 38:09 �h8 ¼ 79:12 �h8 ¼ 63:40 �h8 ¼ 126:66 �h8 ¼ 65:92 �h8 ¼ 280:63
h9 = 10.68 h9 = 79.50 h9 = 12.47 h9 = 82.79 h9 = 16.74 h9 = 183.57
h10 = 57.69 h10 = 147.47 h10 = 83.12 h10 = 200.14 h10 = 175.97 h10 = 319.86

�h ðW=m2 KÞ 27.65 70.21 43.14 89.44 71.71 196.51

Q (W) 6.83 10.32 9.52 11.74 12.35 17.19
gf 0.69 0.41 0.62 0.37 0.48 0.25
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Fig. 10. Distribution of the calculated fin temperature for RH = 50% and
Vair = 0.5 m/s.
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The gf value decreases with increasing the RH value. The
variation of the gf value with the RH value is similar to
the works of Chen [10] and Rasario and Rahman [16].
On the other hand, the wet fin efficiency is dependent on
the relative humidity. However, the work of Lin et al.
[11] showed that the effect of the relative humidity on the
fully wet fin efficiency is small. Thus the present results of
the gf value differ from those proposed by Lin et al. [11].
This discrepancy may result from the assumptions of the
constant hs value and the functional form between
‘‘xf � xa” and ‘‘T � Ta”, etc. However, Lin et al. [11] did
not give a complete data about the variation of the gf value
with the RH value for Ta = 300.15 K, Tb = 282.15 K, fin
spacing = 0.003 m and various Vair values. Thus a compar-
ison of the gf value between the present estimates and those
given by Lin et al. [11] for various RH and Vair values can-
not be made except for the case with Vair= 0.5 m/s and
RH = 70%. It is found from Fig. 5 of Ref. [11] and Tables
4 and 5 that the present estimates of the gf value obtained
from the 1-D and 2-D models about exceed that given by
Lin et al. [11] about 26% for Vair = 0.5 m/s and RH = 70%.

The correlations of �h�RH and gf � RH for the 1-D
model can be determined using the least-square fitting
method of experimental data and can be expressed as
�h1-D ¼
9:61� 0:19�RHþ 0:01�RH2 � 2:78� 10�5 � RH 3 for V air ¼ 0:5 m=s

�306:15þ 21:14�RH� 0:40�RH2 þ 2:53� 10�3 �RH3 for V air ¼ 4 m=s

(
ð49Þ

and

gf ;1-D ¼
0:64þ 4:17� 10�3 �RH� 6:29� 10�5 �RH2 for V air ¼ 0:5 m=s

�5:92� 10�2 þ 1:67� 10�2 �RH� 1:51� 10�4 �RH2 for V air ¼ 4 m=s

(
ð50Þ
Table 4 shows that the effect of the RH value on the
present estimates of the unknown average overall heat-
transfer coefficient �h, total heat-transfer rate Q and wet
fin efficiency gf for the 1-D model and various Vair values.
The �h value in the range of Vair = 0.5–4 m/s increases
from 23.272 W/m2 K to 68.023 W/m2 K for RH = 50%
and a partially wet fin and from 58.173 W/m2 � K to
203.429 W/m2 K for RH = 90% and a fully wet fin. The
�h value in the range of RH = 50–90% increases from
23.272 W/m2 K to 58.173 W/m2 K for Vair = 0.5 m/s and
from 68.023 W/m2 K to 203.429 W/m2 K for Vair = 4 m/
s. This implies that the effect of the RH value on the �h
value for Vair = 4 m/s is greater than that for
Vair = 0.5 m/s. The ratio of the Q value for RH = 90%
to that for RH = 50% is about 1.83 times when
Vair = 0.5 m/s and is about 1.65 times when Vair = 4 m/s.
It is obvious that the effect of the relative humidity on
the Q value for Vair = 4 m/s is less than that for
Vair = 0.5 m/s. The gf value in the range of Vair = 0.5–
4 m/s decreases from 0.698 to 0.4 for RH = 50% and a
partially wet fin and from 0.506 to 0.221 for RH = 90%
and a fully wet fin. This result implies that the effect of
the RH value on the gf value for Vair = 4 m/s is greater
than that for Vair = 0.5 m/s because a higher air speed
can blow away a larger mass of the condensate on the
fin. The above results show that the larger the Vair value
is, the greater the effect of the relative humidity on the �h
and gf values can be.

The curve-fitted fin temperatures T mea
1 ; T mea

2 ; . . . ; T mea
10

are shown in Table 5 for Ta = 300.15 K, Tb = 282.15 K
and value Vair and RH. Table 5 also shows the effect of
the RH value on the average overall heat-transfer coeffi-
cient on the jth sub-fin region hj, total heat-transfer rate
Q, average overall heat-transfer coefficient on the fin �h
and wet fin efficiency gf. It can found from Ref. [4] that
the flow structure for the airflow coming into the region
between two parallel fins was complex under dry condi-
tions due to the free-stream interaction, fluid separation
and reattachment, etc. The dynamics of flow and sensitive
heat transfer are strongly three-dimensional and the aver-
age convective heat transfer coefficient is closely related to
the fin spacing and Reynolds number. A low-velocity
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Fig. 12. Distribution of the calculated fin temperature for RH = 90% and
Vair = 0.5 m/s.
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region can occur in the downstream sub-fin regions. It can
be found from Table 5 that the fin temperatures in the
downstream fin region are higher than those in the
upstream fin region. However, the temperature difference
between the fin temperature and air ambient temperature
in the upstream region is higher than that in the down-
stream for the present problem. Rosario and Rahman
[16] stated that the sensible heat transfer is due to convec-
tion from the air to the fin because of the temperature dif-
ference between the fin temperature and air ambient
temperature. Lin et al. [11] also stated that the dry portion
near the leading edge was larger than that in the down-
stream fin region or the trailing region. On the other hand,
a greater droplet accumulation can occur in the down-
stream fin region. This implies that the contribution of
the latent heat transfer due to mass transfer may be more
than the sensitive heat transfer in the downstream fin
region. Thus the overall heat-transfer coefficients in the
downstream sub-fin regions may be greater than those in
the upstream sub-fin regions under wet conditions, as
shown in Table 5. It is known that the 2-D model can take
into account the variation of the heat-transfer characteris-
tics on the fin. On the other hand, the 2-D model can pro-
vide insight of the flow and heat-transfer characteristics
that are difficult to be revealed by using the 1-D model.
Therefore, in order to enhance the overall heat transfer,
it is worth to find a way to increase heat transfer in the
upstream fin regions for the present problems. This may
lead to design a heat exchanger with a high heat transfer
performance under wet conditions. As stated by Rosario
and Rahman [16], the latent heat transfer due to conden-
sation was a very significant portion of the total heat
transfer and should not be ignored in any aspect of the
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Fig. 11. Distribution of the calculated fin temperature for RH = 50% and
Vair = 4.0 m/s.
dehumidification design. Thus the estimation of the aver-
age overall heat-transfer coefficient on each sub-fin region
is an important task for the present problem.

The numerical results of Liang et al. [3] showed that the
gf values obtained from the 1-D model compared well with
those obtained from the 2-D model for various RH values.
However, It is observed from Tables 4 and 5 that the pres-
ent estimates of the gf value agree with those obtained from
the 1-D model for RH 5 70% and slightly deviate from
those obtained from the 1-D model for RH >70% when
Vair = 0.5 m/s and 4 m/s. The �h and Q values obtained
from the 2-D model also deviate from those obtained from
the 1-D model for various Vair and RH values. The maxi-
mum deviations of the �h, Q and gf values for the 1-D and
2-D models, respectively are about 18.9%, 14.9% and
11.6%. This discrepancy can result from the variation of
the overall heat-transfer coefficient on the fin. As stated
by Liang et al. [3], the function of the overall heat-transfer
coefficient on the fin can be incorporated into the 2-D
model to further improve the model accuracy. The effect
of the RH value on the �h value was not discussed in the
work of Liang et al. [3].

Fig. 9 shows variation of the total heat-transfer rate Q
obtained from the 1-D and 2-D models with the RH value
for various Vair values. It can be observed that the Q value
increases with increasing the RH value for a fixed Vair

value. The estimated values of the total heat-transfer rate
Q using the 2-D model are larger than those using the
1-D model. Their discrepancy can become large with
increasing the RH value.

The smoothing curves can be applied to match the data
points of �h�RH and gf � RH. The correlations of �h�RH
and gf � RH obtained from the 2-D model can be deter-
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mined using the least-square fitting method of experimental
data and can be expressed as
�h2-D ¼
73:39� 2:43�RHþ 3:45� 10�2 �RH2 � 8:66� 10�5 �RH3 for V air ¼ 0:5 m=s

75:14þ 2:83�RH� 0:11�RH2 þ 1:05� 10�3 �RH3 for V air ¼ 4 m=s

(
ð51Þ

and

gf ;2-D ¼
0:605þ 5:6� 10�3 �RH� 7:55� 10�5 �RH2 for V air ¼ 0:5 m=s

0:18þ 9:65� 10�3 �RH� 9:88� 10�5 �RH2 for V air ¼ 4 m=s

(
ð52Þ
Once the average overall heat-transfer coefficient on
each sub-fin region is obtained, the temperature distribu-
tion in the fin can also be determined from the similar
matrix equation shown in Eq. (26). However, it should be
noted that the average overall heat-transfer coefficient on
each sub-fin region is an approximate value. Thus the tem-
perature distribution in the fin is also an approximate con-
tour for various er and RH values. Figs. 10 and 11,
respectively show the distributions of the calculated fin
temperature for RH = 50% and Vair = 0.5 m/s and 4 m/s.
The distributions of the calculated fin temperature for
RH = 90% and Vair = 0.5 m/s and 4 m/s are respectively
shown in Figs. 12 and 13. It can be observed from Figs.
10–13 that there is a considerable temperature drop
between the fin base and the fin tip in the downstream
region because the more amount of droplets accumulated
on this region. The fin temperature increases more rapidly
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Fig. 13. Distribution of the calculated fin temperature for RH = 90% and
Vair = 4.0 m/s.
away from the fin base with increasing the Vair and RH
values.
5. Conclusions

The present study proposes the 1-D and 2-D inverse
heat conduction schemes involving the finite difference
method in conjunction with the least-squares method and
measured fin temperatures at various measurement loca-
tions to estimate the unknown average overall heat-transfer
coefficient on the fin �h, total heat-transfer rate Q and wet
fin efficiency gf for various Vair and RH values. The results
show that the present estimates of the gf value decrease
with increasing the RH value. On the other hand, the wet
fin efficiency under partially and fully wet conditions is sen-
sitive to the relative humidity. The interesting findings are
that the present estimates of the gf value using the 2-D
model agree with those using the 1-D model for
RH 5 70% and slightly deviate from those obtained from
the 1-D model for RH > 70% at Vair = 0.5 m/s and
4 m/s. The present estimates of the �h and Q values using
the 2-D model slightly deviate from those using the 1-D
model for various Vair and RH values. The maximum devi-
ations of the �h, Q and gf values for the 1-D and 2-D mod-
els, respectively are about 18.9%, 14.9% and 11.6%. It is
worth noting that the average overall heat-transfer coeffi-
cient in the downstream region may be larger than that
in the upstream region under wet conditions. Thus the
latent heat transfer under wet conditions is a very signifi-
cant portion of the total heat transfer and should not be
negligent in any aspect of the dehumidification design.
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