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The present study proposes a new reduction method for analyzing the heat and mass transfer characteristics of

wavy fin-and-tube heat exchangers under dehumidifying conditions. The analysis of the fin-and-tube heat

exchangers is carried out via dividing it intomany tiny segments. The proposed reductionmethod is applicable to the

wavy fin-and-tube heat exchanger under fully wet and partially wet conditions. From the experimental results, it is

found that the sensible heat transfer and mass transfer characteristics are slightly sensitive to changes in the inlet

relative humidity and fin spacing. For high Reynolds numbers where partially wet condition takes place, a

considerable increase of the mass transfer characteristic is encountered. The ratios of hc;o=hd;oCp;a are in the range

0.6–1.2. Correlations are proposed to describe the heat and mass transfer characteristics. These correlations can

describe 99.18%of the heat transfer characteristic within 20%and86.89%of themass transfer characteristic within

20%. Correspondingly, 88.93% of the ratios of hc;o=hd;oCp;a are predicted by the proposed correlation within 20%.

Nomenclature

Af = surface area of the fin
Ap;in = inside surface area of the tube
Ap;out = outside surface area of the tube
Atot = total surface area that is the summation of Af and

Ap;out
Awet = wet fin surface area
b0p = slope of the saturated moist air enthalpy curved

between the mean inside and outside tube surface
temperatures

b0r = slope of the saturated moist air enthalpy curved
between the mean water temperature and the mean
inside tube surface temperature

b0wff = slope of the saturated moist air enthalpy curved
at the mean water film temperature of the fin
surface

b0wf;p;out = slope of the saturated moist air enthalpy curved at
the mean water film temperature of the outside
tube surface

Cp;a = moist air specific heat at the constant pressure
Cp;w = water specific heat at the constant pressure
Dc = collar diameter
Dp;in = inside tube diameter
Dp;out = outside tube diameter (include very tiny collar) that

is equal to the collar diameter
F = correction factor
Fp = fin pitch

fin = water-side friction factor
Ga;max = moist air maximum mass velocity based on the

minimum flow area
hc;in = water-side convection heat transfer coefficient
hc;out = moist air-side convection heat transfer coefficient
hc;wf;f = heat transfer coefficient for the heat transfer

between the moist air and fin surface
hc;wf;p;out = heat transfer coefficient for the heat transfer

between the moist air and outside tube surface
hd;out = moist air-side convection mass transfer

coefficient
I0 = modified Bessel function solution of the first kind,

order 0.
I1 = modified Bessel function solution of the first kind,

order 1.
ia = moist air enthalpy
ia;in = inlet moist air enthalpy
ia;m = mean moist air enthalpy
ia;m;cf = mean moist air enthalpy for the counterflow

configuration
ia;out = outlet moist air enthalpy
ir;f;m = mean saturated moist air enthalpy at the mean fin

surface temperature
ir;f;m;cf = mean saturated moist air enthalpy at the mean fin

surface temperature for the counterflow
configuration

ir;in = saturated moist air enthalpy at the inlet water
temperature

ir;m;cf = mean saturated moist air enthalpy at the mean
water temperature for the counterflow
configuration

ir;out = saturated moist air enthalpy at the outlet water
temperature

ir;p;in;m;cf = mean saturated moist air enthalpy at the mean
inside tube surface temperature for the counterflow
configuration

ir;p;out;m = mean saturated moist air enthalpy at the mean
outside tube surface temperature
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ir;p;out;m;cf = mean saturated moist air enthalpy at the mean
outside tube surface temperature for the
counterflow configuration

iwf = saturated moist air enthalpy at the water film
temperature

iw;g = specific enthalpy of the saturated water vapor
jh = Colburn heat transfer group or Chilton–Colburn

j-factor for the heat transfer
jm = Colburn mass transfer group or Chilton–Colburn

j-factor for the mass transfer
K0 = modified Bessel function solution of the second

kind, order 0
K1 = modified Bessel function solution of the second

kind, order 1
kf = thermal conductivity of the fin
kp = thermal conductivity of the tube
kw = thermal conductivity of the water
kwf = thermal conductivity of the water film
Lp = tube length
_ma = moist air mass flow rate
_mw = water mass flow rate
N = number of tube row
Pd = wave height
Pl = longitudinal tube pitch
Prin = water-side Prandtl number
Prout = moist air-side Prandtl number
Pt = transverse tube pitch
_Qa = moist air-side heat transfer rate
_Qavg = average heat transfer rate between the moist air and

water sides
_Qw = water-side heat transfer rate
_Qwet = heat transfer rate for a fully wet segment
R = ratio of the convection heat transfer characteristic

to the convection mass transfer characteristic for
the simultaneous convection heat and mass
transfer

ReDc = moist air-side Reynolds number based on the collar
diameter

Rein = water-side Reynolds number
RH = inlet relative humidity of the moist air
ri = inside fin radius for the equivalent circular

fin that equal the outside tube (include collar)
radius

ro = outside fin radius for the equivalent circular fin
Scout = moist air-side Schmidt number
Sp = fin spacing
Ta = moist air temperature
Ta;in = inlet moist air temperature
Ta;m;cf = mean moist air temperature for the counterflow

configuration
Ta;out = outlet moist air temperature
Tdp = dew point temperature of the moist air
Tf;b = fin base temperature
Tf;t = fin tip temperature
Tf;m;cf = mean fin temperature
Tp;in;m;cf = mean inside tube surface temperature for the

counterflow configuration
Tp;out;m;cf = mean outside tube surface temperature for the

counterflow configuration
Tr;m;cf = mean water temperature for the counterflow

configuration
Tw = water temperature
Tw;in = inlet water temperature
Tw;out = outlet water temperature
Tw;m;cf = mean water temperature for the counterflow

configuration
t = fin thickness
Ui = overall heat transfer coefficient based on the mean

enthalpy difference
UT = overall heat transfer coefficient based on the mean

temperature difference

Wa = moist air humidity ratio
Wa;in = inlet moist air humidity ratio
Wa;m = mean moist air humidity ratio
Wa;out = outlet moist air humidity ratio
Wr;f;m = mean saturated moist air humidity ratio at the mean

fin surface temperature
Wr;p;out;m = mean saturated moist air humidity ratio at the mean

outside tube surface temperature
Wwf = saturated moist air humidity ratio at the water film

temperature
Xf = projected fin length
ywf = thickness of the water film
�im;cf = logarithmic mean enthalpy difference across the

heat exchanger for the counterflow double-pipe
configuration with the hot and cold fluid
enthalpies

�P = pressure difference
�Tm;cf = logarithmic mean temperature difference across the

heat exchanger for the counterflow double-pipe
configuration with the hot and cold fluid
temperatures

�f;dry = dry fin efficiency
�f;wet = wet fin efficiency

I. Introduction

FIN-AND-TUBE heat exchangers are a basic type of heat
exchanger employed in many industrial applications such as air
conditioning, refrigeration, and other thermal processes. In
application, the dominated thermal resistance on the air side of the
heat exchanger normally limits the heat transfer rate. One way to
enhance the heat transfer on the air side of the heat exchanger is to
modify the fin geometry. Almost every residential air-conditioning
system and refrigeration system contains at least two heat
exchangers, so called the evaporator and the condenser. In the
evaporators, when the surface temperature of the heat exchanger is
below the dew point temperature of the incoming air, a portion of the
water vapor in the humid air system is condensed on the surface. As a
consequence, simultaneous heat and mass transfer occurs along the
fin surfaces. In general, the complexity of the moist airflow pattern
across the fin-and-tube heat exchangers under dehumidifying
conditionsmakes theoretical simulations very difficult. Accordingly,
it is necessary to resort to experimentation.

For a better improvement of the overall performance of fin-and-
tube heat exchangers, the fin surface can be in the form of enhanced
surfaces such as wavy, louver, and slit. Thewavy fin surface is one of
the most popular surfaces, because it can lengthen the flow path and
disturb the airflow without considerable increase of pressure drop.
The air-side performance of wavy fin-and-tube heat exchangers has
been studied by many researchers (Beecher and Fagan [1], Yan and
Sheen [2],Wang et al. [3–6], Lin et al. [7], Pirompugd et al. [8]). Even
though many efforts have been devoted to the study of wet coils, the
available literature on dehumidifying heat exchangers still offers
limited information to assist the designer in sizing and rating a fin-
and-tube heat exchanger. This can be made clear from the reported
data, which mainly focused on the study of the sensible heat transfer
characteristics; little attention was paid to the mass transfer
characteristics. Moreover, the fin surfaces may be wet or dry
depending on the difference between the dew point temperature and
surface temperature. Notice that if the dewpoint temperature ofmoist
air is lower than the outside tube (including collar) temperature, there
is only sensible heat transfer and it is termed as the fully dry
condition. However, if the dew point temperature of moist air is
higher than the fin tip temperature, sensible and latent heat transfer
occur at the same time for all fin surfaces. This condition is regarded
as the fully wet condition. It is found that the available literature
concerning the heat transfer characteristic are either related to the
fully dry condition or to completely wet surface. In that regard, it is
the objective of this study to provide a detailed method for analyzing
the partially wet condition.
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II. Experimental Apparatus

Figure 1 shows the schematic diagram of the experimental
apparatus. It consists of a closed-loop wind tunnel in which air is
circulated by a centrifugal fan (7.46 kW, 10 hp) varying the air
velocity with an inverter. The air duct is made from galvanized sheet
steel and has an 850 � 550 mm cross section. To obtain a uniform
flow into the tested channel, air is forced through a mixer before
entering the test section. The airflow ismeasured bymultiple nozzles
based on the ASHRAE 41.2 standard [9]. A differential pressure
transducer is used to measure the pressure difference across the
nozzles. The air temperatures at the inlet and exit zones across the
sample heat exchangers are measured by two psychrometric boxes
based on the ASHRAE 41.1 standard [10]. The dry-bulb and wet-
bulb temperatures of the inlet air are controlled by an air ventilator
that can provide a cooling capacity of up to 21.12 kW (6RT).

The working fluid in the tube side of the heat exchanger is chilled
water. A thermostatically controlled reservoir provides cold water at
selected temperatures. The temperature differences on the water side
are measured by two precalibrated resistance temperature detectors
(Pt-100�). Thewater volumetricflow rate ismeasured by amagnetic
flow meter with a precision of �0:001 L=s. All the temperature
measuring probes are resistance temperature devices, with a
calibrated accuracy of �0:05�C. In the experiments, only the data
that satisfy the ASHRAE 33 Standard [11] requirements (the energy

balance condition, j _Qa � _Qwj= _Qavg, is less than 0.05) are considered
in the final analysis. A total of 17wavy fin-and-tube heat exchangers,
having various geometric parameters, are tested in this study. The
details of test samples are shown in Table 1. The accuracies of the
measurement sensors and the uncertainties in derived experimental
values following the single-sample analysis proposed byMoffat [12]
are given in Table 2. The geometrical parameters can be seen in
Fig. 2. The geometric details of the tested wavy fins are shown in

Fig. 3. The test fin-and-tube heat exchangers are tension wrapped
having a “L”-type fin collar. The test conditions approximate those
encountered with typical fan coils and evaporators of air-
conditioning applications.

The test conditions of the inlet-air are as follows:
Dry-bulb temperature of the air: 27� 0:5 �C
Inlet relative humidity for the incoming air: 50 and 90%
Inlet air velocity: from 0.3 to 4:5 m=s
Inlet water temperature: 7� 0:5 �C
Water velocity inside the tube: 1:5–1:7 m=s

III. Mathematical Model

The total heat transfer rate used in the calculation is the average of
_Qa and _Qw, namely,

_Qa � _ma�ia;in � ia;out� (1)

_Qw � _mwCp;w�Tw;out � Tw;in� (2)

_Q avg �
_Qa � _Qw

2
(3)

In this study, a new method, namely, the “fully wet and fully
dry tiny circular fin method” is presented to evaluate the heat and
mass transfer performances of wavy fin-and-tube heat exchangers.
The analysis is done by dividing the wavy fin-and-tube heat
exchangers into many tiny segments (number of tube row�
number of tube pass per row � number of fin) as shown in
Fig. 4. The equivalent circular area method as shown in Fig. 5
is adopted for calculation of the fin efficiency. Two heat transfer
modes are identified. The first one is the fully dry condition, in
which the dew point temperature of the moist air is lower than the
tube surface (including collar) temperature (as shown in Fig. 6a).
As a result, only sensible heat transfer occurs on the whole area of
this tiny segment. The other case is the fully wet condition, in
which the dew point temperature of moist air is higher than the fin

Fig. 1 Schematic diagram of experimental apparatus.

Table 1 Geometric dimensions of the sample wavy fin-and-tube heat exchangers

No. Fp, mm Sp, mm t, mm Dc, mm Pt, mm Pl, mm Pd, mm Xf , mm N

1 1.60 1.48 0.12 10.38 25.4 19.05 1.18 4.7625 1
2 2.82 2.70 0.12 10.38 25.4 19.05 1.18 4.7625 1
3 2.92 2.80 0.12 8.62 25.4 19.05 1.58 4.7625 1
4 3.54 3.42 0.12 8.62 25.4 19.05 1.58 4.7625 1
5 3.63 3.51 0.12 8.62 25.4 25.40 1.68 6.3500 1
6 1.69 1.57 0.12 8.62 25.4 19.05 1.18 4.7625 2
7 1.71 1.59 0.12 8.62 25.4 19.05 1.58 4.7625 2
8 3.12 3.00 0.12 8.62 25.4 19.05 1.58 4.7625 2
9 3.17 3.05 0.12 8.62 25.4 19.05 1.18 4.7625 2
10 1.64 1.52 0.12 8.62 25.4 19.05 1.58 4.7625 4
11 1.70 1.58 0.12 8.62 25.4 19.05 1.18 4.7625 4
12 3.07 2.95 0.12 8.62 25.4 19.05 1.58 4.7625 4
13 3.14 3.02 0.12 8.62 25.4 19.05 1.18 4.7625 4
14 1.57 1.45 0.12 10.38 25.4 19.05 1.18 4.7625 6
15 1.65 1.53 0.12 8.62 25.4 19.05 1.58 4.7625 6
16 2.82 2.70 0.12 10.38 25.4 19.05 1.18 4.7625 6
17 3.06 2.94 0.12 8.62 25.4 19.05 1.58 4.7625 6

Table 2 Summary of estimated uncertainties

Primary measurements Derived quantities

Parameter Uncertainty Parameter Uncertainty
ReDc � 400

Uncertainty
ReDc � 5000

_ma 0.3–1% ReDc �1:0% �0:57%
_mw 0.5% ReDi �0:73% �0:73%
�P 0.5% _Qw

�3:95% �1:22%
Tw 0.05�C _Qa

�5:5% �2:4%
Ta 0.1�C jh, jm �11:4% �5:9%
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tip temperature (as shown in Fig. 6b). Both sensible and latent heat
transfer take place along the area of each tiny segment.

A. Tiny Circular Fin Under Fully Dry Condition

The new method, namely, fully wet and fully dry tiny circular fin
method for the wavy fin-and-tube heat exchangers, is based on the
method of Threlkeld [13]. For fully dry condition, the overall heat
transfer coefficient UT based on the temperature difference is given
as follows:

_Q dry �UTAtot�Tm;cfF (4)

The term of �Tm;cf can be shown as

�Tm;cf � Ta;m;cf � Tw;m;cf (5)

According toBump [14], for the counterflowconfiguration, themean
temperature difference is

Ta;m;cf � Ta;in �
Ta;in � Ta;out

ln 	�Ta;in � Tw;out�=�Ta;out � Tw;in�


� �Ta;in � Ta;out��Ta;in � Tw;out�
�Ta;in � Tw;out� � �Ta;out � Tw;in�

(6)

Tw;m;cf � Tw;out �
Tw;out � Tw;in

ln 	�Ta;in � Tw;out�=�Ta;out � Tw;in�


� �Tw;out � Tw;in��Ta;in � Tw;out��Ta;in � Tr;out� � �Ta;out � Tw;in�
(7)

In the analysis, the water temperature in the tiny tube is almost
constant. Then, F can be approximated to unity. The overall heat
transfer coefficient is showed as follows:

1

UT
� Atot

hc;inAp;in
�
Atot ln �Dp;out=Dp;in�

2�kpLp

� 1

hc;outAp;out=Atot � hc;outAf�f;dry=Atot

(8)

The water-side heat transfer coefficient obtained from the Gnielinski
semiempirical correlation [15] is

hc;in �
�fin=2��Rein � 1000�Prin

1:07� 12:7
�����������
fin=2

p
�Prin � 1�

kw
Dp;in

(9)

and the friction factor fin is

fin �
1

�1:58 ln Rein � 3:28�2 (10)

Water inlet 

Water outlet 

A

Pt

Pl

Fp

t

Pl

Detail A 

Dc

Fig. 2 Geometric detail of the wavy fin-and-tube heat exchanger.

Fig. 3 Geometric detail of the herringbone wavy fin.

Cold water 
inlet 

Moist air inlet 

4 3 2 1 

number of fin 

number of  
tube passes per row 

number of tube row 
1

2
3

1

2

3

4

Fig. 4 Schematic of thewavyfin-and-tube heat exchanger used for data

reduction.

ri

ro

Pt

Pl

Fig. 5 Equivalent circular area method.

ri

a) Fully dry condition b) Fully wet condition 

ro
ri

ro

Tf,b>Tdp T f,t<Tdp

Water film Dry surface 

Fig. 6 Circular fin in fully dry and fully wet conditions.
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The Reynolds number used in Eqs. (9) and (10) is based on the inside
tube diameter. The dry fin efficiency �f;dry is based on the
temperature difference shown as

�f;dry �
Ta;m;cf � Tf;m;cf
Ta;m;cf � Tp;out;m;cf

(11)

Kern and Kraus [16] determined the dry fin efficiency for a circular
fin as follows:

�f;dry �
2ri

Mm�r2o � r2i �

�
K1�Mmri�I1�Mmro� � K1�Mmro�I1�Mmri�
K1�Mmro�I0�Mmri� � K0�Mmri�I1�Mmro�

�
(12)

where

Mm �
�������������
2hc;out
kft

s
(13)

An algorithm for solving the heat transfer characteristic for the fully
dry condition is given as follows:

1. Based on the information, calculate the average heat transfer

rate _Qavg using Eq. (3).
2. Assume a hc;out for all elements.
3. Calculate the heat transfer characteristic for each segment with

the following procedures:
3.1 Calculate the tube-side heat transfer coefficient of hi using

Eq. (9).
3.2 Assume an outlet air enthalpy of the calculated segment.
3.3 Calculate Ta;m;cf and Tw;m;cf by Eqs. (6) and (7).
3.4 Calculate 1=hc;inAp;in and 	ln �Dp;out=Dp;in�=2�kpLp
.
3.5 Calculate �f;dry using Eq. (12).
3.6 Calculate UT from Eq. (8).

3.7 Calculate _Qdry of this segment.
3.8 Calculate the outlet air enthalpy and the outlet water

temperature from _Qdry obtained in step 3.7.
3.9 If the outlet air enthalpy obtained in step 3.8 is not equal to

the assumed value in step 3.2, the calculation steps 3.3–3.8 will be
repeated.

4. If the summation of the heat transfer rate _Q for all elements is not

equal to _Qavg, hc;out will be assumed with a new value and the
calculation step 3 will be repeated until the summation of the heat

transfer rate _Q for all elements is equal to _Qavg.

B. Tiny Circular Fin Under Fully Wet Condition

1. Heat Transfer

The overall heat transfer coefficient Ui is based on the enthalpy
potential and is given as follows:

_Q wet �UiAtot�im;cfF (14)

The term of �im;cf can be shown as

�im;cf � ia;m;cf � ir;m;cf (15)

Bump [14] and Myers [17] determined the mean enthalpy for the
counterflow configuration as follows:

ia;m;cf � ia;in �
ia;in � ia;out

ln 	�ia;in � ir;out�=�ia;out � ir;in�


� �ia;in � ia;out��ia;in � ir;out��ia;in � ir;out� � �ia;out � ir;in�
(16)

ir;m;cf � ir;out �
ir;out � ir;in

ln 	�ia;in � ir;out�=�ia;out � ir;in�


� �ir;out � ir;in��ia;in � ir;out�
�ia;in � ir;out� � �ia;out � ir;in�

(17)

For a tiny segment, ir;in is nearly equal to ir;out and then, F can be

approximated to unity. The overall heat transfer coefficient is related
to the individual heat transfer resistances (Myers [17]) as follows:

1

Ui
� b0rAtot

hc;inAp;in
�
b0pAtot ln �Dp;out=Dp;in�

2�kpLp

� 1

hc;wf;p;outAp;out=b
0
wf;p;outAtot � hc;wf;fAf�f;wet=b0wf;fAtot

(18)

The water film is very thin, then

hc;wf;f �
1

Cp;a=b
0
wf;fhc;out � ywf=kwf

(19)

hc;wf;p;out �
1

Cp;a=b
0
wf;p;outhc;out � ywf=kwf

(20)

ywf in Eqs. (9) and (10) are the thickness of the water film. A constant
of 0.013 cm was proposed by Myers [17]. In practice, ywf=kwf
accounts for only 0:5–5 percent compared to Cp;a=b

0
wf;fhc;out and

Cp;a=b
0
wf;p;outhc;out, and has often been neglected by previous

investigators. As a result, this term is not included in the final
analysis. Thewater-side heat transfer coefficient can be calculated by
Gnielinski [15] as shown in Eq. (9). In Eq. (18) b0p, b

0
r, b

0
wf;f, and

b0wf;p;out those are the ratios of enthalpy to temperature must be

evaluated. The quantities b0p and b
0
r can be calculated as

b0r �
ir;p;in;m;cf � ir;m;cf
Tp;in;m;cf � Tr;m;cf

(21)

b0p �
ir;p;out;m;cf � ir;p;in;m;cf
Tp;out;m;cf � Tp;in;m;cf

(22)

The values of b0wf;f and b
0
wf;p;out are the slope of the saturatedmoist air

enthalpy curved at the mean water film temperatures of the fin and
outside tube surfaces, respectively. Without loss of generality, b0wf;f
and b0wf;p;out can be approximated by the slope of the saturated moist

air enthalpy curved at themeanfin surface temperatureTf;m;cf and the
mean outside tube surface temperature Tp;out;m;cf (Wang et al. [18]).
However, the evaluation of b0wf;f is derived by the trial and error

procedure that is depended on thewetfin efficiency. Then, thewetfin
efficiency �f;wet is based on the enthalpy difference proposed by
Threlkeld [13]:

�f;wet �
ia;m;cf � ir;f;m;cf
ia;m;cf � ir;p;out;m;cf

(23)

The use of the enthalpy potential equation greatly simplifies the fin
efficiency calculation as illustrated by Kandlikar [19]. However, the
original formulation of the wet fin efficiency by Threlkeld [13] was
for straight-fin configuration. For a circular fin, the wet fin efficiency
is given by Wang et al. [18] as follows:

�f;wet �
2ri

MT

�
r2o � r2i

� �K1�MTri�I1�MTro� � K1�MTro�I1�MTri�
K1�MTro�I0�MTri� � K0�MTri�I1�MTro�

�

(24)

where

MT �
���������������
2hc;wf;f
kft

s
(25)

The evaluation of b0wf;f requires a trial and error procedure. For the

trial and error procedure, ir;f;m;cf must be calculated using the
following equation:
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ir;f;m;cf � ia;m;cf � �f;wet
�
1 � UiAtot

�
b0r

hc;inAp;in

�
b0p ln �Dp;out=Dp;in�

2�kpLp

��
�im;cf (26)

An algorithm for solving the heat transfer characteristic for the fully
wet condition is given as follows:

1. Based on the information, calculate the average heat transfer

rate _Qavg using Eq. (3).
2. Assume a hc;out for all elements.
3. Calculate the heat transfer characteristic for each segment with

the following procedures:
3.1 Calculate the water-side heat transfer coefficient of hc;in

using Eq. (9).
3.2 Assume an outlet moist air enthalpy of the calculated

segment.
3.3 Calculate ia;m;cf and ir;m;cf by Eqs. (16) and (17).
3.4 Assume Tp;in;m;cf and Tp;out;m;cf .
3.5 Calculate b0r=hc;inAp;in and b

0
p ln �Dp;out=Dp;in�=2�kpLp.

3.6 Assume a Tf;m;cf .
3.7 Calculate �f;wet using Eq. (24).
3.8 Calculate Ui from Eq. (18).
3.9 Calculate ir;f;m;cf by Eq. (26).
3.10 Calculate Tf;m;cf from ir;f;m;cf .
3.11 If Tf;m;cf calculated in step 3.10 is not equal to the assumed

value in step 3.6, the calculation steps 3.7–3.10 will be repeated
until these two values are equal to each other.

3.12 Calculate the heat transfer rate _Q of this segment.
3.13 Calculate Tp;in;m;cf and Tp;out;m;cf from the water-side

convection heat transfer and the conduction heat transfer of tube.
3.14 If Tp;in;m;cf and Tp;out;m;cf calculated in step 3.13 are not

equal to the assumed value in step 3.4, the calculation steps 3.5–
3.13will be repeated until these two values are equal to each other.

3.15 Calculate the outlet moist air enthalpy by Eq. (1) and the
outlet water temperature by Eq. (2).

3.16 If the outlet moist air enthalpy calculated in step 3.15 is not
equal to the assumed value in step 3.2, the calculation steps 3.3–
3.15 will be repeated until these two values are equal.

4. If the summation of the heat transfer rate _Q for all elements is not

equal to _Qavg, hc;out will be assumed with a new value and the
calculation step 3 will be repeated until the summation of the heat

transfer rate _Q for all elements is equal to _Qavg.

2. Mass Transfer

For the fully wet condition, the cooling and dehumidifying of the
moist air by a cold surface involves the simultaneous heat and mass
transfer and can be described by the process line equation (SI unit)
from Threlkeld [13].

dia
dWa

� R
�ia � iwf�
�Wa �Wwf�

� �iw;g � 2501R� (27)

and

R� hc;out
hd;outCp;a

(28)

However, for the present fin-and-tube heat exchanger, Eq. (27) did
not directly describe the dehumidification process. This is because
the saturated moist air enthalpy iwf at the mean water film
temperature on thefin surface is different from that at the outside tube
surface. In this regard, a modification of the process line chart
corresponding to the fin-and-tube heat exchangers is made. From the
energy balance of the dehumidification, the rate equation can be
arrived at the following expression:

_ma dia �
hc;out
Cp;a

dAp;out�ia;m � ir;p;out;m� �
hc;out
Cp;a

dAf�ia;m � ir;f;m�

(29)

Note that thefirst term on the right-hand side denotes the heat transfer
of the outside tube, whereas the second term is the heat transfer for
the fin part. Conservation of the water condensate gives

_ma dWa � hd;out dAp;out�Wa;m �Wr;p;out;m�
� hd;out dAf�Wa;m �Wr;f;m� (30)

Dividing the equation of the heat transfer rate [Eq. (29)] by the
equation of the mass transfer rate [Eq. (30)] yields

dia
dWa

�
R�ia;m � ir;p;out;m� � R�"� 1��ia;m � ir;f;m�
�Wa;m �Wr;p;out;m� � �"� 1��Wa;m �Wr;f;m�

(31)

where

"� Atot

Ap;out
(32)

By assuming a value of the ratio of heat transfer to mass transfer, R,
and by integrating Eq. (31) with an iterative algorithm, the moist air-
side convective mass transfer performance can be obtained.
Analogous procedures for obtaining the mass transfer characteristic
are given as follows:

1. ObtainWr;p;out;m andWr;f;m from ir;p;out;m and ir;f;m from those
calculation of the heat transfer.

2. Assume a value of R.
3. Calculation is performed from the first element to the last

element, employing the following procedures:
3.1 Assume an outlet moist air humidity ratio.
3.2 Calculate the outlet moist air humidity ratio of each element

by Eq. (31).
3.3 If the outletmoist air humidity ratio obtained from step 3.2 is

not equal to the assumed value of step 3.1, the calculation
steps 3.1–3.2 will be repeated.
4. If the average of the individual outlet moist air humidity ratio for

all elements of the last row is not equal to the total outlet moist air
humidity ratio, assume a new R value and the calculation step 3 will
be repeated until the average of the outlet moist air humidity ratio of
the last row is equal to the outlet moist air humidity ratio.

C. Chilton–Colburn j-Factor for Heat and Mass Transfer (jh and jm)

The heat and mass transfer characteristics for the wavy fin-and-
tube heat exchangers from the experimentation will be presented in
the forms of the nondimensionless groups:

jh �
hc;out

Ga;maxCp;a
Pr2=3out (33)

jm �
hd;out
Ga;max

Sc2=3out (34)

IV. Results and Discussion

The dimensionless parameters representing the heat and mass
characteristics are in terms of jh and jm, respectively. For comparison
purpose, themeasured results are shownwith conventional reduction
method by the Threlkeld method [13], and are shown in Figs. 7a–7c.
For the heat transfer characteristic seen in Fig. 7a, the original
lumped approach agrees well with the present discretized approach
(89.67% of jh within �20%). However, the jh obtained by the
Threlkeld method is higher than those obtained by the present
method. This difference arises because the jh obtained by this study
is based on discretized approach, whereas the Threlkeld method is
applicable for fully wet surface only. For the results of the mass
transfer characteristic shown in Fig. 7b, a larger difference of the jm
between those obtained by the Threlkeld method and the present
method is observed (76.03%of jm within�30%). This is because the
original process line approach derived by Threlkeld is based on for
the counterflow arrangements. For further comparison with the tube-
by-tube method proposed by Pirompugd et al. [8], as shown in
Figs. 8a–8c, the jh and jm for fully wet condition obtained by the
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present method is equal to those obtained by the tube-by-tube
method. However, for the partially wet conditions, a noticeable
difference occurs for the jh and jm between those obtained by the
present method and the tube-by-tube method. This is because the
tube-by-tube method is suitable for fully wet condition, whereas the
present method takes into account partially wet condition.

Influences of inlet relative humidity and of fin spacing in the heat
transfer characteristics jh are shown in Figs. 9a–9d. As seen in
Figs. 9a–9d, when 1:18 � Pd � 1:68, the effect of wave height on jh
is very small. These results agree well with those tested in dry
conditions (Wang et al. [3,4,20]). Based on the simulation results in
the published literatures (Ramadhyani [21] and Jang and Chen [22]),
Wang et al. [20] pointed out that the jh will be increased when the
corrugation angle is larger than 20 deg. For the wet conditions, this
discussion is still applicable to the results. WhenN � 1, one can see
that jh increases with decreasing fin spacing (1:48 � Sp � 3:51);
however, it is insensitive to the inlet relative humidity. ForN � 2, the
jh is insensitive to change of the inlet relative humidity and of fin
spacing (1:57 � Sp � 3:05). For the influence of fin spacing on the
heat transfer characteristic having N � 1 or N � 2, Wang and Chi
[23] showed that their results are different from those in fully dry
conditions. From the numerical simulation in the published literature
(Torikoshi et al. [24]), they found when the fin spacing is small
enough, the entire flow region can be kept laminar and steady and the
vortex forms behind the tube can be suppressed. The increasing fin
spacing would increase the cross-stream width of the vortex region
behind the tube. Then, the jh decreases with the increasing of fin
spacing for one-row configuration, indicating a detectable influence

of fin spacing. However, for the wet condition, negligible influence
of fin spacing on the jh is encountered. Apparently it is related to the
presence of condensate, because it provides a good airflow mixing
even at larger fin spacing. In fact, the difference in jh can be
negligible when the number of tube rows is increased. With the
increasing number of tube rows, the subsequent row can block the
condensate blowoff phenomenon from the preceding row.

The effects of inlet relative humidity and fin spacing on the jm are
shown in Figs. 10a–10d. When the fin spacing is sufficiently large
(>2:0 mm), the influence of inlet relative humidity is relatively
small. However, at smaller fin spacing, a slight decrease of jm is
observed when the inlet relative humidity is increased from 50 to
90%. The condensate retention phenomenon can be regarded as the
main cause for the slight decreasing jm with inlet relative humidity at
dense fin spacing. The experimental results byYoshii et al. [25], who
observed the flow pattern of the airflow across a tube bank, showed
that the blockage of the tube row by the condensate retention might
hinder the performance of the heat exchangers. As a result, it may
hinder the performance of the heat exchanger and a slight drop in the
jm. However, a considerable increasing jm is evident when RH�
0:5 and ReDc > 1200. This can be attributed to the blowoff
condensate by flow inertia, thereby making more room for water
vapor. The decrease of influences on the jh and jmwith the increasing
number of tubes can be made clear by Wang et al. [26], who studied
the flow visualization using scaleup fin-and-tube heat exchangers.
Their study shows that the incoming air hits the first row tube, and
then it twists and swirls to the subsequent row. The vertical motion is
apparently stronger near the first row. The strength of the swirled
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Fig. 7 Comparison between the data obtained from the present method and those obtained from the method of Threlkeld [13].
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Fig. 9 jh obtained from the present method.
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motion can be reduced by the increase of tube rows. In that regard, the
influences of the geometry become insignificant with the number of
tube rows.

For the simultaneous heat and mass transfer, if mass transfer data
are unavailable, the analogy between the heat and mass transfer is
convenient for reference. For an air–water vapor mixture, the ratio of
hc;o=hd;oCp;a is about unity. The results of Seshimo et al. [27] and
Eckels and Rabas [28] gave that this value is between 1.1 and 1.2.
Hong andWebb [29] reported that this value is between 0.7 and 1.1.
In this study, the values of hc;o=hd;oCp;a are between 0.6 and 1.2.
However, the present authors found that the results from the
Threlkeld method [13] did not entirely support the analogy between
heat and mass transfer.

By using a multiple linear regression technique in a range of
experimental data (300< ReDc < 5500), the appropriate correla-
tions of jh and jm based on the present data are as follows:

1) N � 1 (fully wet conditions)

jh;1;f � 0:9998

�
Sp
Dc

�
0:5526

"0:1912Re
��0:4324SpDc�0:0078

Pl
Dc
�0:0105PtDc�0:431�

Dc

(35)

jm;1;f � 0:9996

�
Sp
Dc

�
1:8739

"0:22Re
��1:335SpDc�0:058

Pl
Dc
�0:0407PtDc�0:1487�

Dc

(36)

R1;f � 1:00

�
Sp
Dc

��1:38
"�0:135Re

�0:8701SpDc�0:0343
Pl
Dc
�0:0324PtDc�0:3208�

Dc
(37)

2) N > 1 (fully wet conditions)

jh;N;f � jh;1;fN�0:0718
�
Sp
Dc

���0:1114N�0:2044�
"��0:1478N�0:0539�

� Re�0:0318N�0:3136
Sp
Dc
�0:0297PlDc�0:0195

Pt
Dc
�0:2728�

Dc
(38)

jm;N;f � jm;1;fN0:032

�
Sp
Dc

���0:2516N�0:3964�
"��0:3127N�0:3407�

� Re�0:06722N�0:6516
Sp
Dc
�0:1775PlDc�0:0721

Pt
Dc
�0:6235�

Dc
(39)

RN;f � R1;fN
0:0806

�
Sp
Dc

��0:2053N�0:1357�
"�0:1648N�0:2728�

� Re��0:0333N�0:3523
Sp
Dc
�0:1631PlDc�0:0793

Pt
Dc
�0:4067�

Dc
(40)

3) N > 1 (partially wet conditions) (65% < Awet=Atot < 100%)

jh;N;p � jh;N;fN�1:4809
�
Sp
Dc

���0:9515N�4:2239��Awet

Atot

��0:7134N�4:846�

� Re��0:1657N�0:9846
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�0:2298PlDc�0:176

Pt
Dc
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RN;p � RN;fN�1:0209
�
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��0:3N�2:67��Awet
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���0:8515N�4:673�

� Re�0:0842N�0:6523
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Dc
�0:39PlDc�0:3349

Pt
Dc
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(43)

Detailed comparisons of the proposed correlations against the
experimental data are shown in Figs. 11a–11c. It is found that
Eqs. (35), (38), and (41) can describe 99.18% of jh within 20%,
Eqs. (36), (39), and (42) can describe 86.89% of jm within 20% and
Eqs. (37), (40), and (43) can describe 88.93% of hc;o=hd;oCp;a within
20%.
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Fig. 10 jm obtained from the present method.
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V. Conclusions

This study proposes a new reduction method to analyze the heat
and mass transfer characteristic of the experimental data from 17
wavy fin-and-tube heat exchangers under dehumidifying conditions.
On the basis of the preceding discussions, the following conclusions
are made:

1) A reduction method that is capable of handling fully wet and
fully dry tiny circular finmethod is proposed in this study. It is found
that the proposed method is superior to previous method.

2) For fully wet conditions, the heat transfer and mass transfer
characteristics obtained by the present method are relatively
insensitive to the inlet relative humidity. However, the effect of
relative humidity on the mass transfer characteristic becomes more
pronounced when partially wet condition takes place.

3) The heat transfer characteristic is comparatively independent of
the fin spacing. The effect of fin spacing on the mass transfer
characteristic is rather small when fin spacing is larger than 2.0 mm.
However, at a smaller fin spacing, jm slightly decreases when the
relative humidity increases.

4) The correlations are proposed for the present fin-and-tube heat
exchanger having the wavy fin configuration. These correlations can
describe 99.18% of jh within �20%, can describe 86.89% of jm
within �20%, and can describe 88.93% of R within �20%.
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