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Abstract

A numerical investigation of the airside performance for fin-and-tube heat exchanger having circular and oval
configuration is presented in this study. The geometrical parameters of louver angle, louver pitch, and louver length are
examined. For a fixed louver length (6.25 mm) and louver angle (14°), a 10% decrease of heat transfer performance is
observed and a 41% decrease of pressure drop is seen for oval tube configuration. The calculated results indicate that the
pressure drops always with increase in louver angle. However, an optimal value of heat transfer performance is observed
due to the difference in the development of thermal boundary layer on the upper and lower louver surface. Both the heat
transfer and friction performance increase with louver length. However, the rate of the increase of heat transfer per-
formance is about the same as the increase of pressure drops. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Fin-and-tube heat exchangers are commonly used in
the process and HVAC&R (heating, ventilating, air-
conditioning, and refrigeration) industries. For
HVAC&R application, the fin-and-tube heat exchangers
include a group of fins arranged parallel to one another
at predetermined spacing. A plurality of heat exchanger
tubes were arranged in one or more rows that is per-
pendicular to the direction of air. The configurations of
tubes can be either circular, flat, or oval. For typical
applications, the airside resistance generally comprises
over 90% of the total thermal resistance. Therefore,
enhanced surfaces were often employed to effectively
improve the overall performance of the fin-and-tube
heat exchangers. The most comprehensive design
database of the compact surfaces, though containing
relatively old data, is the monograph by Kays and
London [1]. For more advanced fin surface, the louver
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fin pattern is one of the most common enhanced surfaces
because it can provide periodical renewal of the
boundary layer. For louver fin having flat tube config-
urations, extensive experimental data were reported by
Davenport [2], Chang and Wang [3], and Achaichia and
Cowell [4]. Recently, a general heat transfer and friction
correlation was proposed by Chang and Wang [5] and
Chang et al. [6]. With respect to louvered fin-and-tube
heat exchangers having circular tube configuration
(Fig. 1), Wang et al. [7] also compiled test results from
49 samples and had developed a generalized heat
transfer and friction correlation.

In addition to the experimental study, there are also
some numerical investigations related to the airside
performance of louver fin geometry [8-12]. These in-
vestigations provided valuable information of the fun-
damental phenomenon of the louver fin geometry.
Several studies were concerning the geometrical effect on
the flow field for fin-and-tube heat exchangers having
oval and circular tube configurations [13-15]. However,
the previous studies were focused on the plain fin ge-
ometry and based on the assumption of isothermal
condition of the whole louver fin surfaces (i.e., the
thermal conductivity of the fin is infinite). Hence, one of
the main objectives of this study is to enlarge the scope

0017-9310/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0017-9310(01)00081-3



4236 J.-S. Leu et al. | International Journal of Heat and Mass Transfer 44 (2001) 4235-4243

Nomenclature

A Z-direction length of computation domain
B Y-direction length of computation domain
D, circular tube diameter, mm

H fin pitch, mm

h local heat transfer coefficient, W m=2 K~!
k thermal conductivity, W m~! K~!

L louver length, mm

L, louver pitch, mm

N, louver number of fin surface

Nu Nusselt number

n dimensionless coordinate normal to fin
surface

P fluid pressure, Pa

AP pressure drop, Pa

Pr Prandtl number

q" heat flux, W m2

Rey Reynolds number based on fin pitch

T temperature, °C

T; air inlet temperature, °C
U,U; dimensionless velocity vector
Vi air frontal velocity, m s~!

U,V,W dimensionless velocity
X,Y,Z dimensionless coordinates

Greek symbols

] dimensionless temperature, = (7 —Ty)/
(Tin - Tw)

0 louver angle, deg

0 fluid density, kg m~3

y kinematic viscosity, N's m™>

Subscripts

b bulk mean temperature

c circular tube

f fluid

o oval tube

s fin surface

w tube wall

of previous investigations about the complex interac-
tions of the louver fin within circular and oval tube
bundle. The effect of finite thermal conductivity of
louver fins is taken into account. This will simulate a
more practical boundary conditions.

The heat transfer performance is strongly related to
the geometrical design. Achaichia et al. [16] and Marchal
[17] presented the flow and skin friction characteristics
of louver and convex-louver fin geometry using a finite
volume solver. Though they included the effect of finite
fin thickness and other geometrical parameters, their
analyses were based on a two-dimensional numerical
scheme. In view of the previous investigations, another
objective of this study is to examine the effects of louver
angle, louver pitch, and louver length on the thermal-
hydraulic characteristics of fin-and-tube heat exchangers

Louver

Round tube

Air flow

Fig. 1. Louvered fin-and-tube heat exchangers having circular
tube configuration.

with oval tubes based on a three-dimensional numerical
scheme.

2. Mathematical analysis

Fig. 2 shows the computational domain and coordi-
nate system used in the present study. Calculations were
performed in a unit cell as depicted in Fig. 2(b). The flow
along the top and bottom surfaces of the mesh is as-
sumed periodic. The fluid is considered incompressible
with constant properties and the flow over the louvers is
assumed to be laminar in the steady-state. The dimen-
sionless equations for continuity, momentum and energy
both in flow region and in fin region may be expressed in
tensor form as

(1) Flow region:

an
ax =0 )
0 o 1 .,
6X,<U"Uj) —a—Xi‘FE(V U), (2)
2 (0) = ——(v6y) (3)
X, T ReyPr v
(2) Fin region:

0%0,
=0 (4)

J

The dimensionless temperature is defined as O =
(T — T)/(Tin — Tyy). The subscripts f and s denote the
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Fig. 2. Schematic of the computational domain.

temperature of fluid and fin surface, respectively. The
frontal velocity V4, fin spacing H, and velocity pressure
pV:2 were employed in the non-dimension characteristics
of velocity, length, and pressure. The Reynolds number
is defined as Rey = Vi, H/v.

As depicted in Egs. (2)-(4), the governing equations
are elliptic in the spatial coordinates, hence boundary
conditions are required for all boundaries of the com-
putation domain. In addition, one more pair of
boundary conditions for the velocity and thermal fields
needs to be specified on the interface of fin surface and
fluid due to the consideration of the conjugate heat
transfer between the louver fin and fluid. These bound-
ary conditions are described as follows:

(1) The upstream boundary:

U=V=0, W=1, 6;=1.

(2) The downstream boundary: (located seven tube di-

ameters after the exit of the heat exchanger)

P=0, 0U/O0Z=0V/0Z=0W/0Z=0(0¢/06)/0Z
=0.

(3) The wing boundaries (Y-Z, X-Z planes):
For Y-Z planes, periodic boundary:

=
<
~
N
I
=
=
~
N

= V(H7 Y7Z)7 W(O7 Y7 Z) = W(H’ Y7 Z)7

0:(0,Y,Z) =0¢H,Y,Z).
For X-Z planes, symmetric boundary:

V=0, 0P/0Y =0U/dY = oW /oY = 06;/dY = 0.

(4) The tube wall surfaces: (no-slip conditions)
U=V=W=0, 6 =0.
(5) The fin surfaces:

@f == @5, kfa@f/an = k,@@\/an, U=V=w=0.

(6) The contact region between fin and tubes:
U=V=W=0, 0,=0,=0.

The local heat transfer coefficient / is defined as

q//
= 5)

where ¢” is the local heat flux and 7; is the local bulk
mean temperature. The local heat transfer coefficient can
be expressed in terms of Nusselt number, Nu, i.e.,
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_hH _3(T - T))/(Th — T3))

The average Nusselt number is calculated from the
local Nusselt number with Eq. (6), i.e.,
[ [ Nudxdy

RN "

Then we can get the average heat transfer coeflicient
h = Nuk/H.

3. Numerical methods

The preceding set of equations was solved by a
commercially available computer software (PHOENICS
3.1 1998) [18]. A sufficiently fine grid-size, 30 x 60 x 400
grid points, is adopted as the computational domain. A
thorough check of the grid independence for the nu-
merical solutions was performed to ensure the accuracy
and validity of the numerical results. Several algorithms
(SIMPLE, SIMPLER, SIMPLEST) for calculating the
pressure field are available in the computer software.
The SIMPLEST algorithm was finally adopted since
SIMPLEST algorithm shows much better convergent
characteristics during the refinement of grids. The gov-
erning equations are discretized with hybrid scheme. The
criterion of convergence in this study is when the global
residual is less than 0.01. Computations were performed
on a HP/750 workstation. Typical CPU time is about 8 h
for each case.

4. Results and discussion

Fig. 3 shows the comparisons of the average Nusselt
number and pressure drop between the numerical and
experimental results. To ensure the numerical results are
reliable, calculations were first made to examine the
performance of a louver fin geometry having circular
tube configuration with the experimental data by Wang
et al. [19]. The detailed geometry of the examined heat
exchanger is given as follows.

Tube outside diameter 10.42 mm
(include fin thickness)
The number of tube row 2

Longitudinal tube pitch (P) 19.05 mm
Transverse tube pitch (P,) 25.4 mm
Fin thickness 0.115 mm
Fin pitch 2.06 mm
Louver angle (6) 14°
Louver pitch (L) 3.75 mm
Louver length (L) 6.25 mm

Approximate tube temperature 60°C

15 T T 100
A @uc - Wang et al. [19] (Circular tube) 1
B —4— Nu, - This study (Circular tube)
| —o— Nu, - This study (Oval tube,2.8:1) s
W Ap, - Wang et al. [19] (Circular tube)
- —O— Ap, - This study (Circular tube)
10 —0O— Ap, - This study (Oval tube,2.8:1) B
- —{e0
| T
> ] <
=4 | a
<
- —40
51—
- —20
0 bl —l0
[ 100 200 300 400

Rey,

Fig. 3. Comparison of the louver fin results with the exper-
imental data by Wang et al. [19].

Inlet air temperature 30°C

Inlet frontal velocity 0.52.6ms™!

Air density 1.189 kg m=3

Fin material Aluminum, £ = 204
Wm™! K!

As seen in the figure, the numerical predictions of the
pressure drops are in excellent agreement with the ex-
perimental results. The tendency of the Nusselt number
vs Reynolds number Rey for the numerical results is
similar to those of experimental results but is different in
magnitude. Actually, the numerical results overestimated
the average Nusselt number by approximately 20-30%.
The results are analogous to those reported by Achaichia
et al. [20] and Atkinson et al. [10]. Atkinson et al. [10]
performed a three-dimensional numerical analysis for
louvered fin array in compact heat exchanger using
STAR-CD commercial code. Their heat transfer coeffi-
cients are about 15-25% higher than the associated ex-
perimental results. There are some possible explanations
about the overestimation. Firstly, the actual boundary
condition on the tube surface is not constant during the
experiment. Secondly, the contact resistance between the
tube and fin collar, which is not accounted for in
the numerical simulation, is absorbed to the measured
heat transfer coefficients during the experiments.

In addition to the circular tube configuration, the
oval tube (or flat tube) was often employed as an al-
ternative to the design of fin-and-tube heat exchangers.
From the consideration of thermal hydraulics, the oval
tube geometry offers significant advantages over the
circular tube in the following aspects as depicted by
Webb and Jung [21]:

1. The air flow is normal to all of the narrow strips and
the wake dissipation length is smaller.

2. A low wake region occurs behind the tubes.

3. It provides higher fin efficiency.
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4. The low projected area of the oval tube will result in
lower profile drag.

Thus, it is interesting to examine the airside per-
formance for the oval tube configuration. In this study,
we had examined the effect of axis ratio on the airside
performance for the oval fin-and-tube heat exchangers
with and without louvers. For comparison purpose, the
perimeter of the oval tube is equal to that of the circular
tube (D = 10.42 mm). The specific geometric dimensions
for calculation are F, =2.06 mm, A =19.05 mm,
P =254 mm, 0=14°, L =6.25 mm, L, =3.75 mm
(M = 4), and Rey; = 149.4. Results for the louver fin are
in terms of ratios of ho/he, Apo/Ape, and (ho/Ap,)/
(ho/Ap.). As seen in Fig. 4, for louver fin configuration,
the heat transfer coefficients for oval tube are lower than
those of the circular tube configuration and decrease
with increase of axis ratio. The pressure drops for oval
tube configuration, as expected, decrease with axis
ratios. For an axis ratio of 2.8:1, the heat transfer
coefficient for oval tube is less than its circular tube
counterpart by approximately 10%. However, the
pressure drop for the circular tube configuration exceeds
the results of the oval tube by 41%. The efficiency index,
which is evaluated as (ho/Ap,)/(he/Ape), is always in-
creased with increase of axis ratio. The results indicated
that the oval tube with louver fin might be more bene-
ficial due to its superior performance especially in fric-
tional characteristics.

For the results of plain fin geometry, similar results
for pressure drops are observed in Fig. 5 (axis ratio =
2.8). The pressure drops are significantly lower for the
oval tube. Notice that, for Rey = 353.2, the pressure
drops for circular tube exceed oval tube by more than
100%! This is because the percentage of the form drag
caused by the tube is comparatively large when com-
pared to the louver fin geometry. Results of heat transfer
performance are, however, different from those of louver

& 2
- . 4 4
<, —&-hy/h, ~
& —&— 8p /Ap =
05— SO —J15 X
- —&— (h/2p,)/(h/2p.) é’?
<
> } ]
= \3

0 | 1
1 2 3
axis ratio (a:b)

Fig. 4. Ratios of &,/he, Apo/Ape, and (ho/Ap,)/(h./Ap.) at
Rey = 149.4.
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B —O— Nu, - Plain (Oval tube,2.8:1) —|8
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- )
’(t?
> | 4 <
Z | o
<
- —40
51—
- —20
4 L L 0
0 100 200 300 400

Rey

Fig. 5. Airside performance for circular/oval fin-and-tube heat
exchangers having plain fin configuration.

fin geometry. The plain fin geometry with oval tube re-
veals higher heat transfer coefficients when Rey is less
than about 275 and decrease when Rey is larger than
275. Comparing the results of louver fin shown in Fig. 4,
one can see that the heat transfer characteristics for
plain fin are quite different. To further quantify this
phenomenon, detailed variations of the heat transfer
performance within the heat exchangers should be ex-
amined.

Fig. 6 shows the variations of span-averaged Nusselt
number on the X-Y plane along the streamwise direc-
tion (Z direction). Results for plain fin at Rey = 70.3
and 353.2 are drawn in the figure. For comparison
purpose, the results of louver fin at Rey = 149.4 are
also depicted in the figure. For the plain fin geometry at
Rey = 70.3, both circular and oval tube experience a
detectable decrease of heat transfer performance at the
rear of the first tube due to the wake formation. The
mean heat transfer performance for the oval tube
configuration at the first row is superior to the circular
tube configuration. However, one can see that there is
no appreciable difference in the second row. This is due
to the boundary layer being thermally fully developed.
For Rey = 353.2, similar results are observed at the first
row. Though the mean heat transfer characteristics for
oval tube at the first row is still slightly higher than
those of circular tube, however, one can see that the
circular tube configuration offers much higher heat
transfer performance at the contraction region of the
second row. Thus, a slightly higher mean heat transfer
performance is observed for the circular tube configu-
ration at a higher Reynolds number (353.2). Fig. 6(c)
also depicts the Nusselt number distribution for the
louver fin geometry at Rey = 149.4. Unlike those of
plain fin geometry, the average Nusselt number for
circular tube configuration is slightly higher than those
of oval tube. This is valid for first and second rows.
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Fig. 6. Variations of span-averaged Nusselt number on the X-Y plane along the streamwise direction: (a) plain fin with Re;; = 70.3;

(b) plain fin with Rey = 353.2; (c) louver fin with Rey = 149.4.

Apparently, the presence of louver may effectively di-
rects the air flow and results in sharp rise of local
Nusselt number. In this case, there are four louvers in
each row along the streamwise direction. Thus, one can
see four local maximums of the Nusselt number that
occurs at the leading edge of the louver. It should be
pointed out that the associated highest value occurs at
the second louver in each row. This is due to the ad-
ditional contribution caused by the tube.

Fig. 7 shows the effect of louver angle (0) on the
airside performance of louver fin geometry. Calculations
were made at Rey = 149.4 for three louver pitches
(L, =3.75, 2.68, and 2.08 mm) with an axis ratio of 2.2
and L = 8.37 mm. As seen in the figure, the pressure
drops increase with louver angle for all three louver
pitches. The increasing trend is especially significant as
the louver pitch is reduced to 2.68 or 2.08 mm. Fig. 7
also shows that smaller louver pitch would result in
better heat transfer performance. This is attributable to
periodic renewal of the boundary layer. However, it is
noted that the benefit of smaller louver pitch may be
offset by higher pressure drop. In addition, Fig. 7 indi-
cates the relation between the average Nusselt number

—@— Nu, (L,=3.75 mm)
—— Nu, (L,=2.68 mm)
- —A— Nu, (L,=2.08 mm)
 —O- 4p, (L,=3.75 mm)

|- O 4p, (L;=2.68 mm)
| 2 Ap, (L,=2.08 mm)
Oval tube (3.2:1)
Re,=149.4 A‘\‘\‘\‘.#./l—d\-\-—.

25

Ap, (Pa)

» | | | |
20 30

Louver Angle (deg)

o

Fig. 7. Heat transfer performance and pressure drop vs louver
angle for three specific louver pitch with axis ratio = 2.2 and
Rey = 149.4.

and the louver angle is much more complex. One can
observe a “maximum’ phenomenon of average Nusselt
number to change of louver angle. This phenomenon is
especially pronounced for L, = 3.75 mm. The calculated
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Table 1
Relation between 0, and L, at Rey; = 149.4
L, (mm) Range of 0 for Ormax (°)
calculation (°)
3.75 10-28 16
2.68 14-42 30
2.08 14-46 38

results of the maximum louver angle for various louver
pitches are tabulated in Table 1.

Detailed examinations of the maximum phenome-
non are elaborated as follows. Kajino and Hiramatsu
[22] observed that the boundary layers exist on both the
upper and lower surfaces of the louver surface. They
concluded that relevant heat transfer enhancement is
due to the thin boundary layers that form at the
leading edge of each louver. Apparently the develop-

ment of the boundary layer on the upper and lower
surfaces should be different due to the presence of
louver angle. In general, the upper surface that receives
the impinging airflow directly may result in an effect of
“thinning” the thermal boundary layer, and the lower
surface is acting as “diffusing” that may thicken the
thermal boundary layer. To further quantify the pre-
sent arguments, details of the isotherm pattern for
L, =3.75 mm at 0 = 10°, 16°, and 26° of the first row
are shown in Fig. 8. As illustrated in Fig. 8(c), for
0 = 26°, the regions of upper surfaces possess stronger
temperature gradient than the other two cases. How-
ever, the temperature gradient at the regions of lower
surfaces for 0 =26° is smaller than those of 0 = 10°
and 16°. The results implies a slight variation (may be
slight increase or slight decrease) of the heat transfer
performance at the upper louver surface while a sig-
nificant drop of the heat transfer performance at the

Level 1 2 3 4

5
(€] 0.142 0.200 0.257 0.314 0.371 0.428 0.485 0.543 0.600 0.657 0.714 0.771 0.828 0.886 0.943

8 9 10 11 12 13 14 15

X
(@ Z
Level | { 2 3 4 5 6 7 8 9 10 11 12 13 14 15
©  |0.142 0.200 0.257 0.314 0.371 0.428 0.485 0.543 0.600 0.657 0.714 0.771 0.828 0.886 0.943
X
(b) Z
Level | + 2 3 4 5 6 7 8 9 10 11 12 13 14 15
©  |0.142 0.200 0.257 0.314 0.371 0.428 0.485 0.543 0.600 0.657 0.714 0.771 0.828 0.886 0.943
X
(c) Z

Fig. 8. Isotherm patterns on the louver regions for 0 = 10°, 16°, and 26° with axis ratio = 2.2, L, = 3.75 mm, and Rey = 149.4.
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-o— Nu,
—O-4p,
—A— h/Ap, B
Oval tube (2.2:1)
Re,=149.4

6=14° T

7 ‘ ‘ 0
6 7 8 9
Louver length (mm)

Fig. 9. Heat transfer performance and pressure drop vs louver
length with axis ratio = 2.2, 0 = 14°, and Rey = 149.4.

lower surface when the louver angle is increased. In this
connection, summation of the heat transfer perfor-
mance of the upper and lower fin may result in a
maximum phenomenon. The maximum phenomenon
due to the effect of louver angle suggests a pronounced
drop of h,/AP, vs louver angle.

Fig. 9 shows the numerical results of average Nusselt
number and pressure drop for three different louver
lengths L (6.25, 7.34 and 8.37 mm) at axis ratio = 2.2,
Rey; = 149.4, and 0 = 14°. As seen in figure, both Nus-
selt number and pressure drop increase with increase of
louver length. Surprisingly, the rate of increase of heat
transfer performance is approximately equal to that of
pressure drop. For example, the heat transfer per-
formance for L = 8.37 mm is about 13.1% higher with a
penalty increase of pressure drop of 13.2%. Eventually,
one can observe a nearly constant value of %,/AP, vs
louver length. The results are different from those of the
effect of louver angle that shows a pronounced drop of
ho/AP, vs louver angle. Part of the explanation is be-
cause the airflow is more effectively directed by the in-
crease of louver length. In addition, the pressure field is
comparatively insensitive to change of spanwise direc-
tion when compared to the streamwise direction. Hence,
the increase of pressure drop is moderate since the fin
pitch is fixed in this calculation. The conclusion drawn
in this calculation reveals the beneficial part of increase
of louver length. However, for practical application, the
maximum louver length cannot exceed the distance be-
tween neighboring tubes.

5. Conclusions

In this study, a three-dimensionally numerical in-
vestigation into the thermal hydraulic characteristics of
louvered fin-and-tube heat exchangers with circular and
oval tube is presented. The effects of axis ratio, louver

pitch, louver angle, and louver length were examined in

this study. Major conclusions are summarized as fol-

lows:

1. For a fixed louver length and louver angle, results of
various axis ratio (1.2-2.8) indicated that both the
heat transfer performance and pressure drops de-
crease with increase of axis ratio. For Rey = 149.4
and axis ratio of 2.8, a 10% decrease in heat transfer
performance is observed and a 41% decrease of
pressure drop is seen for oval tube configuration.

2. For the plain fin configuration and Rey < 275, the
heat transfer performance for oval tube is slightly
higher than those of circular tube geometry. How-
ever, the heat transfer performance is reversed when
Rey > 275. 1t should be further pointed out that the
heat transfer performance for oval tube at the first
row is always superior to the circular tube configura-
tion regardless change of the Reynolds number. The
pressure drops for the oval tube are much smaller
for plain fin geometry owing to the comparatively
small form drag of oval tube.

3. For a fixed geometrical parameters, both the heat
transfer performance and pressure drops increase
with decrease of louver pitch.

4. The pressure drops increase consistently with louver

angle. However, for the relation of heat transfer per-
formance to louver angle, an optimum value is ob-
served. This optimum value is associated with the
difference of development of boundary layer on the
upper and lower surface of louver.

5. Both heat transfer performance and friction increase
with louver length. Surprisingly, the rate of increase
of heat transfer performance is about the same as
the increase of pressure drop. Accordingly, no de-
tectable change of h,/AP, vs louver length is
observed.
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