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This study investigates the effect of fin pitches and fin materials on the air-side performance of crimped
fin-and-tube heat exchangers in the range of high Reynolds numbers (4000–13000). The test samples are
made from copper and aluminium with different fin pitches (fp = 3.2, 4.2 and 6.2 mm). It is found that the
proposed simple average effectiveness equation from the pure counter and parallel circuitry arrangement
can well represent the effectiveness-NTU relationship for the current z-shape arrangement. The experi-
mental results reveal that the fin pitch casts insignificant effect on the heat transfer characteristics (Col-
burn j factor). However, a detectable rise of the friction factor is seen when the fin pitch is increased to
fp = 6.2 mm. On the other hand, the effect of fin material on the airside performance is negligible.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction 6 m/s) of the spiral heat exchangers subject to the influence of
The heat exchanger is a basic equipment for thermal systems in
many industrial processes involving heat transfer. One of the most
favourable configurations of heat exchanger used in industrial
applications takes the form as fin-and-tube heat exchanger. Nor-
mally for this type of heat exchanger, the dominant thermal resis-
tance is on the air-side of the heat exchanger. Hence one way to
augment the heat transfer performance is via enhanced fin geom-
etry. There have been numerous fin configurations such as plain
fin, slit fin, wavy fin, louvered fin, circular fin, annular fin, spiral
fin, compounded fin and the like that were already implemented
in various industrial applications. Upon the foregoing fin configu-
rations, the spiral fin featuring easy production, is quite common
in industrial services. However, there is only a few studies concern-
ing the air-side performance of the spiral fin-and-tube heat ex-
changer [1–6]. According to these literatures, crimped spiral fin is
proved to be quite reliable in industrial applications [1–5]. Upon
the foregoing studies, Nuntaphan et al. [1] is the only experimental
work that examines the effect of fin pitches on the air-side perfor-
mance of crimped spiral fin-and-tube heat exchangers. However,
this study only discussed the effect at a very low air frontal velocity
(0.5–1.5 m/s). In practice, especially in industrial service, the oper-
ation velocity is normally much higher [7]. Therefore, it is the main
purpose of this study is to extend the applicable range (Vfr up to
ll rights reserved.

gwises).
fin pitch. Moreover, the effect of fin materials on the air-side per-
formance is also examined.

2. Data reduction

This present work is conducted by using the experimental appa-
ratus of Wongwises and Chokeman [8], including the test section,
air supply, water loop, instrumentation, and data acquisition. Air
and hot water are used as working fluids. Detailed descriptions
of the relevant components can be seen from the previous study.

In the experiment, the inlet water temperature and the water
flow rate are fixed while varying the air flow rate. Tests are then
conducted at the steady state with tested conditions being tabu-
lated in Table 1.

The tests heat exchangers are of fin-and-tube configurations with
copper tube being finned with either copper or aluminium. The
water-side circuitry arrangement and detailed dimensions of the
tested fin-and-tube heat exchangers are shown in Fig. 1. Photos of
the crimped spiral fin pattern are shown in Fig. 2. The geometric
parameters of the heat exchangers are summarized in Table 2. Tests
are performed under steady state condition, and the overall
resistance can be obtained from the UA product of transfer units
(e-NTU), yet the total resistance is the sum of the individual resis-
tances as follows:

1
UA
¼ 1

hiAi
þ lnðdo=diÞ

2pktL
þ 1

gohoAo
ð1Þ
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Nomenclature

Amin minimum free flow area, m2

Ao total surface area, m2

Ap cross-sectional or profile area of fin, m2

Al aluminium material
C⁄ capacity rate ratio, dimensionless
Cu copper material
f Fanning friction factor, dimensionless
Gc mass flux of the air based on minimum free flow area,

kg/m2 s
h heat transfer coefficient, W/(m2 K)
j Colburn factor, dimensionless
NTU number of transfer units, dimensionless
Nu Nusselt number, dimensionless
Pr Prandtl number, dimensionless

DP pressure drop, Pa
Redo Reynolds number based on tube outside diameter(do)
U overall heat transfer coefficient, W/(m2 K)
Vfr air frontal velocity, m/s
Vmax maximum velocity across heat exchanger, m/s
ec heat exchanger effectiveness for multipass counter

cross-flow
ep heat exchanger effectiveness for multipass parallel

cross-flow
epc heat exchanger effectiveness for multipass parallel and

counter cross-flow
gf fin efficiency, dimensionless
/ combination of terms, dimensionless

Table 1
Experimental conditions.

Inlet-air-dry bulb temperature, �C 31.5 ± 0.5
Inlet-air frontal velocity, m/s 2–6 or Redo

ð4000—13000Þ
Inlet-water temperature, �C 55–70
Water flow rate, LPM 12–14
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The e-NTU relationships with one fluid mixed and one fluid un-
mixed in cross-flow was employed to determine the overall heat
transfer coefficient. From Fig. 1, the present mixed circuitry
arrangement is a combination of parallel and counter cross-flow.
From the previous discussion, the e-NTU relationships for multi-
pass parallel cross-flow and multipass counter cross-flow configu-
ration are available from [9–11], as shown in Eqs. (2) and (3):

For multipass counter cross-flow with Nrow = 2:

ec ¼ 1� K
2
þ 1� K

2

� �
e2K=C�A

� ��1

; K ¼ 1� eNTUAðC�A=2Þ ð2Þ

For multipass parallel cross-flow with Nrow = 2:

eP ¼ 1� K
2

� �
1� e�2K=C�A
� �

; K ¼ 1� e�NTUAðC�A=2Þ ð3Þ

where C⁄ = Cmin/Cmax is equal to Cc/Ch or Ch/Cc depending on the value
of hot and cold fluid heat capacity rates. However, the multipass par-
allel and counter cross-flow used in this experiment is a combination
of multipass parallel cross-flow. Hence it may be reasonable to use
the average value of the relationships shown in Eq. (4) as follows:

epc ¼
eP þ eC

2
for Nrow ¼ 2 ð4Þ

The schematic diagram of circuitry arrangement (parallel, coun-
ter, cross) for Nrow = 2 are shown in Fig. 3.

Further details about the data reduction can be seen from Won-
gwises and Chokeman [8]. The efficiency of a radial fin with rectan-
gular profile is based on the derivation of Gardner [12], i.e.,

gf ¼
2w

/ð1þ wÞ
I1ð/RoÞK1ð/RiÞ � I1ð/RiÞK1ð/RoÞ
I0ð/RiÞK1ð/RoÞ þ I1ð/RoÞK0ð/RiÞ

ð5Þ

where

/ ¼ ðro � riÞ3=2 2ho

kf Ap

� �1=2

ð6Þ

Accordingly, the air-side heat transfer coefficient (ho) can then
be calculated from Eq. (1). The air-side heat transfer characteristics
of the heat exchanger are often in terms of dimensionless Colburn j
factor:
j ¼ Nu

Redo Pr1=3 ¼
ho

qaVmaxCP
ðPrÞ2=3 ð7Þ

The frictional characteristics are termed with Fanning friction
factor, as depicted by Kays and London [13]:

f ¼ Amin

Ao

� �
qm

q1

� �
2DPq1

G2
c

� 1þ r2
� � q1

q2
� 1

� �" #
ð8Þ

where Gc is the mass flux of the air based on minimum free flow
area, Ao is the total heat transfer area, Amin is the minimum free flow
area. The experiments are conducted following the ANSI/ASHRAE 33
Standards [14] in which the energy un-balance between air and
water of the crimped spiral fin and tube heat exchangers, denoting
|Qa � Qw|/Qave, is less than 0.05. The uncertainties are calculated
from the root mean sum square method, the maximum uncertain-
ties are 12.30% for the j-factor and 11.13% for f-factor.
3. Results and discussion

As aforementioned in Eq. (4) which was used to calculate the
Colburn factor (j) for Nrow = 2. The reasons for using Eq. (4) can be
explained by Fig. 4(a) which shows the calculation of heat exchan-
ger effectiveness using Eqs. (2)–(4) subject to variation of NTU and
C⁄. Apparently, it is not suitable to use either counter flow (Eq. (2))
or parallel flow (Eq. (3)) when operating at a high Reynolds number.
For the present flow configuration, the heat exchanger effectiveness
lies between the multipass parallel cross-flow and counter cross-
flow. Note that using inappropriate e-NTU relationships for com-
plex flow arrangement may lead to an error up to 10% as pointed
out by Navarro and Cabezas-Gomez [15]. Moreover, in Fig. 4(a),
the heat exchanger effectiveness using Eq. (4) is found to be in
excellent agreement with the simulated result of the z-shaped
arrangement from [15]. Notice that the z-shape arrangement is
analogous to the present circuitry arrangement. As a consequence,
Eq. (4) can be proposed as the empirical e-NTU relationship for the
multipass parallel and counter cross-flow arrangement.

Fig. 4(b) and (c) shows the effect of fin pitches on the perfor-
mance of heat exchangers having a two-row configuration with
copper and aluminium fin, respectively. The corresponding fin
pitches were 3.2, 4.2 and 6.2 mm. Test results indicated that the ef-
fect of fin pitch on the Colburn factor is very small. In contrast, for
the effect of the fin pitch on the heat transfer performance, Lee
et al. [6] (spiral fin), Mon and Gross [16] (annular fin) and Kim
and Kim [17] (plate fin) all revealed a noticeable decline of heat
transfer performance with respect to the smaller fin pitch. At the
first glance, it seems that there exist some controversies amid



Fig. 1. Geometric details of multipass parallel-and-counter cross flow heat exchangers and water flow circuit inside the heat exchanger. Nrow = 2 (� and � signs indicates that
water flows into or out of the paper, respectively).
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the present study and those studies. The difference arises from two
different aspects, and an elaboration is given subsequently.

Firstly, there is a departure of the present Reynolds number and
those aforementioned studies. The tests Reynolds number
ðRedo < 1000Þ of previous studies were considerably lower than
this study. Note that the present Reynolds number ranges approx-
imately from 4000 to 13000. In this regard, higher operating veloc-
ities promote better mixing and lead to a better heat transfer
performance, and this phenomenon prevails irrespective of change
of fin pitch. Secondly, even for the Reynolds number is low (below
1000), Kim and Kim [17] found that the dependence of Colburn j
factor on the fin pitch is rather small for a one row coil. The results
are related to the boundary layer development. Kim and Kim [17]
provided an analysis of the boundary layer development for the flat
plate surface, and concluded that the boundary layer interruption
could not occur for a fin-and-tube heat exchanger having large
fin pitches, indicating the whole heat exchangers are in the devel-
oping region where the corresponding heat transfer performance is
high, resulting a negligible dependence of j factor on the fin pitch.
This is actually similar to a high operation velocity. Conversely,
their 4-row coils show that the Coburn j increases with the rise
of fin pitch at the same range of the Reynolds number. With vary-
ing fin pitches, the entrance region is in developing region while
the rest are in fully developed region. The percentage of the length
of developing/fully developed varies for different fin pitches, hence
a detectable influence of fin pitch is encountered.

Lee et al. [6] argues that the convection heat transfer coefficient
decreases with smaller fin pitches due to the boundary layer be-
comes thicker with a decrease in fin pitch, which can cause easier
boundary layer interruption between the fins. However, this
phenomenon diminishes as the high Reynolds number. Moreover,
the fact that the effect of fin pitch on the heat transfer characteris-
tics vanishes for the Reynolds numbers is above 1000 can also be
found in the louvered fin-and-tube heat exchanger of Wang et al.
[18]. In the meantime, Fig. 4(b) and (c) also shows that there is
no significant effect of fin pitch on the friction factor for fp = 3.2
and 4.2 mm. On the other hand, a fin pitch of 6.2 mm casts a
noticeable effect on the friction factor (f). The friction factor for a
fin pitch of 6.2 mm is higher than those having smaller fin pitch
(fp = 3.2, 4.2 mm). The reason can be seen from Eq. (8), since the
friction factor depends on the dynamic effects of the ratio of min-
imum free-flow area with the total heat transfer area (Amin/Ao) and
mass flux of air (Gc). Notice that Ao is significantly increased as the
fin pitch is varied from 6.2 to 4.2 or 3.2 mm whereas the reduction
of Amin is comparatively small. On the other hand, there is no sig-
nificant effect of fin pitch on Gc over the entire area ratio [19]. In
summary of the foregoing analysis engenders the detectable rise
of friction factor for fp = 6.2 mm.

For a comparison of the present test samples with previous
studies, Fig. 4(b) and (c) also include the Wang and Chang [20],
Wang et al. [21] and Briggs and Young [22] correlations for plain
and circular fin-and-tube heat exchangers. It is found that crimped
spiral fins shows a similar trend with those of circular fins or plate
fins when fp = 4.2 mm. However, due to the corrugated folding at
the base of the present fin configuration, it appears that the
crimped spiral fins give a higher friction factor (f) than that of plate
fins at the same Reynolds number.

The effect of the material on the air-side heat transfer charac-
teristics is shown in Fig. 5(a). The results show that there is an
insignificant effect of fin material on either the Colburn factor (j)



Fig. 2. The photos of the tested crimped spiral fin and tube heat exchangers (fp = 3.2, 4.2 and 6.2 mm) and schematic diagram of crimped spiral fin.

Table 2
Detailed geometric parameters of the test samples.

No. Fin type di (mm) do (mm) df (mm) Afr (mm2) PL (mm) PT (mm) ft (mm) nt Nrow fp (mm) Fin material

1&2 Crimped 13.5 16.35 34.8 320 � 350 35 39 0.4 9 2 3.2 Al&Cu
3&4 Crimped 13.5 16.35 34.8 320 � 350 35 39 0.4 9 2 4.2 Al&Cu
5&6 Crimped 13.5 16.35 34.8 320 � 350 35 39 0.4 9 2 6.2 Al&Cu

Remarks: df = Outside diameter of fin; di = Tube inside diameter; do = Tube outside diameter; fp = Fin pitch; ft = Fin thickness; PL = Longitudinal tube pitch; PT = Transverse tube
pitch; nt = number of tubes in row; Nrow = number of tube rows; Afr = Frontal area (L � H).
Notes: Tube layouts of all heat exchangers are staggered layout (Al = aluminium, Cu = copper).

Multipass parallel 
cross flow

Multipass counter 
cross flow

Multipass semi parallel -and-counter 
cross flow (present )

Nrow =2 Nrow =2 Nrow =2 Air flowAir flowAir flow

Water flow 
direction

Water flow 
direction

Water flow 
direction

Fig. 3. Schematic diagram of the heat exchangers algorithm for multipass parallel cross flow, multipass counter cross flow and multipass parallel and counter cross-flow
(Nrow = 2).
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or friction factor (f) at the same experimental condition. The results
are somehow expected for the convection heat transfer perfor-
mance is independent of fin materials. In contrast, it can be clearly
seen that the fin efficiency (gf) of the copper fin is higher than that
of aluminium fin. The reason may be clearly explained by Eqs. (5)
and (6) through which a higher thermal conductivity will result in
a higher fin efficiency (gf) accordingly. This phenomenon is con-
firmed in Fig. 5(b).
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Moreover, the heat transfer rate for both fins is shown in
Fig. 5(c). It is clearly seen that the heat transfer rate for copper
fin is only marginally higher than that of aluminium fin due to very
minor difference in fin efficiency.
4. Conclusion

This study has investigated the effect of fin pitch on the air-side
performance of crimped spiral fin-and-tube heat exchangers with
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multipass z-shape cross-flow under sensible heating conditions
with Reynolds number ranging from 4000 to 13000. A total of 6
samples were tested with associated fin materials of copper or
aluminium, respectively. The associated fin thickness and outside
diameter is 0.4 mm and 34.8 mm, respectively. The number of tube
rows is two and fin pitches are 3.2, 4.2 and 6.2 mm, respectively. It
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is found that the proposed simple average effectiveness equation
from the pure counter and parallel circuitry arrangement can well
represent the effectiveness-NTU relationship for the current
z-shape arrangement. Based on the test results, it is found that
the effect of fin pitch on the Coburn j factor is insignificant. This
is because the high Reynolds number accentuates good mixing,
leading to a better heat transfer performance irrespective changes
of fin pitch. In the meantime, there is negligible difference for
friction factor amid fp = 3.2 and 4.2 mm. However, a detectable
increase of friction factor is seen when the fin pitch is increased
to 6.2 mm. Moreover, it could be clearly seen that the airside
performance is independent of fin material.
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