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Abstract

An experimental study has been carried out to investigate the heat transfer and pressure drop characteristics of
fin-and-tube exchangers with plate, wavy and louvered fin surfaces. In all, 36 samples of heat exchangers, including
12 plate-fin, 12 wavy-fin and 12 louvered-fin geometries, were tested. Results are presented as plots of friction factor
fand Colburn j factor against Reynolds number in the range 300-2000. Additionally, the dimensional heat transfer
coefficient and pressure drop are also presented against frontal air velocity. Finally, various comparison methods
were adopted to evaluate the air side performance of the plate, wavy and louver fin heat exchangers. © 2000

Elsevier Science Ltd. All rights reserved.

1. Introduction

Heat exchangers with fins and round tubes are
widely used in industrial, air-conditioning and refriger-
ation applications to meet the demand for saving
energy and resources. To reduce size and weight of
heat exchangers, various fin patterns have been devel-
oped to improve the air-side heat transfer performance.
Typical fin geometries are plate, wavy and louver fin
surfaces. Generally, the complexity of the air flow pat-
tern across the fin-and-tube exchangers makes the nu-
merical simulation very difficult. Accordingly, it is
necessary to resort to experimental study.

Recently, Kayansayan [1] investigated the effects of
outer surface geometry on the performance of flat
plain fins and round tube heat exchangers with four-
row coils. A combined numerical and experimental
study of plate-fin and tube heat exchangers was exam-
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ined by Jang et al. [2]. In their study, the detailed nu-
merical results of pressure drop and heat transfer
coefficient are presented, but experimental results are
little. A systematic study on heat and friction charac-
teristics of plate fin-and-tube heat exchangers was ex-
perimentally investigated by Wang et al. [3]; the results
are limited to the cases with large fin pitch heat
exchangers. Beecher and Fagan [4] reported heat trans-
fer data for twenty wavy geometries. Similar studies
were also examined experimentally by Mirth and
Ramadhyani [5], Wang et al. [6] and Youn et al. [7].
As the performance of the fin-and-tube heat ex-
changers depends on the pattern of fins, the louver
surface can break and renew the boundary layer of the
air flow, and consequently, higher heat transfer per-
formance would be expected as compared with plain
fins. Kays and London [8] were the first to report heat
transfer and pressure drop data on louvered fins.
Achaichia and Cowell experimentally studied [9] and
numerically examined [10] the heat transfer and press-
ure drop characteristics of flat tube and louvered fin
surfaces. To understand the detailed flow pattern
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Nomenclature

A area [m?]

A, total surface area [m?]

Ay external tube surface area [m?]

c specific heat at constant pressure [J/(kg K)]
C heat capacity rate [W/K]

D, fin collar outside diameter [m]

Dy, hydraulic diameter [m]

D; inside tube diameter [m]

D, outside tube diameter [m]

f Fanning friction factor

F fin pitch [m]

G, mass flux of the air based on the minimum

flow rate [kg/(m? s)]

h heat transfer coefficient [W/(m?> K)]

j Colburn j factor, Nu/(Rep Pr 173

k thermal conductivity [W/(m K)]

K. abrupt contraction pressure-loss coefficient

K. abrupt expansion pressure-loss coefficient

m mass flow rate [kg/s]

N number of longitudinal tube rows

Nu Nusselt number, i1D./k

NTU  number of transfer units

Pr Prandtl number, v/o

P, transverse tube pitch [m]

P longitudinal tube pitch [m]

10) heat transfer rate [W]

Rep, Reynolds number, pVD./u

S, heat transfer power per unit temperature
difference and per unit core volume, Eq. (11)

S3 friction power expenditure per unit core

volume, Eq. (12)

t fin thickness [m]

T temperature [°C]

U overall heat transfer coefficient [W/(m? K)]
V velocity [m/s].

Greek symbols

0 wall thickness [m]

AP pressure drop [Pa]

€ heat transfer effectiveness, Oave/Omax
n fin efficiency

o surface effectiveness

u dynamic viscosity of air [Pa s]

p density of air [kg/m®]

o contraction ratio of cross-sectional area.
Subscripts

1 air-side inlet

2 air-side outlet

air air side

ave average value

f fin pitch

i tube side

in inlet

min minimum value

max maximum value

o total surface

out outlet

water  water side

w wall of tube.

across the fin-and-tube heat exchanger, Webb and
Trauger [11] performed a flow visualization study of
the louvered fin geometry with a flat tube. An analyti-
cal model for predicting air-side heat exchanger per-
formance of louvered fin geometry was developed by
Sahnoun and Webb [12]. Their model is based on
boundary layer and channel flow equations, and
accounts for the flow efficiency. All the studies
reviewed here are limited to the results of louver fins
with a flat tube. The louver fin-and-tube heat ex-
changers with round tube are more popular in the
HVAC&R applications. Hence, experimental studies of
heat transfer and friction characteristics of typical lou-
ver fin-and-tube heat exchangers were performed by
Wang et al. [13,14], but the effects of fin spacing and
number of tube rows on the heat transfer coefficient
and pressure drop did not appear in their studies.
Therefore, the extensive experimental results of the

louver fin configuration are of importance in the
HVAC&R applications.

Despite this, there are numerous experimental data
related to the fin-and-tube heat exchangers; however,
detailed performance comparisons among these fin pat-
terns are still limited. Therefore, this motivates the
present study to quantitatively compare the perform-
ance of various fin-and-tube heat exchangers.

2. Experimental apparatus

Thirty-six heat exchangers of various fin geometries
and in staggered configuration with various tube row
and fin pitch combinations were examined in this
work. The detailed geometrical parameters are tabu-
lated in Table 1. A wind tunnel facility similar to the
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Table 1

The sizes of the fin-and-tube heat exchangers

No. Staggered (s) Fin pitch ¢ (mm) D, (mm) P (mm) P; (mm) Row no.
1 S 1.4 10.3 25.4 19.05 1
2 S 1.4 10.3 25.4 19.05 2
3 S 1.4 10.3 25.4 19.05 3
4 S 14 10.3 254 19.05 4
5 S 1.69 10.3 25.4 19.05 1
6 S 1.69 10.3 25.4 19.05 2
7 S 1.69 10.3 25.4 19.05 3
8 S 1.69 10.3 25.4 19.05 4
9 S 2.0 10.3 25.4 19.05 1
10 S 2.0 10.3 25.4 19.05 2
11 S 2.0 10.3 25.4 19.05 3
12 S 2.0 10.3 254 19.05 4

one used in previous fin-and-tube heat exchanger ex-
periments [3,13,14] was modified, as shown in Fig. 1,
to conduct this study. A schematic diagram of the
wind tunnel system is designed to suck room air over

the finned side of the exchanger by a 3.73 kW cen-
trifugal fan with an inverter while circulating hot
water through the tubes. The tunnel was a rectangu-
lar duct 60 x 40 cm in cross section. To minimize heat
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air flow rate

Fig. 1.

Schematic of the test facility.
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loss to the surroundings, the tunnel surface is insulated
with a 2 cm thick glass wool layer. Being supported
by stands of perforated steel plates, the tunnel system
is evaluated 80 cm above the floor level of the lab-
oratory.

The inlet and exit temperatures across the air side
of the heat exchangers are measured by two T-type
thermocouple meshes. The inlet measuring mesh con-
sists of eight thermocouples while the exit mesh con-
tains twelve thermocouples. These data signals are
individually recorded and then averaged. The working
medium on the tube side was hot water. The water
circulation supplies high-velocity hot water to the
tube side. The water is heated by a 80 kW electric
heater, whose power input is adjustable. Both the
inlet and outlet temperatures were measured by two
pre-calibrated RTDs (Pt-100 Q) which have an accu-
racy of 0.1°C. The water flow rate was measured by
a calibrated magnetic flow meter with 0.002 1/s resol-
ution. During the experiments, the water inlet tem-
perature was kept constant at 60°C with volume flow
rate 10 I/min.

The air pressure drops across the heat exchanger
and the nozzles are, respectively, measured by pre-
cision differential pressure transducers, reading to 0.1
Pa. The air flow measuring station is a multiple noz-
zle code tester based on the ASHRAE 41.2 standard
[15].

The heat exchanger, with specified surface geometry,
was installed in the test system. In this work, the
exchanger height was less than the tunnel dimensions,
and the bypass flows were eliminated by a thin layer of
foam plastic sandwiched between the edges of the fins
and the casing. Upon completion of the hot water side
links, the coil was completely insulated with a 3 cm
thick layer of glass wool. The air flow through the test
section was adjusted to a desired value by a converter.
In addition, the inlet water was kept at 60°C with a
fixed flow rate. If the test system including the air and
water sides becomes steady state, the data signals were
recorded.

3. Data correlation

3.1. Pressure drop

The core friction of the heat exchanger was reduced
to obtain the Fanning friction factor f. In the present
study, the pressure drop equation proposed by Kays
and London [8], including the entrance and exit press-
ure losses, was used to evaluate the friction factor. The
equation is

_ (A (Pm\| 201AP
f_</4o><,0|>|: G2 — (K. +1-0%

—2<ﬂ - 1) +(1—d —Ke)(&)i|

P2 P2

where A. and A4, are the minimum flow area and total
heat transfer area, respectively. K. and K. are the inlet
and exit heat loss coeflicients, respectively, and o
means the ratio of the minimum flow area to the
frontal area. The entrance and exit loss coefficients, K.

and K., are adopted from Figs. 14-26 from McQuiston
and Parker [16].

3.2. Heat transfer

In the study of heat exchanger performance, the
Colburn j factor is of interest. To obtain the j factor
from the experimental data, the -effective-NTU
equation with unmixed—unmixed cross flow is
employed to determine the UA-value. The e-NTU re-
lation is [8,16]

NTUO,22
e=1—exp 08 ?2)
C [ exp(—C*NTU""® —1)]
where
C* = Cmin — (.}/ncp)air (3)
Cmax (mCP)water
Qave Qave
Qmax (mcp)air(Tin, water Tin‘ air)
UA
NTU = 5
Cmin ( )

The total heat transfer rate Q.. is calculated as the
average of the air- and water-side values. With Egs.
(2)—(5), an iterative procedure is needed to obtain the
overall heat transfer coefficient UA. The air-side ther-
mal resistance, 1/(n,h,4,), was evaluated by subtract-
ing the water-side and wall thermal resistances from
the total thermal resistance, assuming zero water-side
fouling resistance, where /, is the air-side heat transfer
coefficient and 7, is the surface effectiveness. 7, is
defined as the actual heat transfer for the fin and base
divided by the heat transfer for the fin and base when
the fin is at the same base temperature. The detailed
evaluation of 5, is available in Refs. [3,18]. For the
study of performance of heat exchangers, the Colburn

j factor is of interest. Thus,

1 1 1 Ow
<—'10/1vo) S UA T A koA, ©
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Note that the second term of the right-hand-side of
Eq. (6) indicates the wall-side thermal resistance and
the third term means the tube wall resistance. The
tube-side heat transfer coefficient, /;, was calculated by
the Petukhov correction for turbulent flow in tubes
[17]. That is,

(E) ge (£i/2)
hi = (D)iRe'Prl.m + 127 £i/2)%3(Pr3/3 — 1) @

with the friction factor given by
fi =1/[1.58 In(Re;) — 3.28] (8)
The Colburn j factor is defined as

Nu

P 9
J ReDC P)‘1/3 ( )
where the Nusselt number is
hODC
Nu = 10
" kair ( )

The Reynolds number, Re;, is up to about 20,000 in
the present study.
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Fig. 2. Effects of tube row number on the f and j factors.
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Fig. 3. Effects of fin pitch on the fand j factors.

4. Results and discussion

4.1. f and j factors vs Reynolds number

The basic surface characteristics of heat exchangers
are generally presented in dimensionless form as the
Fanning friction factor f and the Colburn j factor.
Fig. 2 shows the effects of the tube row number on
the f and j factors against the Reynolds number
Rep_. The Reynolds number Rej,_is based on the outer
tube diameter (including collar thickness). Both f and j
factors decrease with increasing Rep_. Comparison of
the results between plate and louver fin heat exchan-
gers shows that larger f and j factors are found for the
louver fin heat exchangers.

Fig. 3 presents the effects of fin pitch on the fand j
factors for various fin patterns with identical tube row
numbers. The fin pitches are 2.0, 1.69 and 1.4 mm, re-
spectively. For plate fin heat exchangers, the f and j
factors increase with the decrease in the fin pitch. But
for louver fin heat exchangers, the effects of fin pitch
on the f'and j factors do not show a trend.

4.2. AP and h vs frontal air velocity V

The results of pressure drop AP and heat transfer
coefficient /1 are also important for the designers of
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heat exchangers. As expected, both AP and / increase
with the frontal air velocity, V. Better AP and / per-
formances are found from Figs. 4 and 5 for louver fin
heat exchangers. In Fig. 4(a), a larger AP will be
found for a heat exchanger with a greater tube row
number. But for heat transfer coefficient, # in Fig.
4(b), the effects of the tube row number on 4 shows an
insignificant influence. Like the results of fin pitch on
the friction factor f, AP decreases with the increase in
the fin pitch.

4.3. Comparison of o”j|f

Fig. 6 shows the comparison “‘area of goodness fac-
tor”, ¢2j/f, vs the Reynolds number Rep_ for plate,
wavy and louver fin exchangers. An overall inspection

on Fig. 6 discloses that for tube row 1 heat exchanger,

the wavy fin geometry shows the highest value of ¢ 2j/f

under the same Rep, and the plate fin comes in second
while the louver fin shows the lowest. But for tube row
2 heat exchangers, the plate fin surface gives the lowest
values of ¢ %j/f.

4.4. Volume goodness factor comparison

In this present study, another comparison of the
heat exchanger performance is taken as the volume
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goodness factor comparison suggested below:

_ CpHy
2= (Pr*P3)(40/D2)j Re (1)
ﬂ3
5= o BRI RS "

where S, means the heat transfer power per unit tem-
perature difference and per unit core volume; S3 indi-
cates the friction power expenditure per unit core
volume. From the viewpoint of heat exchanger volume
required, a larger S, vs S3 is better for a designer of
heat exchanger. Fig. 7 presents the S, vs S3 for plate,
wavy and louver fin heat exchangers having F = 1.4
and 2.0 mm. It is clear that for a given S3, a higher S,
is found for a case with a lower tube row number. Ad-
ditionally, a largest S; is found for a louver fin surface.
This means that for a fixed volume of heat exchanger,
the louver fin heat exchanger shows a better perform-
ance.

4.5. Heat transfer coefficient vs fan power

To evaluate overall performance of the heat exchan-
ger, it would be necessary to consider heat transfer
and pressure drop at the same time, and the concept
of fan power per unit frontal area is introduced, which
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Fig. 8. Comparison of & vs fan power.

is defined as follows:

Fan power per unit frontal area = frontal velocity
x pressure drop AP
= VAP (13)

In Fig. 8, the heat transfer coefficient of plate, wavy
and louver fins of tube rows 1 and 2 are compared
with respect to the fan power. An overall inspection of
Fig. 8 reveals that at a fixed fan power, a better heat
transfer coefficient /4 is found for a heat exchanger
with a lower tube row number (=1). In addition, the
louver fin surface shows the largest 7 among various
fin surfaces. This means the louver fin is relatively
most advantageous when used at the same operating
condition.

4.6. Comparison using VG-1 criteria

A practical air-side performance may be made using
the VG-1 criteria of Webb [19], which measures the
possible reduction of the surface area. This method-
ology compares the required total air-side surface area
(A) for fixed values of the fan power, heat duty, and
temperature difference. Fig. 9 presents the ratio A/
Aplae against Reynolds number Rep. The ratio 4/
Aplate is defined as [19]:
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A plate f plate /

where Apjae is the plate fin geometry. As expected, ap-
proximately 30% area reduction is seen for the louver
fin surface having fin pitch F = 1.4 mm. For fin pitch
F = 2.0 mm, the louver fins require approximately
40% less fin surface than the plate fin to yield the
same heat transfer performance. This indicates that for
the same Reynolds number Rep, a larger area re-
duction is encountered for a system with a larger fin
pitch.

5. Conclusions

An experimental study of the air-side heat transfer
and pressure drop characteristics of plate, wavy and
louver fin surfaces was carried out. Thirty-six samples
of plate, wavy and louver fin-and-tube heat exchangers
with different fin pitch and tub row number were
tested. Various comparison methods have been
adopted to evaluate the performance of the heat
exchanger among various fin surfaces. The following
conclusions are made:

1. at the same Rep, a louver fin geometry shows larger

values of f and j factors, compared with the plate
fin surface;

2. at the same frontal velocity, the pressure drop AP
increases with increasing tube row numbers;

3. the wavy fin heat exchanger has the highest o%j/f
ratio for Rep =< 1500 among the plate, wavy and
louver heat exchangers;

4. for volume goodness factor comparison, louver fin
heat exchangers have the highest S, at a given Ss;

5. for comparison using VG-1 criteria, about 40%
surface area reduction was found for a louver fin
heat exchanger, relative to the plate fin heat
exchangers, and the area reduction increases with
the fin pitch.
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