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Abstract

This study systematically analyzes the e�ect of various design parameters on the heat transfer and pressure drop

characteristics of the heat exchanger with a slit ®n. The Taguchi method, known to be a very reasonable tool in a
parametric study, is employed in the present work. Only seven cases of experimental factors are considered because
of the di�culty in producing samples and the manufacturing cost. Eighteen kinds of scaled-up models are made by
compounding levels on each factor, and the heat transfer and ¯ow characteristics of each model are analyzed. The

results allow us to quantitatively estimate the various parameters a�ecting heat exchanger performance, and the
main factors for optimum design of a heat exchanger are selected. The optimum design value of each parameter is
presented and the reproducibility of the results is discussed. 7 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Fin-and-tube heat exchangers which have probably
been the most widely used heat exchanger for many
years have the advantage of reducing the relatively

large air-side thermal resistance with the use of inter-
rupted surfaces such as louvers or slits. Air con-
ditioners today are required to be e�cient and compact

due to regulations on energy consumption. As a result,
the development of an enhanced heat exchanger with
better performance has been promoted. It is a well

known fact that one way to achieve this is to process
interrupted surfaces on the ®n. These ®ns have in-
herent heat transfer characteristics depending upon the
shape of the ®n, and these characteristics can be more

remarkably seen in the slit ®n. Hence, it is important

to determine the optimum ®n shape in the develop-

ment of a new heat exchanger [1].

Development of heat exchangers through the

improvement of ®n shapes has been integral to

manufacturers. The vigorous e�ort required to

develop a new type of heat exchanger is almost im-

possible to execute due to the high cost and long

development period involved. Previous researchers

have focused mainly on the comparative superiority

of some idea or the improvement and evaluation of

performance through a minor change in design.

There has been little work on examining the e�ect

of a design parameter on the interrupted ®n itself.

The ®rst study on the slit ®n and round tube heat

exchanger was performed by Nakayama et al. [2].

They reported that the heat exchanger of 2 row,

staggered arrangements with the slit ®n, which used

International Journal of Heat and Mass Transfer 43 (2000) 2529±2539

0017-9310/00/$ - see front matter 7 2000 Elsevier Science Ltd. All rights reserved.

PII: S0017-9310(99 )00342-7

www.elsevier.com/locate/ijhmt

* Corresponding author.



9.5 mm tube diameter, 0.2 mm ®n thickness and 2

mm slit width, showed a higher heat transfer coe�-

cient by about 78% than that of the plane ®n. Due

to the design improvement on the various kinds of

®n shapes thereafter, they showed better perform-

ance better by approximately 150% as compared to

the plane ®n. A representative case has been pro-

posed by Hiroaki et al. [3]. It has the X-shaped

pattern of slits and a 7 mm round tube. They

reported accomplishing a 1.6 times heat transfer

performance and a two-third compactness over the

existing results. In recent years, Koido et al. [4] per-

formed ¯ow visualization tests and numerical analy-

sis using two kinds of slit ®ns of a 20:1 scaled-up

model to investigate the temperature and velocity

®eld, and they determined the shape of the opti-

mum ®n.

The existing studies do not explain in detail the opti-

mum design procedure of slits, and hence, the estab-

lishment of a reasonable standard for the optimum

design is required. In this study, the e�ects of the var-

ious kinds of design parameters on heat transfer and

pressure drop characteristics of a heat exchanger with

a slit ®n are systematically analyzed. The Taguchi

method [5±7], known to be a highly reasonable tool in

a parametric study, is employed in the present work.

The experiments in this study use the scaled-up model

as described in our previous work [8]. The results also
provide us with quantitative estimation of the various
parameters a�ecting performance, and the main factors
for optimum design are selected. The optimum design

value of each parameter is presented, and the reprodu-
cibility of the results is discussed.

2. Evaluation procedure

2.1. Scaled-up experiment

2.1.1. Theoretical analysis

The nondimensional governing equations of steady,
incompressible ¯ows can be written as follows:

r� � v� � 0 �1�

�v� � r��v� � ÿr�p� �
�
1
�
Re
�
r�2 v� �2�

�v� � r��T � �
�
1
�
Re Pr

�
r�2T � �3�

where

Nomenclature

Ao heat transfer surface area (m2)
cp speci®c heat at constant pressure (kJ kgÿ1

Kÿ1)
Dh hydraulic diameter, Dh � 4Vc

�
Ao (m)

f friction factor, dimensionless
h heat transfer coe�cient (W mÿ2 Kÿ1)
JF JF factor, dimensionless
j j factor, dimensionless
k thermal conductivity (W mÿ1 Kÿ1)
L heat exchanger depth in air ¯ow direction

(m)
n degree of freedom
p pressure (Pa)

P friction power, P � qDp (W)
Dp pressure drop (Pa)
Pf ®n pitch (mm)

Pr Prandtl number, Pr � cpm
�
k

Q heat transfer rate (W)
r the number of e�ective replications

Re Reynolds number, Re � rVDh

�
m

Sm mean variance for measured data
SN signal-to-noise

ST sum of square for measured data
DTam arithmetic mean temperature di�erence (K)

T temperature (K)
v velocity vector (m sÿ1)
V air velocity (m sÿ1)
Vc air-side volume (m3)
Ve error sum of squares

Greek symbols
Z signal-to-noise ratio
m dynamic viscosity (kg mÿ1 sÿ1)
r air density (kg mÿ3)

Superscript
� nondimensionalization

Subscripts
a air

f ®n
h hydraulic
in inlet, inside tube

m scaled-up model
p prototype
R reference

w tube wall
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x � � x

Dh

, v� � v

V
, r� � Dhr, p� � pÿ po

rV 2
,

T � � Tw ÿ T

Tw ÿ Tin

,

Re � rVDh

m
, Pr � cpm

k
, Dh � 4Vc

Ao
�4�

The parameters are normalized as Eq. (4). From the
above equations, it follows that there exists a similarity

between the scaled-up model and the prototype if the
Reynolds and Prandtl numbers are the same. Also, a
similarity on temperature distribution in the ®n has to

be maintained for complete similarity. Similitude of ®n
surface temperature is obtained from the heat conduc-
tion equation in the ®n as follows:

r� � ÿk�fr�T �f � � 0 �5�

where

T �f �
Tf ÿ Tin

Tw ÿ Tin

, k�f �
kf, m

kf, p

�6�

T �f and k�f represent dimensionless ®n temperature and
thermal conductivity, respectively. Since the thermal

conductivities of the model and the prototype are the
same for the same material, similitude of ®n surface
temperature may be achieved only if geometric dimen-

sions such as ®n thickness are scaled-up with the scale
factor.

2.1.2. Experimental apparatus and procedure

Fig. 1 shows the schematic diagram of the exper-
imental apparatus. This apparatus is an open type with

a small size wind tunnel. Average air velocity in the

test section can be controlled from 0.2 to 1.0 m sÿ1

using a suction fan connected to the power regulator.

Static pressure is measured using six pressure taps
which are installed at the inlet and outlet of the test

section. Pressure drop of the sample is measured by a

di�erential pressure gauge. Average air temperature
di�erence is measured using type T thermocouples

installed at the same position. To control the inlet air
temperature at the same condition as the real product,

an air cooled heat exchanger with a water tank at con-

stant temperature is placed at the inlet section of the
chamber. Styrofoam of 40 mm in thickness is used to

minimize the heat loss.

The test section is composed of nine sets of ®ns and
one hundred rings equivalent to the tube of the proto-

type. To maintain wall temperature at the same con-
dition as the actual product, electricity is supplied with

nickel±chrome wire inside the ring. Electric power on

the ®rst and second rows can be independently con-
trolled with slidacs for the convenience of heat transfer

calculation. The amount of heat supplied is measured
with a powermeter. The ®ns and tubes are made of

aluminum, and they are ®xed by screws to minimize

contact resistance. Table 1 shows the comparison of
parameters between the two models used in this study.

The experiment starts with controlling the electric

power after the fan speed reaches a maximum value.
The amount of electric power is measured after the

wall temperature reaches a steady state value at every

Fig. 1. Schematic diagram of the test apparatus for scaled-up experiment.
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measuring point. Steady state is always accomplished
after 30 minutes, and the test is repeatedly done with

increasing or decreasing air velocity to identify repro-
ducibility. The heat transfer coe�cient is obtained as:

h � Q

AoDTam

�7�

where Q represents the amount of electric power sup-

plied, and DTam indicates the arithmetic mean tempera-
ture di�erence. Colburn j factor and friction factor f,
respectively, are given by

j � hPr
2
3

rcpV
�8�

f � Dh

L

2Dp
rV 2

�9�

where r and cp represent the air density and the
speci®c heat at constant pressure at the ®lm tempera-
ture, respectively.

2.2. Veri®cation of the scaled-up experiment using
reference ®n

Fig. 2 shows the con®gurations of a reference ®n

used in this study. Figs. 3 and 4 show the heat transfer
coe�cient and pressure drop, respectively, of the
scaled-up model and the prototype model with air vel-

ocity for this reference ®n. The data of the scaled-up
model have to be tripled for comparison with those of
the prototype model. Hiroaki's result [1,3] on the heat
transfer coe�cient was obtained by the Wilson plot

method [9]. The heat transfer coe�cient on the scaled-
up model shows relatively good agreement with the
prototype results at the air velocity of about 1.0 m sÿ1,
but it is underestimated by 2.7% at the velocity of 1.5
m sÿ1. Since it seems that the performance estimation

on the prototype generally has a measurement error of
3.0%, the present scaled-up model predicts the heat

transfer characteristics of the prototype very well. The
uncertainty of heat transfer coe�cient on the scaled-up
experiment is between 3.6% and 4.0% according to

the velocity range.
It is shown that pressure drop in the prototype ex-

periment is higher by approximately 3.2% than that of

the scaled-up experiment at the velocity of 1.0 m sÿ1.
However, the two results are in good agreement at vel-
ocities of over 1.5 m sÿ1. The uncertainty of pressure

drop on the scaled-up experiment is 2.8% to 5.0%
according to the velocity range. Since pressure drop of
a resistance body is proportional to the square of the
velocity, the scaled-up experiment results ®tted to a

quadratic curve can be closer to the actual state as
compared to the prototype results. Hence, a scaled-up
model can also predict the heat transfer coe�cient and

the pressure drop more accurately. These results can
e�ectively be used in the development of a new heat
exchanger.

2.3. Selection of characteristics

Since, in general, an increase in heat transfer yields
an increase in pressure drop, one must consider the
trade-o� between the increased heat transfer and the

increased pressure drop in evaluating the performance
of a heat exchanger. However, as it is di�cult to sim-
ultaneously evaluate both the heat transfer coe�cient

of larger-the-better and the pressure drop of smaller-
the-better, an evaluation characteristics value consider-
ing these two e�ects simultaneously should be
demanded to perform an e�ective parametric study on

a heat exchanger with a slit ®n using the Taguchi
method.
It is a well known fact that j and f factors are the

relevant parameters used to characterize the heat trans-
fer coe�cient and the pressure drop, respectively, of a

Table 1

Comparison of similitude relations on physical parameters in this study

Physical parameters Scaled-up model Prototype model

Scale factor 3 1

Fin length (mm) 3 1

Fin thermal conductivity (W mÿ1 Kÿ1) 1 1

Fin thickness (mm) 3 1

Fin surface temperature (K) T(x, y) T(x, y)

Air velocity (m sÿ1) 1/3 1

Heat transfer rate (W) 3 1

Heat transfer coe�cient (W mÿ2 Kÿ1) 1/3 1

Pressure drop (Pa) 1/9 1

Re, Pr number 1 1

j, f factor 1 1
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heat exchanger. But, a direct comparison on the basis

of j and f factors, in evaluating the performance of a
heat exchanger, is not useful in selecting the optimum
one, because if j is large, f also becomes large. Thus,

we need a relevant nondimensionalized parameter to
simultaneously de®ne the heat transfer and ¯ow fric-
tion characteristics according to ®n shapes between the

comparative heat exchangers. This is derived from the
performance evaluation criteria based on area good-
ness factor which has been proposed to compare the
thermal and dynamic performance of heat exchangers.

This can be obtained using the two ratios between a
heat exchanger tested and a reference heat exchanger;
one for heat transfer rate (h ) per unit temperature

di�erence, per unit surface area, and the other for fric-
tion power �P�A� dissipated per unit surface area. The
heat transfer performance h and the friction power

P
�
A are respectively expressed by a function of j, f

and Re
�
Dh as follows [1,10]:

h �
� rcp

Pr2
�
3

�
jV �

� mcp

Pr2
�
3

�
j

�
Re

Dh

�
�10�

P

A
�
�
r
2

�
fV 3 �

 
m3

2r2

!
f

�
Re

Dh

�3

�11�

Dividing Eqs. (10) and (11) by the corresponding par-

ameters of the reference heat exchanger, respectively,
gives

h

hR

� j�Re=Dh �
jR�Re=Dh �R

,
P=A

�P=A�R
� f�Re=Dh �3

fR�Re=Dh �3R
�12�

Combining the two equations of Eq. (12) gives

Fig. 2. Con®guration of reference ®n.

Fig. 3. Comparison of the heat transfer coe�cients for scaled-

up and prototype models using reference ®n.

Fig. 4. Comparison of the pressure drop for scaled-up and

prototype models using reference ®n.
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h=hRn
�P=A��ÿ�P=A�R�o1=3 �

j=jR

�f=fR �1=3
�13�

Finally, the term on the right-hand side of Eq. (13)

which considers j and f factors simultaneously is newly
named the JF factor in the present study:

JF � j=jR

�f=fR �1
�
3

�14�

This is a dimensionless number of larger-the-better
characteristics. As can be seen from Eq. (14), it is

expected that this parameter can e�ectively evaluate
the thermal and dynamic performance of a heat
exchanger since it includes both the j and the f factor.

The j and f factors on the reference heat exchanger use
the experimental results for the ®n shapes shown in
Fig. 2.

2.4. Factors and level

The control factors used in this study are made up

of seven factors related to the heat transfer surface

area and the turbulence in the air-side. A detailed ex-

planation of these factors is presented in Fig. 5. The

levels are based on the currently used dimensions of

the coil with a 7 mm tube diameter, and these are

selected considering the present manufacturing technol-

ogy. As shown in Table 2, interaction with the FPI is

excluded by selecting one-third, a half and two-thirds

of the ®n pitch, as far as the slit height is concerned.

The C, D, E terms of two levels are changed to three

levels by using the dummy level technique, and the

angle of slit pattern, G, of four levels is coordinated

with six levels by the same method. In order to change

two levels of a factor into three levels, the most im-

portant (standard) level must be duplicated in the ex-

perimental matrix. The method of duplicating a level is

called the dummy level technique. The air velocity is

Fig. 5. A detail of control factors in this study.

Table 2

Levels of each factor in this study

Code Factors (unit) Level 1 Level 2 Level 3

A Fin pitch, Pf (mm) 1.49 1.34 1.2

B Slit height (mm) 1/3 Pf 1/2 Pf 2/3 Pf

C The number of slits 6 8 6

D Slit length (mm) 10 8 10

E The number of slit divisions 1 2 1

F Raised angle of slit (8) 45 35 25

G Angle of slit pattern (8) (inlet angle/outlet angle) 0/0 0/30 30/0

30/30 0/0 30/30
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taken as the signal factor, and the noise factor is not
considered in this study. Fin thickness, step pitch and

row pitch are considered as the ®xed factor.

2.5. Experimental matrix

The experimental matrix uses the orthogonal array

of L18 which is based on the geometric factor in this
study, as shown in Table 3. This is an array of
L18�61 � 36� which is modi®ed from the array of

L18�21 � 37�: The signal factor is applied to only eleven
measuring points.

2.6. Experimental model

Fig. 6 represents the basic geometry of a 3:1 scaled-

up model ®n. The experimental samples are used to
manufacture the various shapes of slits on the ®n sur-
face by coordinating the levels as shown in Table 2.

These are made by a ®n die in order to make them
more accurate, and the ®n material is aluminum. Eigh-
teen kinds of samples are made by a combination of
levels on the orthogonal array as indicated in Table 3.

2.7. Analysis

The signal-to-noise ratio used in the analysis of the
Taguchi method is a measure that is particularly useful

for process design. The objective performance should
not vary much with large changes in the environment

or in raw materials in the actual machine. In order to
select the levels of control factors more e�ciently, we
can transform our data into the SN ratio. A larger SN
ratio is preferred. This SN ratio is calculated from the

data of the worst condition and the standard condition
for each experiment given by an orthogonal array. The
SN ratio in this study is de®ned by the following

equation representing the dynamic characteristics [6]:

SN� � Z� � 10 log

�
1

r
� �Sm ÿ Ve �

Ve

�
�15�

where

r �
Xn
i�1

V 2
i , Sm �

 Xn
i�1
�Vi � JFi �

!2

r
,

Ve � Se

nÿ 1
, Se � ST ÿ Sm, ST �

Xn
i�1

JF 2
i

�16�

Here, Vi and JFi represent the ith air velocity and the

ith JF factor, respectively. These data are taken at
eleven points for air velocity as mentioned before.

3. Results and discussion

3.1. Factorial e�ect and contribution ratio

Table 4 shows the SN ratios calculated from the

eighteen tests. The factorial e�ect and contribution
ratio of each factor from those ratios are presented in
Table 5 and Fig. 7. The SN ratios of levels on each

factor in Table 5 are calculated from the arithmetic
average of SN ratios corresponding to each level given
in Table 4. The contribution ratio means the e�ect of

each factor on the JF factor, namely, the performance
characteristics of a heat exchanger. This is calculated
using R that indicates the di�erence between maximum

Fig. 6. Basic geometry of a 3:1 scaled-up model ®n, all dimen-

sions in mm.

Table 3

The orthogonal array of L18�61 � 36�

Number of test Control factor Signal factor Vi

(air velocity)

G A B C D E F

1 2 3 4 5 6 7

TS1 1 1 1 1 1 1 1

TS2 1 2 2 2 2 2 2

TS3 1 3 3 3 3 3 3

TS4 2 1 1 2 2 3 3

TS5 2 2 2 3 3 1 1

TS6 2 3 3 1 1 2 2

TS7 3 1 2 1 3 2 3

TS8 3 2 3 2 1 3 1

TS9 3 3 1 3 2 1 2

TS10 4 1 3 3 2 2 1

TS11 4 2 1 1 3 3 2

TS12 4 3 2 2 1 1 3

TS13 5 1 2 3 1 3 2

TS14 5 2 3 1 2 1 3

TS15 5 3 1 2 3 2 1

TS16 6 1 3 2 3 1 2

TS17 6 2 1 3 1 2 3

TS18 6 3 2 1 2 3 1
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and minimum of the SN ratio on each factor. As a
result, the contribution ratio of each factor is obtained

from the ratio of R corresponding to each factor to
total R. Thus, the e�ect of each factor on the JF factor
of the slit ®n is enumerated as 39% for ®n pitch, 28%

for angle of slit pattern, 20% for slit length, 9% for
slit height among seven factors as presented in Table 5
and Fig. 7. The other factors have a tri¯ing e�ect on
the JF factor. Therefore, it is clear that the contri-

bution ratio of the factors such as the number of slits,
the number of slit divisions and the raised angle of the
slit is lower by 2%, however, the factors such as the

slit length, the angle of slit pattern, the slit height and
the ®n pitch have greatly in¯uenced the JF factor of a
heat exchanger. The contribution ratio of the ®n pitch

is the largest among the factors considered, and the
contribution of the other ratios are shown in the order

of the angle of slit pattern, the slit length, the slit
height, and so on. However, note that the present
results on the contribution ratio is limited to the e�ects

of the seven factors used in this study. Hence, to inves-
tigate the e�ects of factors other than those above, one
can repeat a similar procedure.

Fig. 8 shows the SN ratio of each factor to be con-
sidered in selecting the optimum condition. It means
that the largest SN ratio level of all the levels on each

factor has the best performance as mentioned above.
As far as the ®n pitch is concerned, 3.6 mm is the best.
Since the angle of slit pattern of 308/308 in the inlet/
outlet shows the largest SN ratio among all the levels,

it is clear that the JF factor has the maximum e�ect by
forming as many slits as possible within the maximum
allowable area. The formation of 308/08 is distinctly

lower when compared to that of 08/308. It is con®rmed
from these facts that the slits should be designed to
minimize the dead zone in the rear ¯ow. The slit height

is the best in the case of two-thirds of a ®n pitch. The
number of slits has the optimum condition at the 6
array group. Therefore, it is not good to recklessly

increase the number of slits for the purpose of maxi-
mizing the leading edge e�ect. The slit length at the
central section indicates the optimum condition at the
10 mm level. Although it is clear that a longer slit has

better performance, it depends on the manufacturing
technology. As far as the number of slit divisions is
concerned, it is applied to the most common method

that has a section to decrease the number of cases in
this study. The case of the 2 slit division shows a larger
SN ratio than that of the one without division, but

there is only a small di�erence between the two levels.
The raised angle of slit has the optimum value at 358,
but it does not greatly in¯uence overall performance.
As shown above, it is con®rmed that the factors re-

lated to the forming area of the slits and the turbu-
lence of ¯ow are very important parameters in the
design of the heat exchanger with the slit ®n.

Table 4

SN ratio on each experiment

Number of test Control factor SN ratio �Z�

G A B C D E F

1 2 3 4 5 6 7

TS1 1 1 1 1 1 1 1 17.13799

TS2 1 2 2 2 2 2 2 17.27338

TS3 1 3 3 3 3 3 3 18.34859

TS4 2 1 1 2 2 3 3 16.72726

TS5 2 2 2 3 3 1 1 17.98196

TS6 2 3 3 1 1 2 2 18.63592

TS7 3 1 2 1 3 2 3 17.21723

TS8 3 2 3 2 1 3 1 17.55372

TS9 3 3 1 3 2 1 2 17.30539

TS10 4 1 3 3 2 2 1 17.23327

TS11 4 2 1 1 3 3 2 18.39126

TS12 4 3 2 2 1 1 3 18.63518

TS13 5 1 2 3 1 3 2 16.78063

TS14 5 2 3 1 2 1 3 17.20862

TS15 5 3 1 2 3 2 1 17.92852

TS16 6 1 3 2 3 1 2 17.94397

TS17 6 2 1 3 1 2 3 17.99606

TS18 6 3 2 1 2 3 1 18.35967

Table 5

Factorial e�ect and contribution ratio

Level Control factor

G A B C D E F

SN ratio �Z� 1 17.44629 17.17339 17.58108 17.71638 17.87925 17.69785 17.69919

2 17.78171 17.73417 17.70801 17.67701 17.35127 17.71406 17.72176

3 17.35878 18.20221 17.82068 17.68882

4 18.09324

R �Zmax ÿ Zmin� 2.619 0.73446 1.02882 0.2396 0.03937 0.52798 0.01621 0.03294

Contribution ratio (%) 100 28.04 39.28 9.15 1.50 20.16 0.62 1.25
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3.2. Determination of the optimum condition

The optimum condition is obtained by a combi-
nation of levels showing the largest SN ratio in each

control factor as presented in Table 5. As a result, two

optimum conditions are especially selected in this work
as shown in Table 6. Actually, only one optimum con-

dition can be obtained using the present method, but a
second best optimum condition is considered in this

study, since the E factor has the smallest contribution

ratio among all the factors as shown in Table 5. Thus,
one original optimum condition (optimum condition 2)

is determined based on the Taguchi analysis method,

and a second best optimum condition (optimum con-
dition 1) is selected to eliminate the error of analysis

due to the small di�erence in the SN ratio between

two levels among all the factors, namely the SN ratio

of the number of slit divisions. These two optimum
conditions are G4A3B3C1D1E2F2 and G4A3B3C1-

D1E1F2, respectively.

3.3. Reproducibility by con®rmation test

The two test samples are designed by combining the
seven factors which are selected to be the optimum

conditions as described above, and we have performed
the con®rmation test using these two samples. This is
to con®rm the reproducibility of the obtained results.
These are divided into three methods.

The ®rst method judges the degree of agreement
between the presumed SN ratio for the optimum con-
dition and the SN ratio of con®rmation test results for

the optimum samples. The presumed SN ratio, Zpre, is

Fig. 7. Contribution ratio on each factor.

Fig. 8. SN ratio on each factor.
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calculated using the factors with a contribution ratio
of more than 10% among all factors as follows [6,7]:

Zpre � ZG4 � ZA3 � ZD1 ÿ �mÿ 1��Z

� 18:0932� 18:2022� 17:8793ÿ �3ÿ 1�

� 17:6866

� 18:8015 �17�

Here, the numerical values of ZG4, ZA3 and ZD1 are
taken from Table 5 and m indicates the number of

attentive factors. The SN ratio of the optimum con-
dition 2 obtained directly from the con®rmation test
was 18.4152. Thus, it is con®rmed that there is a repro-

ducibility in this condition, since this value is in good
agreement, within 2%, with the presumed value from
Eq. (17).
The second method is to compare directly the heat

transfer coe�cient and the pressure drop of the two
optimum conditions. Figs. 9 and 10 represent, respect-

ively, the heat transfer coe�cient and pressure drop of
the reference sample as shown in Fig. 2 and the two
kinds of optimum samples. The heat transfer coe�-

cient of optimum condition 1 is higher by 1.9% than
that of optimum condition 2 over the whole test range.
This is due to the fact that the turbulence e�ect is

more vivid by the slits at the central section of opti-
mum condition 1. The heat transfer coe�cient of opti-
mum condition 1 is lower by about 2.5% than that of
the reference ®n, known to have the best performance

among the existing ®ns over the whole test range; and
that of optimum condition 2 is lower by about 3.4%
than that of the reference ®n. These show approxi-

mately the same performance as the reference ®n
formed with the complicated patterns. The pressure
drop of optimum condition 1 is lower by about 20.5%

than that of the reference ®n over the whole test range,
and that of optimum condition 2 is lower by about
24.7% than that of the reference ®n. Hence, it is highly
probable to design a ®n with a relatively lower press-

ure drop under the same heat transfer coe�cient. The

Table 6

Optimum conditions from factorial e�ect analysisa

Angle of

pattern (8)
Fin pitch

(mm)

Slit height (mm) The number

of slits

Slit length (mm) The number of slit

division

Raised angle

of slit (8)

Optimum

condition 1

30/30 3.6 (1.2) 2/3Pf (0.8) 6 30 (10) 1 35

Optimum

condition 2

30/30 3.6 (1.2) 2/3Pf (0.8) 6 30 (10) 2 35

a Values in parentheses are dimensions of prototype model.

Fig. 9. Comparison of heat transfer coe�cients between opti-

mum ®ns and reference ®n.

Fig. 10. Comparison of pressure drop between optimum and

reference ®ns.
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reproducibility is also veri®ed by the direct comparison
above. Since the pressure drop of optimum condition 1
is higher by about 4.2% than that of optimum con-

dition 2 over the whole test range, it is believed that
one slit division like this has a small e�ect on the
pressure drop. As a result, when considering the heat

transfer and the pressure drop characteristics simul-
taneously, the optimum ®ns are superior to the refer-
ence ®n.
The last method is to con®rm the reproducibility by

direct comparison of the JF factor. Fig. 11 shows the
JF factor of the optimum ®ns with air velocity, where
that of the reference ®n is close to unity. The JF factor

of the optimum ®ns is considerably higher than that of
the reference ®n below the velocity of 0.55 m sÿ1,
which is equivalent to 1.65 m sÿ1 in the prototype. It

is thus demonstrated that they perform better at the
operating ranges of actual home air conditioners,
therefore, reproducibility is veri®ed by the above three
cases.

4. Conclusions

In this study, the e�ects of the various kinds of de-
sign parameters on heat transfer and ¯ow character-
istics of the heat exchanger with slit ®ns were

systematically analyzed using the Taguchi method. Our
conclusions from this study are as follows:

1. The order of magnitude of the e�ects of each factor

on the performance of the heat exchanger with slit
®ns are as follows: ®n pitch (39%), angle of slit pat-
tern (28%), slit length (20%), slit height (9%)

among the seven factors presented in this study. The
other factors have a contribution ratio of about

1%. The factors related to the slit forming area, es-
pecially, have a higher in¯uence on the performance

of the heat exchanger.
2. The optimum conditions of each factor are deter-

mined, and the reproducibility of these conditions

has been veri®ed by three analytical results. It is
noted that these show superior characteristics com-
pared to a reference ®n.

3. It is shown that the JF factor could be a proper
tool in the parametric study of a heat exchanger
and can be used for the development of a ®n with

better performance.
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