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a b s t r a c t

This study presents the airside performance of the fin-and-tube heat exchangers having plain fin geom-
etry with a larger diameter tube (Dc = 15.88 mm) under dehumidifying condition. A total of nine samples
of heat exchangers subject to change of the number of tube row and fin pitch are made and tested. It is
found that the effect of fin pitch on the sensible j factor is, in general, diminished with the rise of tube
row. However, there is a unique characteristic of fin pitch at a shallow tube row, the heat transfer perfor-
mance is first increased at a wider pitch but a further increase of fin pitch lead to a falloff of heat transfer
performance due to interactions amid flow development and bypass flow. The influence of tube row on
the airside performance is rather small for both heat transfer and frictional characteristics at a fin pitch of
2.1 mm and when the Reynolds number is less than 4000. A slight deviation of this effect is encountered
when fin pitch is increased to 2.54 mm or 3.1 mm due to condensate adhered phenomena.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Fin-and-tube heat exchangers are widely-used heat transfer de-
vices in applications like refrigeration and air conditioning sys-
tems. Its easier manufacturing, simpler construction, lower cost,
and relatively easy in maintenance makes it one of the most com-
monly used heat exchangers. They can be applicable to both heat-
ing and cooling. Once the cooling process takes place below dew
point temperature, condensate forms on the surface and result in
a complex heat and mass transfer interactions. The heat transfer
characteristics of fin-and-tube heat exchangers under this dehu-
midifying conditions had been studied by many researchers (e.g.
McQuiston [1,2], Beecheer and Fagan [3], Yan and Sheen [4], Mirth
and Ramadhyani [5,6], Wang et al. [7], Pirompugd et al. [8,9]). The
published literatures offer considerable test results of plain fin data
in wet condition.

However, the foregoing tests were conducted for typical heat
exchangers of small air-conditioners where nominal tube diame-
ters of 9.52, 7.94 or 7 mm were generally employed. In typical
applications like fan-coil or ventilator, exploitation of larger diam-
eter like 15.88 mm is also very common. Unfortunately, there is
ll rights reserved.

ronment Research Laborato-
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very limited performance data of the fin-and-tube heat exchanger
with larger diameter tube in the open literature and is virtually no
data available in dehumidifying conditions. Hence, the objective of
the present study is to provide relevant performance data to the
database.

2. Experimental setup

The 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 (7.46 kW,
10 HP). The air duct is made of galvanized sheet steel and has an
850 mm � 550 mm cross-section. The dry-bulb and wet-bulb tem-
peratures of the inlet-air are controlled by an air-ventilator that
can provide a cooling capacity of up to 21.12 kW (6RT). The air
flow-rate measurement station is an outlet chamber set up with
multiple nozzles. This setup is based on the ASHRAE 41.2 standard
[10]. 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 [11].

The working medium for the tube side is cold water. A thermo-
statically controlled reservoir provides cold water at selected tem-
peratures. The temperature differences on the water side are
measured by two pre-calibrated RTDs. The water volumetric flow
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Nomenclature

Ac minimum flow area, m2

Af fin surface area, m2

Ap,i inside surface area of tubes, m2

Ao total surface area, m2

b0p slope of the air saturation curved between the outside
and inside tube wall temperature, J kg�1 K�1

b0r slope of the air saturation curved between the mean
water temperature and the inside wall temperature,
J kg-1 K�1

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

b0w;p slope of the air saturation curved at the mean water film
temperature of tube surface, J kg�1 K�1

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

Dc collar diameter, m
Dh hydraulic diameter, m
f Fanning friction factor
Fp fin pitch, m
Gc maximum mass flux at minimum flow area, kg m�2 s�1

hc,o sensible heat transfer coefficient, W m�2 K�1

hi inside heat transfer coefficient, W m�2 K�1

j Colburn j factor

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

L streamwise duct length, m
N number of tube row
Pl longitudinal tube pitch, m
Pt transverse tube pitch, m
Pr Prandtl number of air
DP pressure drop, Pa
_Qa air side heat transfer rate, W
_Qavg average heat transfer rate, W
_Qr water side heat transfer rate, W
ReDc air side Reynolds number based on the collar diameter
ReDh Reynolds number based on hydraulic diameter
RHin inlet relative humidity
Uo,w wet surface overall heat transfer coefficient, based on

enthalpy difference, kg m�2 s�1

xp wall thickness, m
xþ inverse Graetz number
r contraction ratio
gf ;wet fully wet fin efficiency
q air density, kg m�3

df fin thickness, m
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rate is measured by a magnetic flow meter with a ±0.001 L/s preci-
sion. All the temperature measuring probes are resistance temper-
ature devices (Pt100), with a calibrated accuracy of 0.05 �C. In
the experiments, only the data that satisfy the ASHRAE 33-78
[12] requirements (namely, the energy balance condition,
j _Qr � _Q aj= _Q avg , is less than 0.05, where _Qr is the water-side heat
transfer rate for and _Q a air-side heat transfer rate) are considered
in the final analysis. Detailed geometry used for the present plain
fin-and-tube heat exchangers is tabulated in Table 1. The test fin-
and-tube heat exchangers are tension wrapped having a ‘‘L” type
fin collar. The test conditions of the inlet-air are as follow:
Dry-bulb temperature of the air
 27 ± 0.5 �C

Inlet relative humidity for the incoming air
 50% and 80%

Inlet-air velocity
 From 1 to 4 m/s

Inlet-water temperature
 7 ± 0.5 �C

Water velocity inside the tube
 1.5–1.7 m/s
Fig. 1. Schematic of th
The test conditions approximate those encountered with typical
fan-coils and evaporators of air-conditioning applications. Uncer-
tainties reported in the present investigation, following the single-
sample analysis proposed by Moffat [13]. The maximum uncer-
tainty occurred at the smallest frontal velocity and is less than
±4.7% for reduction of the sensible heat transfer coefficient whereas
it is within ±6% for the frictional reduction.

3. Data reduction

Basically, the present reduction method is analogous to Threl-
keld’s approach [14]. Details of the reduction process can be found
from the previous studies by Wang et al. [7]. Notice that the Threl-
keld 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 coefficient is related to the individual
heat transfer resistance (Myers, [15]) as follows;
e test apparatus.



Table 1
Detailed geometric parameters of the test samples.

No. Fin type Fp (mm) df (mm) Dc (mm) Pt (mm) Pl (mm) N, row

1 Plain 2.12 0.12 16.68 38.1 33 2
2 Plain 2.54 0.12 16.68 38.1 33 2
3 Plain 3.17 0.12 16.68 38.1 33 2
4 Plain 2.06 0.12 16.68 38.1 33 4
5 Plain 2.54 0.12 16.68 38.1 33 4
6 Plain 3.13 0.12 16.68 38.1 33 4
7 Plain 2.12 0.12 16.68 38.1 33 8
8 Plain 2.54 0.12 16.68 38.1 33 8
9 Plain 3.17 0.12 16.68 38.1 33 8
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Fig. 2. Effect of fin pitch on heat transfer and friction char
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The tube-side heat transfer coefficient, hi, is evaluated from the Gni-
elinski correlation. The four quantities (b0w;m; b0w;p; b0p; and b0r) in Eq.
(1) involving enthalpy–temperature ratios must be evaluated in
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advance. A detailed evaluation of these four terms can be found
from Wang et al. [7]. The heat transfer performance is in terms of
the Colburn j factor, i.e,

j ¼ hc;o

GcCp;a
Pr2=3 ð3Þ

The reduction of the friction factor of the heat exchanger is evaluated
from the pressure drop equation proposed by Kays and London [16] as
Merge of boundary layer

(b) Medium fin spacing

(a) Small fin spacing

Merge of boundary layer

Bypass stream

(c) Large fin spacing

Fig. 3. Schematic of flow development alongside the fin channel: (a) small fin
spacing, (b) medium fin spacing and (c) large fin spacing.

Flow

Flow
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Fig. 4. Schematic of secondary flow subject to vapor sh
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ð4Þ

Related explanation and calculation of the terminology can be seen
from Wang et al. [7].
4. Results and discussion

A typical result concerning the effect of fin pitch on the airside
performance for RH = 80% is schematically shown in Fig. 2. The cor-
responding tube rows are 2, 4, and 8, respectively. As expected, the
friction factors and the sensible j factors decrease with increase of
the Reynolds number. The effect of fin pitch on the sensible j factor
is, in general, diminished with the rise of tube row. This is because
more tube rows provide significantly mixing, thereby leading to a
hardly detectable difference of j factor as the row number is in-
creased to 8. However, there is a unique feature of the j factor for
N = 2. The j factor shows appreciable increase when the fin pitch
is increased from 2.12 mm to 2.54 mm, and a further rise to
Fp = 3.15 mm yields a detectable drop of heat transfer performance.
In fact it falls back to that of Fp = 2.12 mm. The special phenome-
non is actually related to the developing characteristics of thermal
and flow field. For further illustration of this phenomenon, one can
examine the corresponding reciprocal of the inverse Graetz num-
ber xþ, which is defined as

xþ ¼ L=Dh

ReDh
Pr

ð5Þ

where L is the streamwise duct length and Pr is the Prandtl
number. The flow may be considered to be fully developed when
xþ > 0:1 [17]. In general, the heat transfer performance within
the heat exchanger is quite complex for it related to the interac-
tions amid tubes and fins. For a shallow row number like N = 2,
the effect of tube row is comparatively small, hence one can check
the associated influence of development of flow field within chan-
nels. A close examination of the present test samples of N = 2 using
Eq. (5) indicates that the contribution of development and fully
developed region are quite corresponding. In this regard, one can
realize the whole picture about the heat transfer performance sub-
ject to change of fin spacing as schematically shown in Fig. 3. For a
smaller fin pitch as shown in Fig. 3(a), the flow develops along the
ear (a) large fin spacing and (b) small fin spacing.
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channel and merge accordingly somewhere alongside the channel,
resulting in a comparatively low heat transfer performance. A fur-
ther increase of fin spacing as seen in Fig. 3(b) will delay the con-
glomeration of boundary layer and increase the development
length which gives rise to an increase of heat transfer performance.
In the meantime, there will be no merge of boundary layer with a
further increase of fin spacing as seen in Fig. 3(c). The nascent sign
would suggest that the heat transfer performance will continue to
rise since there is no boundary layer conglomeration. However, as
clearly seen in Fig. 3(c), a bypass flow stream at the center region
will offset the heat transfer gain from the development. In this
sense, the heat transfer performance reveals a fallback when the
fin spacing is sufficient large. However, it must be emphasized that
this is applicable for shallow tube row where mixing caused by
tubes is not so intensive.
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Fig. 5. Effect of the number of tube row on the heat transfer and friction c
In the meantime, the corresponding influence of fin pitch on the
friction factor shows a slight scattering despite the variation is not
so prominent. However, one can still see a marginal increase of
friction factor for N = 8. The results are not in line with those in
dry condition. For heat exchangers under completely dry opera-
tion, Rich [18] concluded that the friction factors were essentially
independent of the number of tube row. The recent experimental
data having larger diameter tube by Liu et al. [19] also support this
finding. It is likely that the slight rise of friction factor with the fin
pitch is associated with the condensate drainage. For a better
understanding about the influence of condensate, Fig. 4(a) presents
a cartoon to demonstrate how the friction factor may be slightly in-
creased at a larger row number and a wider fin pitch. With a larger
fin pitch, the effective vapor shear inside the fin spacing is compar-
atively small, the condensate is therefore easier to accumulate and
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hang upon the surface. As a result, it is prone to having a higher
frictional characteristic, yet the phenomenon may become more
pronounced as the number of tube row is increased. On the other
hand, the effect of vapor shear is reinforced at a smaller fin pitch
and the condensate is easier to be removed from the surface. As
a consequence, lower frictional performance is shown in Fig. 4(b)
as the effect of secondary flow is reduced. Notice that condensate
drainage within fin-and-tube heat exchanger is a very complex
phenomenon for it interacts with both fin and tube surfaces.

Results regarding to the influence of the number of tube row on
the airside performance are shown in Fig. 5. In general, the influence
of tube row becomes less conceived when the fin pitch is reduced to
2.1 mm. As can be seen from Fig. 5(a), for a Reynolds number less
than 4000, there is hardly any effect of the number of tube row on
both heat transfer and frictional performance. By contrast, the sen-
sible heat transfer j factors decrease with the rise of tube row when
the Reynolds number is increased further. This is associated with the
condensate blow off. The condensate is easier to adhere to the fin
surface when the Reynolds number is low, resulting in a less influ-
ence of tube row. In the meantime, the adhered condensate may
be blown off the fin surfaces when vapor shear is increased. Con-
versely, this phenomenon is not so significantly seen when the fin
spacing is increased. This is because large condensate is prone to
suspending between fins whereas smaller condensate just rolls
alongside the fin, leading to this inconsistency.
5. Conclusion

This study presents the airside performance of the fin-and-tube
heat exchangers having plain fin geometry with a larger diameter
tube (Dc = 15.88 mm) under dehumidifying conditions. A total of
nine samples of heat exchangers subject to change of the number
of tube row and fin pitch are made and tested. Tests are conducted
in a wind tunnel at controlled environment. Major conclusions of
this study are summarized as follows:

(1) The effect of fin pitch on the sensible j factor is, in general,
diminished with the rise of tube row. However, there is a
distinct feature of the heat transfer performance occurring
at a shallow row number (N = 2). The heat transfer perfor-
mance is first increased when the fin pitch is increased from
2.12 mm to 2.54 mm, followed by a conceivable falloff if the
fin pitch is increased to 3.15 mm. This unique characteristic
is associated with the interaction between flow field devel-
opment and bypass flow.

(2) The effect of fin pitch on the friction factor is somehow
slightly scattering. There is a slight increase in friction factor
for a tube row of eight. This is especially observable when
the fin pitch is large. It is found that this phenomenon is
related to condensate retention.

(3) The influence of tube row on the airside performance is
rather small for both heat transfer and frictional characteris-
tics. However, there is a slight deviation of this effect when
fin pitch is increased to 2.54 mm or 3.1 mm. This is due to
the condensate blown off phenomenon.
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