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Abstract

The air side performances of two louvered ®n surfaces under dehumidifying conditions were examined in this
study. The test results indicated that the e�ect of ®n pitch on the heat transfer performance is comparatively small,
and the friction factors increase signi®cantly with ®n pitch for fully wet conditions. The e�ect of inlet relative

humidity on the sensible heat transfer performance is negligible. However, there is a detectable e�ect of inlet
condition on the friction factors for type (I) louver due to condensate retention. A correlation of heat, momentum,
and mass transfer was proposed to correlate the present database with a mean deviation of 5.94%, 6.1%, and

7.89%, respectively. 7 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

In typical air-conditioning heat exchangers like fan-
coil unit or evaporator, where surface temperature

may be operated below its corresponding dew point,

simultaneous heat and mass transfer occurs on the sur-

face, and water condensate is formed. The air-¯ow
across the heat exchanger may interact with the water

condensate which makes the ¯ow pattern very compli-

cated. As a result, signi®cant change of the heat trans-
fer and friction characteristics is likely to occur under

dehumidifying conditions. Many researches and ana-

lyses had been devoted to this problem yet the funda-

mental basis for the methods now in use is still
debatable. As pointed out by Wang et al. [1], the data

reduction for experimental work in the open literature

used di�erent approaches and hence, signi®cant errors
may be encountered when one trys to use other's data
with di�erent reduction method. Moreover, some

methods are physically inappropriate, it is hard and
irrelevant to compare the test results from one to
another.

Recently, use of compact ®n-and-tube heat ex-
changers which incorporated with enhanced ®n pat-
terns like louver and o�set strip is quite common in

the commercial/residential application since these ®n
patterns are cost-e�ective. The louver ®n, as shown in
Fig. 1, is especially popular owing to its superior per-
formance and low cost. There are several investigations

associated with the air side performance of the louver
®n, most of which were related to fully dry conditions
[2±6]. Experimental data reported in literature were

very limited for louver ®n under dehumidifying [7±9].
Notice that the fully wet conditions exist when the ®n
surface temperatures are below its corresponding inlet

dew point temperatures. The main objective of the
present study is to present air side performance of
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louver ®n pattern extensively and to propose their cor-
relations under fully wet conditions to use consistent
approach to reduce the air side data with the enthalpy-

based method as proposed by Threlkeld [10] and rec-
ommended recently by Kandlikar [11].

2. Test unit and experimental apparatus

Table 1 shows the detailed geometry of the present
plate ®n-and-tube heat exchangers. The test ®n-and-

tube heat exchangers are tension wrapped having a
``L'' type ®n collar. The test samples consisted of 10
louver ®n-and-tube heat exchangers. Detailed dimen-

sions of the louver ®n patterns are illustrated in Fig. 1.
The height of louver, Lh � 1:07 mm, is the same for
both louver ®n pattern. The major di�erences between

these two louvers are (1) the longitudinal tube pitch
for type (I) is 19.05 mm while type (II) is 22 mm; (2)
the major louver pitch for type (I) is 2.35 mm whereas

for type (II) is 2.0 mm; and (3) the number of louvers
for type (I) in one-row is less than that of type (II) by
2. The test conditions of the inlet air are as follows:

Dry-bulb temperatures of the air 2720:58C
Inlet relative humidity for the incoming

air

50% and 90%

Inlet air velocity 0.4±3.5 m�sÿ1
Inlet water temperature 6:5228C
Water velocity inside the tube 1:5±2:0 m�sÿ1

The test conditions approximate those encountered
with typical fan-coils and evaporators of air-condition-

Nomenclature

Ac minimum free ¯ow area
Ao total surface area
Ap, o outer surface area of tubes

Cp heat capacity for air
Dc tube outside diameter, including collar

�Dc � Do � 2df )

Dh hydraulic diameter
Di tube inside diameter
Do tube outside diameter

f friction factor
Fp ®n pitch
Gc maximum mass velocity based on minimum

¯ow area

hc, o sensible heat transfer coe�cient for wet coils
hd mass transfer coe�cient
ho, w total heat transfer coe�cient for wet external

®n
ig, t enthalpy of saturated water vapor evaluated

at mean air temperature

j the Colburn factor
L depth of the heat exchanger
Le ratio of hc, o and hdCp

Lh louver height
Lp louver pitch
_mair mass ¯ow rate of air¯ow
_mw mass ¯ow rate of water ¯ow

N the number of tube row
p system pressure
DP pressure drop

Pl longitudinal tube pitch
Pt transverse tube pitch
_Qavg mathematical average heat transfer rate for

water side heat transfer rate _Qw and air side

heat transfer rate _Qa:
_Qa air side heat transfer rate
_Qw water side heat transfer rate

Sc Schmidt number
Sh Shwood number
ReDi

Reynolds number based on inside diameter

ReDc
Reynolds number based on Dc

RH relative humidity
RT refrigeration tons

T temperature
Tdb dry bulb temperature
Ta air temperature
Tw water temperature

Uo, w overall heat transfer coe�cient (enthalpy-
based)

W humidity ratio

Ws, w humidity ratio of saturated moist air evalu-
ated at condensate temperature

xp tube wall thickness

df ®n thickness
Zf, wet wet ®n e�ciency
y louver angle, tan y � Lh=Lp

mf dynamic viscosity of water
ri mass density of inlet air
ro mass density of outlet air
rm mean mass density of air

s contraction ratio
G mass ¯ow rate per unit width of the tube

Subscripts
Exp experimental value
Cor correlation value
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ing applications. Schematic diagram of the experimen-

tal air circuit assembly is shown in Fig. 2. It consists

of a closed loop wind tunnel in which air is circulated

by a variable speed centrifugal fan (7.46 kW, or 10 HP

accordingly). The air duct is made of galvanized steel

sheet and has a 850 mm � 550 mm cross-section. The

dry-bulb and wet-bulb temperatures of the inlet air are

controlled by an air-ventilator that can provide a cool-

ing capacity up to 21.1 kW. The air ¯ow rate measure-

ment station is an outlet chamber setup with multiple

nozzles. This setup is based on the ASHRAE 41.2

standard [12]. A di�erential pressure transducer is used

to measure the pressure di�erence across the nozzles.

The air temperatures at the inlet and exit zones across

the sample heat exchangers are measured by two psy-

chrometric boxes constructed based on the ASHRAE

41.1 standard [13].

The working medium on the tube side is cold water.

A thermostatically controlled reservoir provides the

cold water at selected temperatures. The temperature

Fig. 1. Detailed dimensions of the test louver ®n patterns.
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di�erences on the water side are measured by two pre-

calibrated RTDs. The water volumetric ¯ow rate is

measured by a magnetic ¯ow meter with a 20.001 L/s

precision. All the temperature measuring probes are re-

sistance temperature device (Pt100), with a calibrated

accuracy of 20.18C. In the experiments, only those

data that satisfy the ASHRAE 33-78 requirements

(namely, the energy balance conditions,

j _Qw ÿ _Qaj= _Qavg, is less than 0.05, where _Qw is the

water-side heat transfer rate and _Qavg is the mathemat-

ical average heat transfer rate for _Qw and air-side heat

transfer rate _Qa), are considered in the ®nal analysis.

Uncertainties reported in the present investigation, fol-

lowing the single-sample analysis proposed by Mo�at
[14], are tabulated in Table 2.

3. Analysis

Details of the reduction process can be found from
the previous studies by Wang et al. [1] and Wang and

Chang [9]. Notice that the Threlkeld method is an
enthalpy-based reduction method. A brief description
of the reduction of heat and mass transfer is given as

follows.
The overall heat transfer coe�cient is related to the

individual heat transfer resistance [15] as follows:

Table 1

Geometric dimensions of the louver ®n-and-tube heat exchangersa

No. Fin pattern Fp (mm) Dc (mm) Pt (mm) Pl (mm) Lh (mm) Lp (mm) Lp=Fp Row no.

1 Louver (I) 1.21 10.33 25.4 19.05 1.07 2.35 1.94 1

2 Louver (I) 1.82 10.33 25.4 19.05 1.07 2.35 1.29 1

3 Louver (I) 2.49 10.33 25.4 19.05 1.07 2.35 0.94 1

4 Louver (I) 1.21 10.33 25.4 19.05 1.07 2.35 1.94 2

5 Louver (I) 1.78 10.33 25.4 19.05 1.07 2.35 1.32 2

6 Louver (I) 2.42 10.33 25.4 19.05 1.07 2.35 0.97 2

7 Louver (II) 1.21 10.33 25.4 22 1.07 2 1.65 1

8 Louver (II) 2.47 10.33 25.4 22 1.07 2 0.81 1

9 Louver (II) 1.21 10.33 25.4 22 1.07 2 1.65 2

10 Louver (II) 2.49 10.33 25.4 22 1.07 2 0.8 2

a Nominal tube diameter before expansion id 9.52 mm. All the test surfaces were not hydrophilic coated. There are no hydro-

philic coating of the ®n surfaces. The maximum deviation due to manufacturing accuracy of the louver height is 20.05 mm. A

manual counting process is performed in each test samples for their exact ®n number, the ®n pitch is obtained by dividing the

width of the test samples to the exact ®n numbers. Tube wall thickness: 0.31 mm. Fin thickness: 0.115 mm. Fin material: aluminum

�k � 204 m�W�Kÿ1). Tube material: copper.

Fig. 2. Schematic of the test setup.
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1

Uo, w
� b 0rAo

hiAp, i
� b 0pxpAo

kpAp, m

� 1

ho, w

 
Ap, o

b 0w, pAo
� AfZf, wet

b 0w, mAo

! �1�

where

ho, w � 1

Cp, a

b 0w, mhc, o

�2�

The tube-side heat transfer coe�cient, hi, is evaluated

from the Gnielinski correlation [16]. The four quan-
tities �b 0w, m, b 0w, p, b 0p, and b 0r� in Eq. (1) involving
enthalpy±temperature ratios must be evaluated in

advance. Detailed evaluation of these four terms can
be found from Wang et al. [1]. The heat transfer per-
formance is in terms of the Colburn j factor, i.e,

j � hc, o
GcCp, a

Pr 2=3 �3�

The determination of the mass transfer coe�cient can

be obtained from the process line [10]. Namely,

di

dW
� Le

iÿ iW
WÿWS, W

� ÿig, t ÿ 2500:9� Le
� �4�

where the parameter, Le, is given as

Le � hc, o
hdCp, a

�5�

Detailed integration of Eq. (4) can be found from
Myers [15]. The reduction of the friction factor of the
heat exchanger is evaluated from the pressure drop

equation proposed by Kays and London [17] as

f � Ac

Ao

ri

rm

"
2riDP
G 2

c

ÿ
ÿ
1� s 2

�� ri

ro

ÿ 1

�#
�6�

4. Results and discussion

Fig. 3 shows the air side performances for type (I)

louver under completely wet conditions (RHin =
90%). The air side performances shown in the ®gure
are in terms of sensible j factors and friction factors f.

As seen, the heat transfer performance is relatively
insensitive to change of ®n pitch and the number of
tube row. The results are analogous to the heat trans-
fer performance under completely dry conditions [2±5].

However, contrary to the test results of heat transfer
performance, a signi®cant e�ect of ®n pitch on the fric-
tion performance is observed. The friction factors for

Table 2

Summary of estimated uncertainties

Primary measurements Derived quantities

Parameter Uncertainty Parameter Uncertainty ReDc
� 500 Unertainty ReDc

� 300

_mair 0.3±1% ReDc
21.0% 20.62%

_mw 0.5% ReDi
20.73% 20.86%

DP 0.5% f 213.7% 23.4%

Tw 0.18C _Qw 24.5% 21.4%

Ta 0.18C _Qa 25.6% 23.1%

T 0.18C j 212.1% 26.1%

Fig. 3. Air side performances for type (I) louver.
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Fp � 1:2 mm are about 30±50% higher than those of
Fp � 2:5 mm. For various louver ®n patterns operated

at fully dry conditions, Chang et al. [2] and Wang et
al. [3±5] reported that the e�ect of ®n pitch on the fric-
tion performance is again relatively small. There are

several possible explanations of the di�erence among
dry and wet conditions. Firstly, when ®n-and-tube heat
exchangers are operated at the dehumidifying con-

ditions, water vapor condenses on ®n surfaces. Conse-
quently, the condensate retention may become severe
as ®n spacing is decreased. Secondly, as ®n pitch is

decreased, the condensate may considerably change the
¯ow pattern across the heat exchanger. This phenom-
enon can be further explained by the ¯ow visualization
conducted by Yoshii et al. [18] under dehumidifying

condition with a scale-up model of ®n-and-tube heat
exchanger, they noticed that the condensate adhere to
both sides may cause the air¯ow within the channel to

twist when the ®n channel is close to each other. As a
consequence, as shown in Fig. 4(a), the whirl ¯ow is
generated and may produce extra friction loss as ®n

spacing is decreased. Conversely, as shown in Fig. 4(b),
the e�ect of twisted ¯ow is comparatively small when
the space between the ®n channel is increased and the

e�ect of ®n pitch on the friction is decreased as ReDc
is

increased, as illustrated in Fig. 3. This is because of
better mixing of air¯ow caused by the louver. There-
fore, the e�ect of whirl ¯ow is becoming relatively

small.
Fig. 5 shows air side performance for type II louver

under fully wet conditions. As seen, the air side per-

formance for type II louver is similar to those of type
(I) louver. The heat transfer performances for Fp � 2:5
mm are lower than those of Fp � 1:2 mm (except at

the very low Reynolds region where the Coburn j fac-
tors are comparable for these di�erent ®n pitch). Note

that the louver number for type (II) is larger than
those of type (I), the interaction between the louver

and the blockage of the second row may provide better
mixing condition of the air¯ow. As a result, comparing
to the one-row con®guration, the e�ect of ®n pitch is

less pronounced for N � 2:
Fig. 6 shows the e�ect of relative humidity
�Tdb � 278C, RH = 50% and 90%) on the sensible j

factors and friction factors for sample #1, #3, #9, and
#10. As shown in the ®gure, the sensible heat transfer
performances are relatively insensitive to change of

inlet condition. The results are analogous to those
reported earlier by Wang et al. [1]. Some investigators
like Mirth and Ramadhyani [19,20] and Fu et al. [8]
reported that the sensible heat transfer performance is

related to the inlet conditions (relative humidity or
dew point temperature). Wang et al. [1] pointed out
the controversies are related to calculation of wet ®n

e�ciency.
In addition to the sensible heat transfer perform-

ance, the e�ect of inlet relative humidity on friction

factors for type (I) and type (II) louver is slightly
di�erent. As seen in Fig. 6, type (II) louver shows less
dependence of inlet humidity than does type (I). Poss-

ible explanation may be related to their di�erence in
longitudinal tube pitch Pl: Note that Pl � 19:05 mm
for type (I) while Pl � 22 mm for type (II). For higher
condensate loading (RHin = 90%), larger longitudinal

tube pitch will increase the e�ective spacing between

Fig. 5. Air side performances for type (II) louver.Fig. 4. Air ¯ow pattern in presence of condensate.

C.-C. Wang et al. / Int. J. Heat Mass Transfer 43 (2000) 3443±34523448



tube row, and hence can be helpful to the condensate
drainage problem. Wang et al. [1] also reported negli-

gible e�ect of inlet condition on the friction perform-
ance and their longitudinal tube pitch is also 22 mm.
For type (I) louver, Pl � 19:05 mm, the friction factors

for RHin = 90% are approximately 5±25% higher
pressure drops than those at RHin = 50%.
The dehumidifying process involves heat and mass

transfer simultaneously, it is convenient to employ the
analogy between heat and mass transfer if mass trans-
fer data are unavailable because the conduction and

di�usion in a liquid are governed by physical laws of
identical mathematical form. Such an analogy is widely
used in a form recommended by Chilton and Coburn
in 1934, i.e. hc, o=hdCp � �Sc=Pr�ÿ2=3, which is quite

adequate for most external ¯ow but is inappropriate
for fully developed laminar duct ¯ows [21]. For ®n-
and-tube heat exchangers, most of the open literatures

showed that

hc, o
hdCp

11 �7�

The experimental data of Hong [22] indicated that this
value is between 0.7 and 1.1, Seshimo et al. [23] gave a
value of 1.1. Eckels and Rabas [24] reported also the

relevance in their plain ®n-and-tube heat exchangers.
Wang and Chang [9] found that the value of hc, o=hdCp

increases slowly with Reynolds number and developed

the following correlation:

hc, o
hdCp

� 0:57Re0:07Dh
�8�

where

Dh � 4AcL

Ao
�9�

In the present study, Eq. (7) is roughly applicable.
However, the values of hc, o=hdCp for higher inlet rela-

tive humidity would be lower than that for lower inlet
humidity. The results implies mass transfer coe�cients
will be higher for a higher inlet humidity. For gas

absorption in a liquid falling ®lm inside a vertical tube,
Kafesjian et al. [25] found that the mass transfer per-
formance is related to the gas Reynolds number,

Schmidt number, and ®lm Reynolds number, �4G=mf).
i.e.

ShDh
� 0:00814Re0:83Dh

Sc0:44
 
4G
mf

!0:15

�10�

where G is the ®lm ¯ow rate per unit width. Eq. (10)
gives higher values than those given by the analogy.
The ®lm Reynolds number may play a signi®cant role

in the mass transfer coe�cients. For the present test
condition, condensation of humid air along the heat
exchanger inside the ®n-and-tube heat exchange is

Fig. 6. E�ect of inlet humidity on the heat transfer and friction performance.
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much more similar to channel ¯ow. In addition, ®lm
¯ow caused by the condensate may alter the applica-

bility of Eq. (7). Consequently, it is necessary to mod-
ify Eq. (7) to increase the scope of applicability.
Higher condensate loading is expected for a higher

inlet humidity condition. The mean condensate ®lm
Reynolds number (evaluated based on the periphery of
tube) ranges from 0.5 to 10 �2G=mf� in the present

study. As a result, the ®lm Reynolds number and the
associated geometrical parameters were taken into
account which result in a modi®cation to the analogy.

i.e.,

hc, o
hdCp

� 0:2702Re0:1739Dc

0@0:6
�0:8493

 
2G
mf

!ÿ0:1652�exp�Fp=Dc ��
Fp

Pl

�0:1984

N ÿ0:501

1A
�11�

Eq. (11) is applicable to both type (I) and type (II) lou-
ver, and is valid for RHin = 50±90%. Eq. (11) gives a
mean deviation of 7.91% of the present database.
It is obvious from the curves shown in Figs. 3 and 5

that no single curve can be expected to describe the
complex behaviors for both j and f factors. In ad-
dition, as seen in Fig. 4, a di�erent behavior in friction

is seen between type (I) and type (II). As a result, a
multiple linear regression technique in a practical
range of experimental data �400 < ReDc

< 3000� was

carried out. The major characteristics length used for
developing correlation is tube collar diameter. The use
of either tube collar diameter or hydraulic diameter as
the characteristics length is arbitrary as discussed by

Webb [26]. However, use of tube diameter is much
more appropriate to correlate the experimental data,
and most of the successful correlations were based on

®xed dimensions like tube diameter since it is more
practical in application. The ®nal correlations for j and
f are given there by as follows:

j � 9:717 Re j1
Dc

�
Fp

Dc

�j2�
Pl

Pt

�j3

loge

�
3

ÿ Lp

Fp

�0:07162

N ÿ0:543 �12�

where

j1 � ÿ0:023634ÿ 1:2475

�
Fp

Dc

�0:65�
Pl

Pt

�0:2

N ÿ0:18 �13�

j2 � 0:856 exp�tan y� �14�

j3 � 0:25 loge
ÿ
ReDc

� �15�

and

f � 2:814 Re f1
Dc

�
Fp

Dc

�f2�
Pl

Dc

�f3�
Pl

Pt

� 0:091

�f4�
Lp

Fp

�1:958

N 0:04674 �16�

where

f1 � 1:223ÿ 2:857

�
Fp

Dc

�0:71�
Pl

Pt

�ÿ0:05
�17�

f2 � 0:8079 loge
ÿ
ReDc

� �18�

Fig. 7. Comparison of the proposed correlations with exper-

imental data (a) j and (b) f.
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f3 � 0:8932 loge

ÿ
ReDc

� �19�

f4 � ÿ0:999 loge

 
2G
mf

!
�20�

Rang of applicability for Eqs. (12) and (16) are as fol-
lows:

ReDc
400±3000

Pt 25.4 mm
Pl 19±22 mm

Do (before expansion) 9.53 mm
Fin pitch 1.2±2.5 mm
Louver angle 24.4±28.2 deg

As shown in Fig. 7, the proposed heat transfer and
friction correlation (Eqs. (12) and (16)), can describes

80.5% and 85.3% of the experimental j and f within
210%, and the Eq. (12) gives a mean deviation of
5.94% while 6.1% for Eq. (16). Detailed comparisons

between the proposed correlations of j, f and hc, o=hdCp

and the experimental data are depicted in Table 3.

5. Conclusion

The air side performances of louvered ®n surface
under dehumidifying conditions were presented and
discussed in this study. A total of 10 ®n-and-tube heat
exchangers having louver ®n patterns were tested and

compared. The following conclusions are made:

. The friction factors for louver ®n increase with
decrease of ®n pitch.

. The e�ect of inlet condition on the friction perform-
ance is di�erent between type (I) and type (II) lou-
ver. Type (II) louver shows less dependence of inlet

condition (relative humidity) than does type (I) lou-
ver for its larger longitudinal tube pitch.

. The sensible heat transfer performance is insensitive

to change of inlet relative humidity.
. The condensate ®lm Reynolds number plays a sig-

ni®cant role in the mass transfer and characteristics.

For type (I) louver having smaller Pl, the friction
performance is also related to the condensate ®lm

Reynolds number.
. A correlation of heat, momentum, and mass transfer

was proposed which can correlate the present data-

base with a mean deviation of 5.94%, 6.1%, and
7.89%, respectively.
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