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The present work focuses on the effects of heat-transfer and friction characteristics for the brazed aluminum
louver-fin heat exchanger used in a air conditioner with a relatively low air velocity. The heat-transfer and friction
characteristics were experimentally studied for the different louver angles and fin pitches of the louver-fin heat
exchanger, which are supposed to be the important parameters. Test conditions were varied by four louver angles,
three fin pitches, and various Reynolds numbers of air, which ranged from 110 to 800. The experimental results
show that the heat transfer is mainly affected by the fin pitch rather than the louver angle, whereas the pressure
drop is affected by the louver angle rather than fin pitch. The performance evaluation criterion of heat exchangers
is adopted so that the major operational variables, such as heat-transfer coefficient and pumping power, can be
considered simultaneously. The j/f 1/3 ratios decrease as the louver angle increases. The optimal value of the j/f 1/3

ratio exists around 20-25 deg of the louver angle. For relatively high louver angles such as 30 and 35 deg, the j/f

1/3

ratios have almost the same value under the condition that the Lp/Fp =1.03, 1.20, and 1.43.

Nomenclature

= total surface area, m?

minimum free flow area, m>

fin surface area, m?

inside heat-transfer area, m?

total heat-transfer area, m?

external tube surface area, m?

= internal web surface area, m?

specific heat at constant pressure, J/kg - K
hydraulic diameter of fin array, D, =4A.F,;/A,, mm
depth of fin array in flow direction, mm

fin pitch, mm

fin thickness, mm

friction factor

tube-inlet pressure drop coefficient

fin height, mm

tube-inside heat-transfer coefficient, W/m? - K
tube-outside heat-transfer coefficient, W/m?” - K
Colburn factor

abrupt contraction coefficient

abrupt expansion coefficient

thermal conductivity, W/m - K

louver pitch, mm

fin length, mm

mass flow rate, kg/s

number of heat-transfer units, U A /c, Wi,
pumping power, W

Prandt]l number
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total heat-transfer rate, W

Reynolds number based on louver pitch,
Rerp=puDy/u

> = tube pitch, mm

w tube width, mm

overall thermal conductance, W/K

air velocity, m/s

air velocity, m/s

maximum velocity in the core

of the heat exchanger, m/s

ratio of prototype model to the scale-up model
temperature difference, K

thickness of the tube wall or fin, mm
heat-exchanger thermal effectiveness

overall surface effectiveness of the louver fins
fin efficiency

Louver angle, deg

dynamic viscosity at mean air temperature, kg/m - s
density of fluid, kg/m?

density of fluid at mean air temperature, kg/m?
= contraction ratio of the fin array
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Subscripts

air side

average value

fin

water side
scale-up model
prototype model
standard condition
wall of the tube
inlet for air side

= outlet for air side
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Introduction

EAT exchangers are widely used for refrigerators, air con-
ditioners, fan heaters, and automotive and aircraft air-cooling
systems. Usually, these kinds of heat exchangers are designed to en-
hance heat-transfer performance. In general, it is known that thermal
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resistance of the air side can be as much as 80% of total thermal re-
sistance. Therefore, for improving performance of heat exchangers
it is inevitably necessary to enhance the air-side heat-transfer coeffi-
cient. Extended and interrupted fin surfaces have been used to reduce
the thermal resistance. The former can improve heat transfer through
the increase of surface area, and the latter can reduce the thermal
resistance by cutting the thermal boundary layer; these kinds of re-
searches have been conducted by Webb and Trauger' and Yun et al.

The louver-fin heat exchanger with peculiar heat-transfer perfor-
mance was known by Kays and London,? who generated the first
reliable data on louver surface. Davenport* developed an empirical
power law correlation by experimental data on 32 louver samples.
However, the fin pitches studied by Davenport were much larger
than those used in the heat exchanger now, and unconventional fin
geometry was tested. Kays and London® reported heat-transfer and
pressure-drop data on inclined louver fins, but fin spacing was much
greater than that used in the present heat exchanger. Achaichia and
Cowell® provided a correlation to present the performance data for
flat-tube and louver-plate fin surfaces. Webb and Jung’ suggested
the significant advantages of a flat tube over a round tube, that is,
a lower profile drag, higher fin efficiency, and a low wake region
behind the tube. They tested six sample cores and compared their
test results with plain plate-fin and spine-fin geometry on round
tube. Cowell et al.® compared several louver fins and gave designers
effective information for offset or louver fins considering the im-
portance of size, weight, and pumping power for the application.
Chang and Wang® provided data on 27 samples of louver-fin heat
exchangers with the different geometrical parameters such as tube
width, louver length, louver pitch, fin height, and fin pitch.

DeJong and Jacobi'®!! visualized a flow pattern through large
arrays of plates with naphthalene sublimation technique. From the
flow-visualization results these local data revealed the effects of
boundary-layer growth and vortex shedding in the array. And they
have shown that flow near wall is characterized by lower flow ef-
ficiency, large separation and recirculation zones between louvers,
and a transition to unsteady flow at lower Reynolds numbers. Also,
the effect of shape of fin exchanger on the air-side performance is
investigated under dry and wet conditions by Kim et al.!> For the
dry and wet surface condition they reported that the heat-transfer
performance was neither influenced significantly by the inclination
angle (—60 deg < 6 < 60 deg), nor by the presence or absence of an
upstream duct, while the pressure drops increased consistently with
the inclination angle.

Although many researchers have reviewed various experimental
studies for brazed aluminum louver-fin heat exchanger, the papers
for the relatively high louver angle and low fin pitch have been
rarely reported. In this case fan power for compact louver-fin heat
exchangers has become the important factor. In this study double-
enlarged louver-fin heat exchangers are investigated for different
louver angle and louver pitch. To obtain the effects of performance
parameters on the heat-transfer and friction characteristics of the
louver-fin heat exchanger, the experiments of heat exchanger were
performed for the four louver angles and three fin pitches of louver-
fin heat exchanger.
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Heat-Transfer and Friction Characteristics

Theoretical Analysis of the Scale-Up Model

Scale-up modeling is needed for geometrical similarity and the-
oretical research that concerns the continuity equations, momen-
tum equations, and energy equations. Wong and Smith'* demon-
strated the airflow phenomena of louver-fin heat exchanger by us-
ing the scale-up model, and the characteristics of heat-transfer and
flow performance of heat exchanger were investigated by many
researchers.!*!> First of all, the continuity equation and momen-
tum equation can be obtained:

V-V=0
(V-V)V = —VP + (1/Rep)V?*V

M
(@3]

Figure 1 shows the louver-fin core geometry. When we apply
the scale-up louver-fin heat exchanger to the prototype louver-fin
heat exchanger, there is a relation between Reynolds number for the
scale-up model and the prototype,

(ouDy /i)y, = (puDy /W) (3)

For the sake of reliability, the experimental study of a heat exchanger
is conducted for the scale-up model with which the heat-transfer
performance and pressure-drop characteristics can be investigated
in more detail. Then the same values of density and viscosity for
the working fluid are given to the prototype. Therefore, air velocity
with the fluid field is reduced to the geometrical similarity ratio
of the scale-up model to the prototype model. At the same time it
is necessary that the similarity of air temperature be related to the
similar relationships of heat transfer. Thus Eq. (4) can be obtained
for the energy equation as the function of Reynolds number, Prandtl
number, and fin surface temperature.

V(V-T) = (1/RepPr)V’T 4

where the same value of the Prandtl number can be used for the same
fluid. Then similarity of fin surface temperature is derived from fin
heat-transfer equation.

(&)

where X*, Y*, and Z* are dimensionless length. The k has the same
value for the same fin material, and Fy, is adjusted to a geometrical
similarity ratio of the scale-up model to the prototype model. (The
ratio of the prototype model to the scale-up model was 1 to n, then
the experimental study was applied to 1/n of air velocity for the
fluid field and similarity relationship of heat transfer.)

Ty = f[X*. Y. 2%, (Fa/b)]

Heat Transfer ] ]
The average heat-transfer rate of Q, and Q; is given by
Ou = (Qu + 0)/2 (©)
where the heat-transfer rate of Qa and Q,» are written as
O, = tacuAT, )
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Fig. 1 Louver-fin core geometry.
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Table 1 Geometrical parameters of test samples
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No. of fin/
Samples L,,mm L;,mm 6,deg H,mm F, mm Fy,mm Fy,mm Ty,mm 7T, mm L,/F, 50.8mm
1 2.9 12.5 20 16.5 2.82 0.15 44 5 21.2 1.03 18
2 2.9 12.5 20 16.5 242 0.15 44 5 21.2 1.20 21
3 2.9 12.5 20 16.5 2.03 0.15 44 5 21.2 1.43 25
4 2.9 12.5 25 16.5 2.82 0.15 44 5 21.2 1.03 18
5 2.9 12.5 25 16.5 242 0.15 44 5 21.2 1.20 21
6 2.9 12.5 25 16.5 2.03 0.15 44 5 21.2 1.43 25
7 2.9 12.5 30 16.5 2.82 0.15 44 5 21.2 1.03 18
8 2.9 12.5 30 16.5 242 0.15 44 5 21.2 1.20 21
9 2.9 12.5 30 16.5 2.03 0.15 44 5 21.2 1.43 25
10 2.9 12.5 35 16.5 2.82 0.15 44 5 21.2 1.03 18
11 2.9 242 35 16.5 44 12.5 0.15 5 21.2 1.20 21
12 2.9 2.03 35 16.5 44 12.5 0.15 5 21.2 1.43 25

0= micpiATi ¥
To H Tw
< = ol le—

Heat-transfer performance can be represented by the j factor'®
obtained from the air-side heat-transfer coefficient. The U A can be
calculated using the e-NTU (effectiveness number of transfer unit)
method for unmixed-unmixed crossflow. Assuming zero-water-side
fouling resistance, the air-side heat-transfer coefficient was obtained
by subtracting the water-side and wall resistances from the total
thermal resistance:

1/nhaAq = (1JUA) — (1/h; Ai) — (8, /kiA)) ®

For single-phase fluid within a smooth tube, 4; is calculated from
the semi-empirical correlation described by Gnielinski'’:

< ki ) (Revni — 1000)Pr; (f:/2)
h[ = 2
i/ 104 1230/205 (prf - 1)

where f; given by
fi = [1.58 la(Repp;) — 3.28]72

10)

an

The fin efficiency for the plate fin surface geometry 7 is calculated
by Shah!®

ny = tanh(ml)/ml 12)
where m and [/ are given by
m = /2h,/k;8;(1+8;/F)) (13)
l=H/2-34 (14)
n can be calculated from
n=1-=A;/A.(1—ny) 5s)

Air-side heat-transfer coefficient 4, is calculated from Eq. (9). In
this calculation the effective A, is taken within the value |k, 04 —
Ranew!| < 107>, Thus, the j factor can be calculated from air-side
heat-transfer coefficient

. ha
j=

2
= Pr} 16
Pm Vccpa e ( )

Pressure Drop

The pressure drop takes place in the airflow through brazed alu-
minum heat exchanger. The pressure difference is reduced to deter-
mine the Fanning friction factor f:

Ac o [ 201AP
f=lelml IS (K 41-0?) —2( 2 -1
A pri | (owVe) 02

a7
P2

In Eq. (17) the abrupt contraction and expansion coefficients K. and
K, are calculated at Rep, = oo by Kays and London.?
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Fig. 2 Schematic diagram of the heat exchanger.

Experimental Apparatus and Test Procedures

Experimental Apparatus

The serpentine flat-tube and brazed aluminum louver-fin heat ex-
changers are used in this experiment as double scale-up model of
reference louver-fin heat exchanger. The test heat exchanger con-
sisted of a six-array fin (thickness of 15 mm) and a seven-pass tube
(width of 44 mm, thickness of 0.5 mm). The frontal area of the test
samples is 6756.4 mm? (width of 133 mm, height of 50.8 mm). The
geometrical parameters of this study are louver angles of 20, 25, 30,
and 35 deg and fin pitches of 2.82, 2.42, and 2.03 mm. A notational
description of the heat exchanger is shown in Fig. 2. Table 1 shows
the geometrical parameters of the test samples.

The experimental apparatus is composed of an open-type wind
tunnel with an induced fan, constant temperature and humidity
chamber, measurement section of air temperature, constant tem-
perature water vessel, magnetic flow meter for water side, and dif-
ferential pressure transducer as shown in Fig. 3. The wind tunnel is
made of acrylic acid resin of 10 mm in thickness.

Experimental Procedures

The airflow rate is controlled by a 0.5-kW centrifugal fan with an
inverter. The inlet air of test samples is well mixed by a wire screen
of 250 x 300 mm. The airflow velocity is measured by a hot-film
airflow meter calibrated within 0.3% accuracy. The inlet and outlet
of test samples are equipped with thermocouple meshes for temper-
ature measurement. That is, the four thermocouples are installed in
the inlet thermocouple mesh while the outlet is set up with 12 ther-
mocouples. The differential pressure transducer calibrated within
1 Pa is used for measurement of pressure drop between the inlet and
outlet of the sample with each four ports. The water in flat tube is
supplied from the constant temperature water vessel. The mass flow
rate of water is regulated by a bypass valve. The inlet and outlet
water temperatures of the tube side are measured by precalibrated
resistance temperature detection sensors within 0.1°C of accuracy.
To measure the mass-flow rate, the water-flow rate is detected by
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Fig. 3 Schematic of the experimental apparatus.

using a magnetic flow meter. The temperatures of water and air, pres-
sure drop, air velocity, and mass-flow rate of water are collected by
a data-acquisition system and transported to the computer through
a RS-232C interface-bus.

The experiment was carried out for air velocity with 1 ~4 m/s
of a scale-up model and constant temperature 19°C £0.2°C. The
actual air velocity of the prototype model becomes 0.5 ~ 2 m/s. The
mass-flow rate of water was fixed at 0.083 kg/s and 45°C £0.1°C.
In this study the energy balance between air and water side is within
+5%.

Results and Discussion

Comparison with Other Studies

The performance of scale-up heat exchangers can be evaluated
by the j and f factors calculated from the measured data of air and
water inlet and outlet temperature, air velocity, mass-flow rate of
water, and pressure drop. The effects of fin angles and fin pitches
on the performance of heat-transfer and friction characteristics were
investigated by using a louver-fin heat exchanger and experimental
apparatus as shown in Figs. 2 and 3.

Using the method suggested by Moffat,'” uncertainties of this
work for the Colburn j factor and friction factor f were calculated.
The uncertainties of present investigation are estimated from 2.5 to
4.2% for the j factor and from 3.8 to 5.3% for the f factor.

The j and f factors in this study were compared with correlation
equations of Davenport* for the f factor, Chang and Wang® for
the j factor, and Sunden and Svantesson® for the j factor. Figure 4
shows the comparison of the f factors of the Davenport’s correlation
with experimental results of this work for louver-fin heat exchanger
at louver angle, 20 deg and Lp/Fp, 1.03. As shown in the figure,
the tendency of the f factors describes the same trend for the range
of Reynolds number Rey, from 250 to 1000, but the results bring
about difference from the Davenport’s correlation for the range of
Reynolds number Rey, under 200. It also shows that the j factors in
the experimental data agreed with correlation equations of Chang
and Wang® for the j factors with Rey, under 250 and correlation
equations of Sunden and Svantesson? for the j factors with Rey,
over 250.

Effects of the Lp/Fp Ratio

The Colburn j factor and friction factor f of the louver-fin heat
exchanger are described in Figs. 5-8 for Reynolds number Rey,
based on louver pitch. As shown in Figs. 5 and 6, the influences
of the Lp/Fp ratio on the heat transfer and friction decrease with
the increase of Reynolds number Re;, at most of the degrees of
the louver angle. But there is exception for the j factors on Fig. 5.
Namely, the airflow efficiency increases as Lp/Fp and louver an-
gles decrease within the range of Reynolds numbers from 110 to
800, whereas for the relatively high Reynolds number the j factors

Louver angle=20°, Lp/Fp=1.03

—O— Present study

—O— Sunden's correlation

-4 Chang's correlation

2. —— Davenport's correlation
O,

f-factor

Q&Z%Q

j-factor
/
§

A0
0.01

100 1000
Re

Lp
Fig. 4 Correlation between the j factor and the f factor for the
Reynolds number of the louver fin.

increase with high Lp/Fp because the airflow efficiency is en-
hanced. As the value of the Lp/Fp ratio increases, the j factors
decrease, but f factors increase at low Reynolds numbers. How-
ever, as the Reynolds number Rey;, increases, the j factors become
saturated for all of the values of the Lp/Fp. In other words, the
airflow efficiency is almost the same with all of the values of the
Lp/Fp over 1.03 and has a little influence on the j factors.

The characteristics of the j factors and f factors show the same
trends as shown in Figs. 7 and 8. As the Lp/Fp increases for the
fixed value of louver pitch, the fin spacing and the friction factor f
increase by the increase of frictional resistance. But the f factor is
less affected by the Lp/Fp than the louver angle and has almost
the same value for the Lp/Fp at the relatively high louver angles,
as shown in Fig. 8. That is, for a high-louver-angle flow resistance
becomes much larger than frictional resistance that increases as
the fin surface increases. This result shows that the low value of
Lp/Fp can be used at a low Reynolds number when a louver fin
is designed.

Effects of Louver Angle

The major operational variables of heat exchanger include the
heat-transfer rate, the pumping power, the fluid velocity, and the
heat-exchanger flow rate. These are deeply concerned with the per-
formance evaluation criterion of design constraints for the heat
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1
Louver angles = 20°
Lp/Fp
—_— 1.03
—_—0— 1.20
. — 1.43
(=]}
B {adss
L N
0.1 i

j-factor
gi

0.01

100 1000
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Fig. 5 Influences of Lp/Fp on the j factor and f factor (louver angle =
20 deg).

1

Louver angles = 25°
Lp/Fp
—O— 1.03
—O— 1.20

. —L— 1.43
.g AL
8 B E]Cr%.
0.1 %
6 - -I-:’g: gy~ |
*g AATROT
%E@Q%
0.01
100 1000
ReLP

Fig. 6 Influences of Lp/Fp on the j factor and f factor (louver angle =
25 deg).

exchangers. Webb?! described a performance evaluation criterion
of heat exchanger as Eq. (18).
hA/hAs /s

1 2 T 1 (18)
(P/P)3(AJA)S  (f/f5)3

Equations (19) and (20) can be substituted for the Eq. (16) of the
J factor and for Eq. (17) of the f factor:
hA jAp, V.
— L (19)
h‘& A.Y JSASpmSVCS
P

S AP Ve 20)

FS fv Axloms VCS

°

Louver angles = 30
Lp/Fp
—— 1.03
—O— 1.20
—_—— 1.43

]
R

f-factor
%

Al

e

j-factor
g%
éj

0.01
100 1000

ReLp

Fig. 7 Influences of Lp/Fp on the j factor and f factor (louver angle =
30 deg).

1
Louver angles = 35°
Lp/Fp
o —0— 1.03
S —0o—  1.20
2 —A—  1.43
:E )%\N%
5‘4\’Aﬁm
0.1
)
5 Sy
§ TS
0.01
100 1000
Re_
P

Fig. 8 Influences of Lp/Fp on the j factor and f factor (louver angle =
35 deg).

Equation (18) can be calculated from elimination of the term
Pm Ve pms Ves With Egs. (19) and (20). Every standard value is set
by constant values of this study, and the variables on the right-hand
side of Eq. (18) are induced by the j/f!/3.

The ratios of the j factors to the f'/3 factors against Reynolds
number Rep, can be viewed as the better merit of effect for heat
transfer to the pressure drop in Figs. 9—11. Thus, the higher j/f!/3
ratios describe better performance of heat transfer to the pressure
drop.

Figure 9 shows the effect of louver angle on the j/f'/° ratios at
1.03 of the Lp/ F p. As shown in the comparison of the j/f!/3 ratios,
the louver angles have the significant influence on the j/f'/3 ratios.
The j/f!/3 ratios decrease as the louver angle increases because a
high louver angle becomes the large obstacle for the airflow and the
f factors for the high louver angles are larger than those for the low

1/3
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Fig. 9 Influences of louver angles on the j/f 1/3 ratios (Lp/Fp =1.03).
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Fig. 10 Influences of louver angles on the j/f1/3 ratios (Lp/Fp =1.20).
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Fig. 11 Influences of louver angles on the j/f 1/3 ratios (Lp/Fp =1.43).

louver angles. For this reason, the j/f!/3

with 25 deg of louver angle.

Figures 10 and 11 show the effects of louver angles and louver-
fin pitches on the j/f!/3 ratio of louver-fin heat exchangers. The
characteristics of the j/f'/3 ratios describe almost the same trends
for the louver angles as shown in Fig. 9, but the j/f!/3 ratios of
Figs. 10 and 11, in which the Lp/Fp are relatively high, that is,
1.20 to 1.49, have the highest value with 20 deg of louver angle. As
illustrated in these Figs. 9-11 for 30 and 35 deg of louver angle, the

ratio has the highest value

j/f'7? ratios have almost the same values at the conditions of the
Lp/Fp=1.03,1.20, and 1.43.

The thermal and flow boundary layer are concerned with airflow
profile that is mainly influenced by louver angle and Lp/Fp. The
higher louver angle has the longer airflow path. Consequently, this
effect gave rise to the higher pressure drop but has a little influence
on the heat transfer. As can be seen in Figs. 9-11, the optimal value
of the j/f!/3 ratios exists around 20 ~ 25 deg of louver angle.

Conclusions

The performance of heat-transfer and friction characteristics were
investigated for the various louver angles and the Lp/Fp of the
louver-fin heat exchanger. Based on the experimental results, the
conclusions of this study are as follows:

1) The performances of heat-transfer and friction characteristics
were compared with the correlation equations of Davenport* for
the f factor, Chang and Wang® for the j factor, and Sunden and
Svantesson?’ for the j factor. The f factors and j factors in this
study well agreed with Davenport’s correlation and Sunden and
Svantessen’s correlation, respectively.

2) The friction factors are highly increased with the increase of the
louver angle, and these values are a little influenced by the variation
of the Lp/ Fp as the louver angle increases.

3) The j/f'/3 ratios decrease as the louver angle increases. The
optimal value of the j/f!/3 ratio exists around 20-25 deg of the
louver angle.

4) For relatively high louver angles such as 30 and 35 deg, the
j/f'7? ratios have almost the same values under the condition that
the Lp/Fp are 1.03, 1.20, and 1.43.
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