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This paper presents a review of data reduction method for heat and mass transfer characteristics of fin-
and-tube heat exchangers with dehumidification. There are many reduction methods for fin-and-tube
heat exchangers under dehumidifying conditions. The data reduction methods being reviewed includes
the original Threlkeld method, direct method, the equivalent dry-bulb method, tube by tube method,
the fully wet and fully dry tiny circular fin method, and the finite circular fin method. Among these meth-
ods, the original Threlkeld method, direct method, the equivalent dry-bulb method are lumped method
while others can divide the fin-and-tube heat exchangers into small segments for more accuracy in han-
dling the surfaces to be fully dry, fully wet, or partially wet. In addition, the mass transfer characteristics
can be obtained from the modified process line equation incorporated with the preceding methods. It
should be noted that the conventional assumption of constant ratio (hc,o/hd,oCp,a � constant) is actually
incorrect. This present paper can be used as the first guideline for the researcher for reducing the exper-
imental data for fin-and-tube heat exchangers under dehumidifying conditions.

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

Fin-and-tube heat exchangers are widely used in applications of
HVAC&R (heating, ventilating, air-conditioning, and refrigeration)
systems. They include a group of fins arranged parallel to them-
selves at a constant spacing. The configuration of fins can be either
continuous (plain or wavy) or interrupted (louver, slit or the like).
One or more tubes which take the forms of either circular, flat, or
oval configuration are arranged perpendicularly to the direction
of air flow. The fin-and-tube heat exchangers can be applicable
to condensers and evaporators. In evaporators, which typically
use aluminum fins with the surface temperature generally being
below the dew point temperature result in simultaneous heat
and mass transfer outside tube and fin surfaces. In practice, the
fin surfaces may be fully wet or partially wet depending on the lo-
cal difference between fin surface temperature and dew point tem-
perature. Many researchers presented the mathematical model for
predicting the heat and mass transfer characteristics of moist air
for fin-and-tube heat exchanger. It is therefore the objective of this
review article to present relevant reduction method concerning the
ll rights reserved.
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heat, mass, and momentum transfer characteristic of fin-and-tube
heat exchangers.

2. Experimental apparatus

Many published literatures had experimentally investigated the
heat and mass transfer characteristics of the fin-and-tube heat ex-
changer under dehumidification. A typical schematic diagram of
the experimental air circuit assembly is shown in Fig. 1. It consists
of a closed-loop wind tunnel in which air is circulated by a variable
speed centrifugal fan. The dry-bulb and wet-bulb temperatures of
the inlet-air are controlled by an air-ventilator. The air flow-rate
measurement station is an outlet chamber set up with multiple
nozzles. It is recommended that the setup is constructed following
the ASHRAE 41.2 standard [1] and applied a differential pressure
transducer is used to measure the pressure difference across the
nozzles. It is also recommended that the air temperatures at the in-
let and exit zones across the sample heat exchangers are measured
by two psychrometric boxes based on the ASHRAE 41.1 standard
[2]. The energy imbalance should satisfy the ASHRAE [3] require-
ments (namely, the energy balance condition, _Qr � _Q a

��� ���= _Qavg , is
less than 0.05, where _Q r is the water side heat transfer rate and
_Qa is the air-side heat transfer rate) are considered in the final
analysis.
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Nomenclature

Ac;min minimum moist air flow area, m2

Af surface area of the fin, m2

Ap;j inside surface area of the tube, m2

Ap;o outside surface area of the tube, m2

Ao total air-side surface area that is the summation of Af

and Ap,o, m2

b0p slope of the saturated moist air enthalpy curved be-
tween the mean inside and outside tube surface tem-
peratures, J kg�1 K�1

b0r slope of the saturated moist air enthalpy curved be-
tween the mean water temperature and the mean in-
side tube surface temperature, J kg�1 K�1

b0w;f slope of the saturated moist air enthalpy curved at the
mean water film temperature of the fin surface, J kg�1

K�1

b0w;p slope of the saturated moist air enthalpy curved at the
mean water film temperature of the outside tube sur-
face, J kg�1 K�1

c concentration, mol m�3

D mass diffusivity, m2 s�1

Cp;a moist air specific heat at the constant pressure,
J kg�1 K�1

Dc collar diameter, m
Di inside tube diameter, m
F correction factor
f moist air-side friction factor
fr water side friction factor
Gc;min moist air mass velocity based on the minimum moist air

flow area, kg m�2 s�1

hc;o moist air-side convection heat transfer coefficient,
W m�2 K�1

hd;o moist air-side convection mass transfer coefficient,
kg m�2 s�1

hr water side convection heat transfer coefficient,
W m�2 K�1

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, J kg�1

ia;in inlet moist air enthalpy, J kg�1

ia;m mean moist air enthalpy, J kg�1

ia;out outlet moist air enthalpy, J kg�1

ifg enthalpy of vaporization of water, J kg�1

ig saturated water vapor enthalpy, J kg�1

is;r;in saturated air enthalpy at the inlet water temperature,
J kg�1

is;r;m mean saturated moist air enthalpy at the mean water
temperature for the counter flow configuration, J kg�1

is;r;out saturated air enthalpy at the outlet-water temperature,
J kg�1

is;p;o;m mean saturated air enthalpy at the mean outside tube
wall temperature, J kg�1

is;w;f ;m mean saturated air enthalpy at the mean water film
temperature of the fin surface, J kg�1

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, or-
der 0

K1 modified Bessel function solution of the second kind, or-
der 1

Ki entrance loss coefficient
Ke exit loss coefficient

kf thermal conductivity of the fin, W m�1 K�1

km mass transfer coefficient (based on c), m s�1

kp thermal conductivity of the tube, W m�1 K�1

kr thermal conductivity of the water, W m�1 K�1

kw thermal conductivity of the water film, W m�1 K�1

L characteristics length, m
Lp tube length, m
N number of tube row
Nu Nusselt number
P1 longitudinal tube pitch, m
Pr Prandtl number
Prr water side Prandtl number
Pt transverse tube pitch, m
_Qa moist air-side heat transfer rate, W
_Qavg average heat transfer rate between the moist air and

water sides, W
_Qdry heat transfer rate for fully dry segment, W
_Qdry;conv ;max maximum heat transfer rate for dry portion in par-

tially wet segment, W
_Qr water side heat transfer rate, W
_Qwet heat transfer rate for a fully wet segment, W
_Qwet;conv;max maximum heat transfer rate for wet portion in par-

tially wet segment, W
_Q 0wet;conv;max maximum heat transfer rate for partially wet seg-

ment, W
R ratio of the convection heat transfer characteristic to the

convection mass transfer characteristic for the simulta-
neous convection heat and mass transfer

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

ReDi water side Reynolds number
ri inside fin radius for the equivalent circular area method

that equal to the outside tube (include collar) radius, m
ro outside fin radius for the equivalent circular area meth-

od, m
r� distance from the center of the tube to the interface, m
Sc Schmidt number
Sh Sherwood number
Ta moist air temperature, K
Te

a equivalent dry-bulb temperature, K
Ta;in inlet moist air temperature, K
Ta;m mean moist air temperature for the counter flow config-

uration, K
Ta;out outlet moist air temperature, K
Tdp dew point temperature of the moist air, K
Tf ;b fin base temperature, K
Tf ;t fin tip temperature, K
Tf ;m mean fin temperature, K
Tp;o outside tube surface temperature, K
Tp;o;m mean outside tube surface temperature for the counter

flow configuration, K
Tr water temperature, K
Tr;in inlet water temperature, K
Tr;m mean water temperature for the counter flow configura-

tion, K
Tr;out outlet-water temperature, K
t fin thickness, m
Ui inside heat transfer coefficient, based on temperature

difference, W m�2 T�1

Uo;d overall heat transfer coefficient for fully dry surface con-
dition, based on temperature difference, W m�2 T�1

Uo;w overall heat transfer coefficient for fully wet surface
condition, based on enthalpy difference kg m�2 s�1

Vr water velocity, m s�1

Wa moist air humidity ratio
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Wa;m mean moist air humidity ratio
Ws;p;o saturated air humidity ratio at the outside tube temper-

ature
Ws;p;o;m mean saturated air humidity ratio at the mean outside

tube temperature
Ws;w;f ;m mean saturated air humidity ratio at the mean water

film temperature at the fin surface
yw thickness of the water film, m
qi inlet moist air density, kg m�3

qm mean moist air density, kg m�3

qo outlet moist air density, kg m�3

qr water density, kg m�3

lr viscosity of water, kg m�1 s�1

r ratio of minimum flow area to frontal area

gf ;dry fully dry fin efficiency
gf ;part partially wet fin efficiency
g0f ;part effectively partially wet fin efficiency
gf ;wet fully wet fin efficiency
hdry;r� air temperature difference at r*, K
hwet;ri air enthalpy difference at ri, kJ kg�1

Dim logarithmic mean enthalpy difference across the heat
exchanger for the counter flow double-pipe configura-
tion with the hot and cold fluid enthalpies, kJ kg�1

DP pressure difference, N m�2

DTm logarithmic mean temperature difference across the
heat exchanger for the counter flow double-pipe config-
uration with the hot and cold fluid temperatures, K
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3. Mathematical model for heat transfer

3.1. Enthalpy difference method

In 1970, Threlkeld [4] presented the mathematical model for
calculating the heat transfer of fin-and-tube heat exchanger. This
method is commonly used for designing (ASHRAE [3]). In many
published literatures, the authors used this method for the data
reduction (e.g. Jacobi and Goldschimildt [5]; Wang et al. [6]; Corb-
eran and Melon [7]; Wang et al. [8,9]; Kim and Bullard [10]; Wang
et al. [11], Kim et al. [12,13]). This model is based on the enthalpy
potential applicable to a process of sensible cooling and dehumid-
ifying. The heat transfer rate can be calculated from the product of
overall heat transfer coefficient, surface area, logarithmic mean en-
thalpy difference and correction factor as shown in Eq. (1)

_Q wet ¼ Uo;wAoDimF; ð1Þ

where Di is the mean enthalpy difference for a counter flow coil,

Dim ¼ ia;m � is;r;m: ð2Þ

According to Bump [14] and Myers [15], for the counter flow config-
uration, the mean enthalpy is

ia;m ¼ ia;in þ
ia;in � ia;out

ln ia;in�is;r;out

ia;out�is;r;in

� �� ðia;in � ia;outÞðia;in � is;r;outÞ
ðia;in � is;r;outÞ � ðia;out � is;r;inÞ

; ð3Þ
Fig. 1. Schematic diagram of
is;r;m ¼ is;r;out þ
is;r;out � is;r;in

ln ia;in�is;r;out

ia;out�is;r;in

� �� ðis;r;out � is;r;inÞðia;in � is;r;outÞ
ðia;in � is;r;outÞ � ðia;out � is;r;inÞ

: ð4Þ

Upon adopting the enthalpy-based reduction method, the over-
all resistance is related to the individual heat transfer resistance as
follows:

1
Uo;w

¼ b0rAo

hrAp;i
þ

b0pAo ln Dc
Di

� �
2pkpLp

þ 1

ho;w
Ap;o

b0w;pAo
þ Af gf ;wet

b0w;f Ao

� � ; ð5Þ

where

ho;w ¼
1

Cp;a

b0w;f hc;o
þ yw

kw

; ð6Þ

yw in Eq. (6) is the thickness of the water film. A constant of 0.005
inch was proposed by Myers [15]. The water side heat transfer coef-
ficient, hr is evaluated from the Gnielinski correlation [16],

hr ¼
ðfr=2ÞðReDi

� 1000ÞPrr

1:07þ 12:7
ffiffiffiffiffiffiffiffiffi
fr=2

p
ðPr2=3

r � 1Þ
� kr

Di
ð7Þ

and the friction factor, fr is

fr ¼
1

ð1:58 ln ReDi
� 3:28Þ2

: ð8Þ
experimental apparatus.
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Fig. 3. Equivalent circular area method.
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The Reynolds number used in Eqs. (7) and (8) is determined
from ReDi

¼ qrVrDi=lr . It is based on the inside diameter of the
tube.

The wet fin efficiency was presented from previous publication.
McQuiston [17] developed the wet fin efficiency for a straight fin
(Fig. 2) based on the temperature difference. McQuiston and Parker
[18] extended the analysis to circular fins (Fig. 2) using the approx-
imation proposed by Schmidt [19]. This analysis is based on the
temperature difference. The wet fin efficiency is given as

gf ;wet ¼
tanh MT rih

MT rih
; ð9Þ

where

MT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hc;o

kf t
1þ Cifg

Cp;a

� �s
; ð10Þ

h ¼ ro

ri
� 1

� �
1þ 0:35 ln

ro

ri

� �� 	
; ð11Þ

and the constant C in Eq. (10) is given by

C ¼Wa �Ws;p;o

Ta � Tp;o
: ð12Þ

Threlkeld [4] presented the wet fin efficiency for a straight fin
based on the enthalpy difference. The wet fin efficiency can be ap-
plied to the circular fins using the same analysis proposed by
McQuiston and Parker [18].

gf ;wet ¼
tanh M0

T rih

M0
T rih

; ð13Þ

where

M0
T ¼

ffiffiffiffiffiffiffiffiffiffiffi
2ho;w

kf t

s
: ð14Þ

Hong and Webb [20] derived the analytical formulation of cir-
cular fin under fully wet surface condition. This analytical formula-
tion is based on the temperature difference.

gf ;wet ¼
2ri

MTðr2
o � r2

i Þ
K1ðMT riÞI1ðMT roÞ � K1ðMT roÞI1ðMT riÞ
K1ðMT roÞI0ðMT riÞ þ K0ðMT riÞI1ðMT roÞ

� 	
ð15Þ

Wang et al. [6] derived the wet fin efficiency developed from
Threlkeld [4] and Hong and Webb [20]. The derivation is based
on the enthalpy difference.

gf ;wet ¼
2ri

M0
Tðr2

o � r2
i Þ

K1ðM0
T riÞI1ðM0

T roÞ � K1ðM0
T roÞI1ðM0

T riÞ
K1ðM0

T roÞI0ðM0
T riÞ þ K0ðM0

T riÞI1ðM0
T roÞ

� 	
ð16Þ

The evaluation of plate fin efficiency (Fig. 2) is calculated by the
equivalent circular area method as shown in Fig. 3.

Note that Eq. (5) introduces the ratio of enthalpy to temperature
like b0r ; b

0
p; b

0
w;p and b0w;f . However, typical lumped approach
(2.1) Straight Fin (2.2) Circular

Fig. 2. Type of fin
presumes these ratios are constant as aforementioned by many
published literatures. This may be applicable for a refrigeration-
based heat exchanger where temperature is considered un-
changed. Unfortunately, most of the experiments are performed
using water as the chilling medium, thereby leading a detectable
change of water temperature. As a consequence, the reduction
method using the lumped approach may overlook the influence
of variables like b0r ; b

0
p; b

0
w;p; b

0
w;f or even the wet efficiency gf,wet.

Pirompugd et al. [21,22] presented so-called ‘‘tube-by-tube
method (TTM)” reduction method. The TTM stems from the Threl-
keld’s method. Through the TTM, the fin-and-tube heat exchanger
is further divided into many small segments equaling to the mul-
tiplication of the number of tube row and the number of tube pass
per row and number of fin as shown in Fig. 4. Upon this approach,
the water temperature in each segment is almost constant. The
equivalent circular area method for approximation to the circular
fin is adopted and is also shown in Fig. 3. The Threlkeld’s method
must be applied to all segments and the all equation must be
solved simultaneously. The detailed calculation procedure can be
found in Pirompugd et al. [21,22].

However, the Threlkeld’s method and the TTM are based on the
assumption of all fin and outside tube surfaces are assumed to be
in fully wet surface condition. However, some outside surface
may be dry if the corresponding surface temperature is above
dew point temperature of the moist air. To resolve this concern,
Pirompugd et al. [23,24] developed the mathematical model for
the partially wet surface condition. The new model namely ‘‘fully
wet and fully dry tiny circular fin method (WDFM)” is made by
dividing the fin-and-tube heat exchanger into many tiny segment
similar to that of the TTM. For the WDFM, the data reduction meth-
od for every segments depends on its corresponding temperature
difference of surface and dew point temperature as shown in
Fig. 5. If the dew point temperature of moist air is higher than
the outside tube surface temperature, the fully wet surface condi-
tion prevails. By contrast, when the dew point temperature of
moist is lower than the outside tube surface temperature, the sur-
face is regarded as fully dry. The details for calculation for the fully
wet segment are virtually the same as that of the TTM while the
 Fin (2.3) Continuous plate Fin 

configuration.
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Fig. 4. Schematic of the dividing of the fin-and-tube heat exchanger into many tiny segments.
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(5.1) Fully dry condition (5.2) Fully wet condition 

ro
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Tf,b>Tdp Tf,b<Tdp

Water film Dry surface 

Fig. 5. Circular fin in fully dry and fully wet surface conditions.
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fully dry segments incorporates the rate equation based on the
temperature difference (Eq. (18)).

_Q dry ¼ Uo;dAoDTmF ð17Þ

The term of DTm is the logarithm temperature difference

DTm ¼ Ta;m � Tr;m ð18Þ

According to Bump [14], for the counter flow configuration, the
mean temperature difference is

Ta;m ¼ Ta;in þ
Ta;in � Ta;out

ln Ta;in�Tr;out

Ta;out�Tr;in

� �� ðTa;in � Ta;outÞðTa;in � Tr;outÞ
ðTa;in � Tr;outÞ � ðTa;out � Tr;inÞ

ð19Þ

Tr;m ¼ Tr;out þ
Tr;out � Tr;in

ln Ta;in�Tr;out

Ta;out�Tr;in

� �� ðTr;out � Tr;inÞðTa;in � Tr;outÞ
ðTa;in � Tr;outÞ � ðTa;out � Tr;inÞ

ð20Þ

For all fully dry segments, the temperature based overall heat trans-
fer coefficient is as follows:
ri

(6.1) Fully dry condition (6.2) Fully wet 

ro
ri

ro

Tf,b>Tdp Tf,t<Td

Water filDry surface 

Fig. 6. Circular fin in fully dry, fully wet
1
Uo;d
¼ Ao

hrAp;i
þ

Ao ln Dc
Di

� �
2pkpLp

þ 1

hc;o
Ap;o

Ao
þ Af gf ;dry

Ao

� � ð21Þ

The corresponding dry fin efficiency gf,dry adopts Schmidt’s approx-
imation [19]:

gf ;dry ¼
tanh MMrih

MMrih
ð22Þ

where

MM ¼
ffiffiffiffiffiffiffiffiffiffi
2hc;o

kf t

s
ð23Þ

Hong and Webb [20] slightly modified Eq. (22) to increase its
approximation accuracy in the following form:

gf ;dry ¼
tanhðMMrihÞ cosð0:1MMrihÞ

MMrih
ð24Þ

Kern and Kraus [25] presented the analytical formulation for
the circular fin.

gf ;dry¼
2ri

MMðr2
o� r2

i Þ
K1ðMMriÞI1ðMMroÞ�K1ðMMroÞI1ðMMriÞ
K1ðMMroÞI0ðMMriÞþK0ðMMriÞI1ðMMroÞ

� 	
ð25Þ

The procedure for WDFM can be found in Pirompugd et al.
[23,24]. For further analyzing the surface condition along a real
heat exchanger, the surface condition does not always complied
with either fully dry or fully wet. Instead, the partially wet sur-
face condition may occur in the tiny segments as shown in
Fig. 6 in which the corresponding dew point temperature of moist
air is between the outside tube temperature and the fin tip tem-
perature. To tackle this difficulty, Pirompugd et al. [26,27] present
a new method called the ‘‘finite circular fin method (FCFM)”
condition (6.3) Partially wet condition 

ri

ro

r*

p

Tf,b<Tdp 

Tf,t>Tdp

m 

and partially wet surface conditions.
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which not only keep all the features in TTM and WDFM. For the
FCFM but also can handle the fully wet, fully dry, and partially
wet surface conditions as shown in Fig. 6. The details for FCFM
can be found in Pirompugd et al. [26,27]. For the partially wet
surface condition, the rate equations Eqs. (1)–(8) still holds but
with the need to adjust the corresponding fin efficiency. Pirom-
pugd et al. [26,27] proposed the fin efficiency for the circular
fin under partially wet surface condition based on the enthalpy
difference.

gf ;part ¼
2ri

MTðr�2 � r2
i Þhwet;ri

þMT Cp;ahdry;r� ðr2
o � r�2 Þ

� bK1ðMT riÞ � aI1ðMT riÞ
MT I1ðMT r�ÞK0ðMT riÞ þMT I0ðMT riÞK1ðMT r�Þ

� 	
; ð26Þ

where

a ¼ hwet;ri
MT K1ðMT r�Þ þ cK0ðMT riÞ; ð27Þ

b ¼ hwet;ri
MT I1ðMT r�Þ � cI0ðMT riÞ; ð28Þ

c ¼ b0w;f hdry;r�MM
K1ðMMroÞI1ðMMr�Þ � I1ðMMroÞK1ðMMr�Þ
K1ðMMroÞI0ðMMr�Þ þ I1ðMMroÞK0ðMMr�Þ

� 	
: ð29Þ

However, the partially wet fin efficiency in Eq. (26) can not be
directly applied to Eq. (5) due to different driving potentials in fully
dry (temperature) and fully wet (enthalpy) conditions. Hence it is
modified to take into account both potentials for the partially wet
condition. In this regard, the overall heat transfer coefficient (Eq.
(5)) can be calculated by substitution of the effective wet fin effi-
ciency, yielding:

g0f ;part ¼
_Qwet;conv;max þ _Q dry;conv;max

_Q 0wet;conv;max

gf ;part: ð30Þ

There are a number of publication concerning the partially wet
fin efficiency for straight fin and circular fin, or even extension the
straight fin to the circular fin. For example, Rosario and Rahman
[28] presented the partially wet fin efficiency for circular fin as

gf ;part ¼
r�

2

r2
o

 !
gf ;dry þ 1� r�

2

r2
o

 !
gf ;wet: ð31Þ

Nevertheless, those fin efficiency can not directly fit into the
heat transfer equation based on the enthalpy potential. This is be-
cause that calculation of the partially wet fin efficiency involves
fully dry and fully wet portions. The former involves only sensible
heat transfer obtained from temperature difference whereas the
latter includes both sensible and latent heat transfer termed as en-
thalpy difference. Thus it can not be applied based on the enthalpy
difference alone.

3.2. Equivalent dry-bulb temperature method

Wang and Hihara [29] presented a new method namely ‘‘equiv-
alent dry-bulb temperature method (EDT)”. With the definition of
EDT method, the enthalpy difference is replaced by the equivalent
dry-bulb temperature difference, yielding

_Q wet ¼ Uo;dAoðTe
a � TrÞF ð32Þ

The overall heat transfer coefficient, Uo,d is the same as that of
Eq. (21) but the dry fin efficiency must be substituted by the wet
fin efficiency. The variable of Te

a is the equivalent dry-bulb temper-
ature that obtained from the constant enthalpy line in the psychro-
metric chart. Wang and Hihara [29], Xia and Jacobi [30] and
Huzayyin et al. [31] show that Eq. (32) is capable of handling par-
tially wet surface condition by modifications to the equivalent dry-
bulb temperature and fin efficiency. The details for derivation of Te

a

for the fully wet and partially wet surface conditions can be found
in the published literature. However, for the partially wet condi-
tion, a combination of either the FCFM with the EDT method gives
the better simulation.

4. Mathematical model for mass transfer

The cooling and dehumidifying of moist air by a cold surface in-
volves simultaneously heat and mass transfer. Therlkeld [4] de-
scribed the process line equation:

dia

dWa
¼ R

ðia � is;p;oÞ
ðWa �Ws;p;oÞ

þ ðig � 2501RÞ; ð33Þ

where R represents the ratio of sensible heat transfer characteristics
to the mass transfer performance.

R ¼ hc;o

hd;oCp;a
: ð34Þ

For easier manipulation, many researches simply presume the
ratio is a constant value (�1). Hence, one can easily obtain the
mass transfer coefficient from Eq. (34). However, it should be made
clear that the original heat-mass transfer analogy is valid only
when the temperature and concentration fields are independent
with each other. During the dehumidifying process, the tempera-
ture gradient is directly responsible for establishing the concentra-
tion gradient. Thus, these fields are not truly independent. This is
especially applicable for turbulent flow conditions where the con-
centration boundary layer thickness is not independent of the tem-
perature boundary layer thickness. As a result, the heat-mass
transfer analogy is not expected to hold. For heat and mass transfer
at the interface, the following equations hold:

hc;oDT ¼ �k
dT
dy

����
i

ð35Þ

kmDc ¼ �D
dc
dy

����
i

ð36Þ

In the foregoing equations, DT and Dc are the temperature dif-
ference and concentration difference between the ambient and the
interface, respectively. The subscript i denotes at the water/vapor
interface. Adopting the definitions of Nusselt number and Sher-
wood number, i.e. Nu = hL/k and Sh = kmL/D (L represents certain
characteristics length), one can arrive the following equations from
Eqs. (35) and (36):

Nu ¼ L
DT

� dT
dy

����
i

� �
; ð37Þ

Sh ¼ L
Dc

� dc
dy

����
i

� �
: ð38Þ

Dividing Eq. (37) with Eq. (38) yields:

Nu
Sh
¼
� dT

dy

���
i

� dc
dy

���
i

0
B@

1
CA Dc

DT
ð39Þ

For the case of independent heat and mass transfer, the temper-
ature gradient and concentration gradient do not interact with
each other, the above equation is often correlated in the famous
form as

Nu
Sh
¼ r

Sc

� �1=3
: ð40Þ

For dehumidification process, the interface concentration is re-
garded as saturated and is related to the interface temperature.
Hence ci = ci(T), Eq. (39) can be rewritten as

Nu
Sh
¼ dT

dc

� �����
i

Dc
DT
¼

Dc
DT

dc
dT


 ���
i

: ð41Þ
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Based on the derived Eq. (41), let’s consider a general case of
dehumidification from the psychrometric chart. Note that the
humidity ratio W is usually used as the driving potential of mass
transfer for dehumidification instead of concentration. The shape
of the relation curve from psychrometric chart for the humidity
vs. temperature is ‘‘concave upwards”. Thus the interfacial temper-
ature rises when the inlet frontal velocity is increased. This is
applicable even when the tube side temperature is fixed (evapora-
tion inside tube) due to increased heat transfer rate with the rise of
frontal velocity. As a consequence, one can see the value of dc

dT


 ���
i
in-

creases when the frontal velocity is increased. In the meantime, the
value of Dc

DT is also increased. However, one can easily find out that
the increasing rate of dc

dT


 ���
i slightly exceeds that of Dc

DT. This suggests
the difference between denominator and numerator of Eq. (41) is
being increased when the frontal velocity is increased, thereby
showing a variable ratio of hc,o/hd,oCp,a during dehumidification.

The foregoing discussion suggests that the ratio R depends on
the air flow conditions and should not be regarded as a constant.
In addition, Eq. (33) did not correctly describe the dehumidification
process on the psychrometric chart. This is because the saturated
air enthalpy at the mean temperature at the fin surface is different
from that at the fin base. Pirompugd et al. [21,22] presented the
new process line equation for TTM.

dia

dWa
¼ R � ðia;m � is;p;o;mÞ þ R � ðe� 1Þ � ðia;m � is;w;f ;mÞ
ðWa;m �Ws;p;o;mÞ þ ðe� 1Þ � ðWa;m �Ws;w;f ;mÞ

; ð42Þ

where

e ¼ Ao

Ap;o
: ð43Þ

The process line equation (Eq. (42)) with TTM is applied by
dividing the fin-and-tube heat exchanger into many tiny segments
(Fig. 4) with all segments being fully wet surface condition. Pirom-
pugd et al. [23,24] later on improved the model with this process
line equation (Eq. (42)) and WDFM through which the divided seg-
ments are either fully wet or fully dry surface condition (Fig. 5). For
a further general approach to the deal with the partial wet surface
conditions, Pirompugd et al. [26,27] extended the model to FCFM
that can take care of fully dry, fully wet, and partially wet condi-
tions (Fig. 6). For all tiny segments under partially wet surface con-
ditions (Fig. 6), Pirompugd et al. [26,27] proposed the new process
line equation applicable to the circular fin under partially wet sur-
face condition.
dia

dWa
¼

R � ðia;m � is;p;o;mÞ þ R � r�
2�r2

i
r2

o�r2
i

� �
� ðe� 1Þ � ðia;m � is;w;f ;mÞ þ R � r2

o�r�
2

r2
o�r2

i

� �
� ðe� 1Þ � Cp;aðTa;m � Tf ;mÞ

ðWa;m �Ws;p;o;mÞ þ
r�2�r2

i
r2

o�r2
i

� �
� ðe� 1Þ � ðWa;m �Ws;w;f ;mÞ

ð44Þ
From the FCFM and the new process line equations (Eqs. (42),
(44)), the percent of wet surface of fin-and-tube heat exchanger
can be identified, leading to higher predictive accuracy of the
model.

5. Results and discussion

From the published results, many authors showed that the
heat transfer characteristic (in terms of Colburn j-factor) is virtu-
ally independent on the fin spacing especially for heat exchangers
having larger number of tube row and operated under fully dry
surface condition. For example, when operated at the fully dry
condition and N P 4, Wang et al. [32] and Rich [33] showed that
the heat transfer characteristic is insensitive to the fin spacing.
However, for N = 1 and 2, Wang and Chi [34] reported that the
heat transfer characteristic decreases with the increase of fin
spacing. This is especially pronounced when ReDc < 5000 and is
confirmed with the published literature of Saboya and Sparrow
[35]. Their results indicated that the boundary development is
the most crucial factor for the 1-row coil, yet the effect of flow
inertia takes control at higher Reynolds number. Therefore, for
fully dry surface, the effect of fin spacing diminished for
ReDc > 5000. For ReDc < 5000, the heat transfer characteristic in-
creases with decrease of fin spacing. This phenomenon is seen
for N 6 2, and is especially pronounced for N = 1. By contrast for
heat exchangers being tested under dehumidification, the corre-
sponding sensible heat transfer performance exhibits a compara-
tively insensitive influence to the change of fin spacing for N = 1
and N = 2. Apparently, the results are attributed to the presence
of condensate under dehumidification. This appearance of con-
densate plays a role to alter the airflow pattern, roughening the
fin surface and providing a better mixing of the airflow. As a con-
sequence, the influence of fin pitch is reduced accordingly. This
phenomenon is analogous to using the enhanced fin surface in
fully dry condition. For enhanced surfaces such as slit and louver
fin geometry, Du and Wang [36] and Wang et al. [37,38] reported
a negligible effect of fin spacing even for N = 1 or N = 2. Moreover,
based on the numerical simulation by Torikoshi et al. [39], they
found that the vortex forming behind the tube can be suppressed
and the entire flow region can be kept steady and laminar when
the fin spacing is small enough. A further increase of fin spacing
would result in a noticeable increase of cross-stream width of the
vortex region behind the tube. As a result, the heat transfer char-
acteristic decreases with the increase of fin spacing for the one-
row configuration, indicating a detectable influence of fin spacing.
For fully wet surface, the presence of condensate that provides a
good air flow mixing even at larger fin spacing. In fact, the heat
transfer characteristic slightly decreases with the increase of
number of tube row. However, the difference in the heat transfer
characteristic becomes even more negligible when the number of
tube rows is increased. With the increase in the number of tube
rows, the condensate blow-off phenomenon from the preceding
row is blocked by the subsequent row.

From the process line equation, Pirompugd et al. [21,22] show
about 20–40% increase of mass transfer characteristic when the in-
let relative humidity is increased from 50% to 90%. However, for the
TTM, Pirompugd et al. [21,22] show relatively small influence of the
inlet relative humidity. Hence, it is expected that the associated
influence on the mass transfer characteristic is also small. Pirom-
pugd et al. [23,24,26,27] show a detectable rise of the increase of
mass transfer characteristic when the inlet relative humidity is de-
creased at high ReDc. The phenomenon is actually in line with the ba-
sic derivation of Eq. (41). With the original procedures of Threlkeld
method, it was only applicable to the counter-cross flow arrange-
ment and it also excludes the influence of primary surface. Hence
the TTM is more appropriate than the original procedures of Threl-
keld method in reducing the mass transfer coefficient under fully
wet conditions. Moreover, the WDFM and FCFM are more appropri-
ate than Threlkeld’s method or TTM for the fully and partially wet
conditions. For the rising mass transfer characteristic at high ReDc

and its decreasing performance with the inlet relative humidity, it
is in connection with the blow-off of condensate at larger ReDc which
make more room for water vapor to condensate along the surface
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and even results in the partially dry condition due to the rise of dew
point temperature. This phenomenon becomes less pronounced
with the rise of the number of tube row for condensate blow-off
may be blocked by the subsequent tube row.

For the friction factor, Wang et al. [6,9] presented that their
experimental data indicate a significant increase of friction factor
under dehumidifying condition. In fact, the friction factor is
approximately 60–120% higher than those of the dry condition.
In addition, the friction factors are insensitive to the change of rel-
ative humidity.

6. Conclusion

The present study provides a survey about the data reduction
methods for fin-and-tube heat exchangers being operated at
dehumidification where both heat and mass transfer must be ta-
ken into account simultaneously. The data reduction methods in-
cludes the original Threlkeld method, direct method, the
equivalent dry-bulb method, tube by tube method, the fully wet
and fully dry tiny circular fin method, and the finite circular fin
method. Based on the foregoing discussion, the following results
are concluded.

1. Threlkeld method, the direct method (enthalpy potential and
temperature difference method) and the equivalent dry-bulb
temperature method (EDT method) is based on the original
lump method are the basic reduction method for reducing the
results. However, they are unable to predict the partially wet
surface.

2. The tube-by-tube method (TTM) stems from the Threlkeld
method and is able to account for the influence of temperature
variation in both tube and air-side. However, it can not predict
the partially wet surface.

3. The fully wet and fully dry tiny circular fin method (WDFM)
developed from TTM can divide the fin-and-tube heat exchang-
ers into many tiny segments through which one can identify the
surface conditions to be either fully dry or fully wet condition.
The proposed method can handle both cases with either fully
dry or fully wet but is unable to deal with the tiny surface
where both dry/wet conditions prevail.

4. By proposing the partially wet fin efficiency, the proposed the
finite circular fin method (FCFM) resolve all the surface condi-
tions, fully dry, fully wet, and even partially wet condition
occurring in the tiny element.

5. The mass transfer characteristics can be obtained from the
modified process line equation incorporated with the preceding
methods (WDFM or FCFM). The conventional assumption of
constant ratio (hc,o/hd,oCp,a � constant) is actually incorrect.
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