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Abstract

General heat transfer and friction correlations for louver _n geometry having round tube con_guration were proposed
in the present study[ A total of 38 samples of louvered _n!and!tube heat exchangers with di}erent geometrical parameters\
including louver pitch\ louver height\ longitudinal tube pitch\ transverse tube pitch\ tube diameter\ and _n pitch were
used to develop the correlations[ The proposed correlation describes 84[4) of the Coburn j and 89[7) of the friction
factors within 204)[ Þ 0887 Elsevier Science Ltd[ All rights reserved[
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Nomenclature

A area ðm1Ł
Ac minimum free!~ow area ðm1Ł
Af _n surface area ðm1Ł
Ao total surface area ðm1Ł
At external tube surface area ðm1Ł
C heat capacity rate ðW K−0Ł
C0\ C1\ C2\ C3 correlation parameters\ dimensionless
cp speci_c heat at constant pressure ðJ kg−0 K−0Ł
Dc _n collar outside diameter Do¦1df ðmmŁ
Di inside tube diameter ðmmŁ
Dh hydraulic diameter 3AcL:Ao ðmmŁ
Do outside diameter of round tube ðmmŁ
f friction factor\ dimensionless
Fp _n pitch ðmmŁ
F0\ F1\ F2\ F3\ F4\ F5\ F6\ F7\ F8 correlation
parameters\ dimensionless
Gc mass ~ux of the air based on the minimum ~ow area
ðkg m−1 s−0Ł
h heat transfer coe.cient ðW m−1 K−0Ł
j Nu:"RePr0:2#\ the Colburn factor\ dimensionless
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J0\ J1\ J2\ J3\ J4\ J5\ J6\ J7 correlation parameters\
dimensionless
k thermal conductivity ðW m−0 K−0Ł
Kc abrupt contraction pressure!loss coe.cient\ dimen!
sionless
Ke abrupt expansion pressure!loss coe.cient\ dimen!
sionless
Lh louver height ðmmŁ
Lp major louver pitch ðmmŁ
N number of longitudinal tube rows\ dimensionless
NTU UA:Cmin\ number of transfer units\ dimensionless
DP pressure drop ðPaŁ
Pl longitudinal tube pitch ðmmŁ
Pr Prandtl number dimensionless
Pt transverse tube pitch ðmmŁ
Qþ heat transfer rate ðWŁ
Qþmax Cmin"Twater\in−Tair\in#\ the maximum possible heat
transfer rate ðWŁ
r radius of the tube diameter\ including collar _n thick!
ness ðmmŁ
ReDc Reynolds number based on tube collar diameter\
dimensionless
Req equivalent radius for circular _n ðmmŁ
T temperature ð>CŁ
U overall heat transfer coe.cient ðW m−1 K−0Ł
V velocity ðm s−0Ł

XL z"Pt:1#1¦P1
l :1\ geometric parameter ðmmŁ
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XM Pt:1\ geometric parameter ðmmŁ[

Greek symbols
d thickness ðmmŁ
o Qþ:Qþmax\ heat exchanger e}ectiveness\ dimensionless
u louver angle\ degree
df _n thickness ðmmŁ
dw wall thickness ðmmŁ
h _n e.ciency\ dimensionless
h9 surface e.ciency\ dimensionless
m dynamic viscosity of ~uid ðkg m−0 s−0Ł
r mass density of ~uid ðkg m−2Ł
s contraction ratio of cross!sectional area\ dimen!
sionless[

Subscripts
air air side
i tube side
0 inlet
1 outlet
f _n surface
min minimum value
max maximum value
o total surface
w wall[

0[ Introduction

Finned tube heat exchangers are widely used in a
variety of applications such as air!conditioning\ refriger!
ation and in the process industry[ Generally\ the heat
exchangers consist of a plurality of spaced parallel tubes
through which a heat transfer medium such as water\ oil
or refrigerant is forced to ~ow while a second heat trans!
fer ~uid like air is directed across the tubes[ For most
practical applications\ airside thermal resistance is
roughly 4 to 09 times that of the refrigerant side[ Conse!
quently\ enhanced surfaces are often employed to e}ec!
tively improve the overall performance of the _n!and!
tube heat exchanger[ One of the very popular enhanced
surfaces is the interrupted surface[ This is because the
interrupted surfaces can provide higher average heat
transfer coe.cients owing to periodical renewal of the
development of boundary layer[ The most common inter!
rupted surfaces are o}set strip and louver _n[ The louv!
ered _n pattern is more bene_cial when produced in large
quantities since it can be manufactured by high!speed
production techniques[ There are a couple of variants of
louver _n heat exchangers as combined with the tubes[
For automotive application\ such as radiators\ con!
densers and evaporators\ the louver _ns are generally
brazed "or soldered\ mechanically expanded# to a ~at\
extruded tube\ with a cross section of several independent
passages\ and formed into a serpentine or a parallel ~ow

geometry "Fig[ 0a#[ For applications to residential air!
conditioning systems\ the _n!and!tube heat exchangers
are consisted of mechanically or hydraulically expanded
round tubes in a block of parallel continuous _ns as
indicated in Fig[ 0b[ During the past few decades\ there
had been numbers of experimental works devoted to the
louver _n geometry for Fig[ 0a con_guration[ Recently\
a general heat transfer correlation that compiled more
than 80 samples was reported by Chang and Wang ð0Ł[

Conversely\ for louver _n having round tube con!
_guration "Fig[ 0b#\ general design correlation for the
airside performance is not available[ This is because the
airside performances are usually considered proprietary[
There are several related investigations by Wang and
his co!workers ð1Ð5Ł who provided valuable information
about the louver _n pattern[ However\ their test results
were limited to speci_c louver _n patterns and an attempt
to construct a universal correlation based on the previous
published results is not yet accomplished[ Furthermore\
as pointed out by Wang et al[ ð2Ł\ the heat transfer and
friction characteristics of louver _n!and!tube heat
exchangers "Fig[ 0b# are quite di}erent from those of Fig[
0a[ This is because complex interactions between the _n
and round tube and variable length of louver are shown[
Therefore the main objective of this study is to construct
a generalized heat transfer and friction correlation based
on the previous investigations ð1Ð6Ł[

1[ The data bank

An attempt has been made to collect data from a wide
range of geometric dimensions[ However\ the airside per!
formance for enhanced surfaces is generally proprietary
for the industry and manufacturers[ As a result\ the data!
bank is based on the previous works by the present
authors ð1Ð6Ł[ In Table 0\ a complete list of various louver
_n has been given and the relevant geometric parameters
are shown[ Detailed description of the present louver _ns
and the terminology of louver _n is shown in Fig[ 1[
A total of 38 samples are used for the development of
correlations[ The data are from Wang et al[ ð2Ł "06
samples\ Fig[ 1\ Type I#\ Wang et al[ ð3Ł "03 samples\ Fig[
1\ Type 1#\ Wang et al[ ð4Ł "5 samples\ Fig[ 1\ Type III#\
Wang et al[ ð4Ł "3 samples\ Fig[ 0\ Type IV#\ Chi et al[ ð5Ł
"3 samples\ Fig[ 1\ Type V# and Wang ð6Ł "3 samples\ Fig[
1\ type VI#[ As shown in Fig[ 2\ the circuitry of the present
test samples are all pure cross!~ow con_guration[

2[ Data reduction of heat transfer coef_cient and

frictions factors

The detailed reduction method for the test data had
been described by several previous studies ð2Ð5Ł and will
not be repeated here[ The heat transfer coe.cients were
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"a#

"b#

Fig[ 0[ "a# Typical louver _n geometry with ~at tube con_guration[ "b# Typical louver _n geometry with round tube con_guration[

reduced using the oÐNTU methods[ It is noted that the
number of tube rows for the present test samples ranges
from 0 to 5[ In some of the previous investigations ð1Ð3Ł\
the authors used the relationships for cross ~ow having
both sides unmixed to reduce their heat transfer
coe.cients[ The corresponding oÐNTU relationship ð7Ł is

o � 0−exp ðNTU9[11 = "exp "−C� = NTU9[67#−0#:C�Ł

"0#

Equation "0# is an approximation of cross!~ow con!
_guration having in_nite numbers of tube rows[ Typical
louvered _n!and!tube heat exchangers generally consist

of less than six rows\ therefore the e}ect of the number
of tube rows should be taken into account "N is _nite#[
The corresponding oÐNTU relationships\ taking from the
ESDU ð8Ł\ for 0Ð3 row con_guration are tabulated in
Table 1[ For a number of tube rows greater than 3\ ESDU
ð8Ł suggests an unmixed:unmixed ~ow arrangement hav!
ing N � � as the approximation\ i[e[ equation "0#[ Figure
3 shows a plot of o vs NTU for C� � 9[3 and 0[9[ As seen
in the _gure\ the approximation by equation "0# gives
very good agreement with those of N � �[ For NTU ³ 1
and N × 0\ the di}erences in e}ectiveness are negligible[
However\ for NTU × 2\ the e}ectiveness for N � �
exceeds N � 0 by more than 9[0[ Therefore unacceptable
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Table 0
Geometric dimensions of the sample louver _n heat exchangers

Fin pitch Louver height Major louver pitch
No[ Type ðmmŁ Dc ðmmŁ Pt ðmmŁ Pl ðmmŁ ðmmŁ ðmmŁ Row no[

0 I 0[49 09[31 14[3 08[94 0[3 1[3 0
1 I 1[94 09[31 14[3 08[94 0[3 1[3 0
2 I 0[49 09[31 14[3 08[94 0[3 1[3 1
3 I 1[94 09[31 14[3 08[94 0[3 1[3 1
4 I 0[29 09[31 14[3 08[94 0[3 1[3 2
5 I 0[70 09[31 14[3 08[94 0[3 1[3 2
6 I 0[18 09[31 14[3 08[94 0[3 1[3 3
7 I 0[38 09[31 14[3 08[94 0[3 1[3 3
8 I 0[68 09[31 14[3 08[94 0[3 1[3 3

09 I 1[97 09[31 14[3 08[94 0[3 1[3 3
00 I 0[40 09[31 14[3 08[94 0[3 1[3 5
01 I 1[96 09[31 14[3 08[94 0[3 1[3 5
02 I 0[49 7[60 14[3 08[94 0[3 1[3 0
03 I 1[96 7[60 14[3 08[94 0[3 1[3 0
04 I 0[41 7[60 14[3 08[94 0[3 1[3 1
05 I 1[97 7[60 14[3 08[94 0[3 1[3 1
06 I 0[42 7[60 14[3 08[94 0[3 1[3 3
07 II 0[49 09[31 14[3 08[94 9[8 2[64 0
08 II 1[94 09[31 14[3 08[94 9[8 2[64 0
19 II 0[41 09[31 14[3 08[94 9[8 2[64 1
10 II 1[95 09[31 14[3 08[94 9[8 2[64 1
11 II 0[42 09[31 14[3 08[94 9[8 2[64 3
12 II 1[95 09[31 14[3 08[94 9[8 2[64 3
13 II 0[40 09[31 14[3 08[94 9[8 2[64 5
14 II 1[97 09[31 14[3 08[94 9[8 2[64 5
15 II 0[40 7[60 14[3 08[94 9[8 2[64 0
16 II 1[98 7[60 14[3 08[94 9[8 2[64 0
17 II 0[40 7[60 14[3 08[94 9[8 2[64 1
18 II 1[98 7[60 14[3 08[94 9[8 2[64 1
29 II 0[40 7[60 14[3 08[94 9[8 2[64 3
20 II 1[09 7[60 14[3 08[94 9[8 2[64 3
21 III 0[10 09[22 14[3 08[94 0[96 1[24 0
22 III 0[71 09[22 14[3 08[94 0[96 1[24 0
23 III 1[38 09[22 14[3 08[94 0[96 1[24 0
24 III 0[10 09[22 14[3 08[94 0[96 1[24 1
25 III 0[67 09[22 14[3 08[94 0[96 1[24 1
26 III 1[31 09[22 14[3 08[94 0[96 1[24 1
27 IV 0[10 09[22 14[3 11 0[96 1 0
28 IV 1[36 09[22 14[3 11 0[96 1 0
39 IV 0[10 09[22 14[3 11 0[96 1 1
30 IV 1[38 09[22 14[3 11 0[96 1 1
31 V 0[55 6[42 10 01[6 9[68 0[6 1
32 V 0[11 6[42 10 01[6 9[68 0[6 1
33 V 0[62 6[42 10 01[6 9[68 0[6 3
34 V 0[11 6[42 10 01[6 9[68 0[6 3
35 VI 0[19 5[82 06[6 02[5 0[3 0[6 0
36 VI 0[88 5[82 06[6 02[5 0[3 0[6 0
37 VI 0[12 5[82 06[6 02[5 0[3 0[6 1
38 VI 0[87 5[82 06[6 02[5 0[3 0[6 1
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Fig[ 1[ Details of the present louver _n con_guration[
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Fig[ 2[ Schematic of the construction of test samples[
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Table 1
oÐNTU relationship for cross!~ow con_guration

Number of
tube row Side of Cmin Formula

0 Air o �
0

C�
ð0−e−C�"0−e−NTU#Ł

Tube o � 0−e−"0−e−NTU=C�#:C�

1 Air o �
0

C�
ð0−e−1KC�"0¦C�K1#Ł

K � 0−e−NTU:1

Tube o � 0−e−1K:C� 00¦
K1

C�1
K � 0−e−NTU=C�:1

2 Air o �
0

C�$0−e−2KC�00¦C�K1"2−K#¦
2"C�#1K3

1 1%
K � 0−e−NTU:2

Tube o � 0−e−2K:C�00¦
K1"2−K#

C�
¦

2K3

1"C�#11
K � 0−e−NTU=C�:2

3 Air o �
0

C�$0−e−3KC�00¦C�K1"5−3K¦K1#¦3"C�#1K3"1−K#¦
7"C�#2K5

2 1%
K � 0−e−NTU:3

Tube o � 0−e−3K:C�00¦
K1"5−3K¦K1#

C�
¦

3K3"1−K#

"C�#1
¦

7K5

2"C�#21
K � 0−e−NTU=C�:3

� * o � 0−eðNTU9[11
= "e"−C� = NTU9[67#−0#:C�Ł

Note] unmixedÐunmixed formula

results of reduced heat transfer coe.cients may occur
when applying equation "0# to reduce the heat transfer
coe.cients[ Fortunately\ the NTU values for previous
study having N � 0 are generally less than 1[9 which
corresponds to a maximum di}erence of 3) for the
reduced results of heat transfer coe.cients[ However\ for
consistency of data reduction\ we had re!reduced all the
test data based on the relationships of Table 1[ It should
be further emphasized here that the use of correct oÐ
NTU relationships should be carefully examined before
applying the present heat transfer correlation to size:rate
a heat exchanger[

For rating of a _n!and!tube heat exchanger using the
present heat transfer correlation\ the following pro!
cedures should be followed]

"0# Obtain the heat transfer coe.cients\ h9\ from the
present correlation[

"1# Calculate the _n e.ciency using the Schmidt approxi!
mation ð09Ł\

h �
tanh "mrf#

mrf
"1#

where

m �X1ho

kfdf

"2#

f � 0
Req

r
−01ð0¦9[24 ln "Req:r#Ł "3#

For staggered tube layout

Req

r
� 0[16

XM

r 0
XL

XM

−9[21
0:1

"4#

and for an inline layout\ or 0!row coil\

Req

r
� 0[17

XM

r 0
XL

XM

−9[11
0:1

"5#
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Fig[ 3[ The oÐNTU relationship accounting for the number of
tube rows[

"2# Calculate the surface e}ectiveness from the _n
e.ciency h\

ho � 0−
Af

Ao

"0−h# "6#

"3# Obtain the in!tube heat transfer coe.cients\ hi\ from
appropriate correlations[ For single!phase ~uid
within a smooth tube\ hi can be evaluated from the
Gnielinski ð00Ł semi!empirical correlation]

hi � 0
k
D1i

"Rei−0999#Pr" fi:1#

0¦01[6zfi:1"Pr1:2−0#
"7#

where

fi � "0[47 ln "Rei#−2[17#−1 "8#

Rei � rVDi:m "09#

"4# Calculate the overall heat transfer resistance from the
following relationship\

0
UA

�
0

hohoAo

¦
dw

kwAw

¦
0

hiAi

"00#

"5# Obtain the NTU from

NTU 0 UA:Cmin "01#

"6# Use the appropriate oÐNTU relationships to calculate

the e}ectiveness o according to the arrangement of
circuitry[ For a ~ow arrangement similar to Fig[ 1\
the relationships shown in Table 1 are applicable[

"7# Obtain the heat transfer rate by

Qþ � oQþmax "02#

The core friction of the heat exchanger is calculated
from the pressure drop equation proposed by Kays and
London ð01Ł[ The present Fanning friction factors had
included the entrance and exit pressure loss\ and are
expressed as below]

f �
Acr0

Aorm$
1DP

G1
cr0

−"0¦s1#0
r0

r1

−01% "03#

where A9 and Ac stand for the total surface area and the
~ow cross!sectional area\ respectively[ The term\ s\ is the
ratio of the minimum ~ow area to frontal area[

Notice that some of the previous investigations ð1Ð3Ł
had excluded the entrance and exit pressure loss
coe.cients in the Fanning friction factors\ i[e[

f �
Ac

Ao

rm

r0$
1r0DP

G1
c

−"Kc¦0−s1#−10
r0

r1

−01
¦"0−s1−Ke#

r0

r1% "04#

The entrance and exit loss coe.cients Kc and Ke are
adapted from Figs 03Ð15 of McQuiston and Parker ð7Ł[
However\ for the present con_guration\ periodic con!
traction and expansion may occur for each row[ As a
result\ it is di.cult to di}erentiate the form drag and _n
friction from the total pressure drop[ As a result\ the
friction factors were re!reduced using equation "03#[ It is
very important to note that equation "03# should be used
to calculate the friction factors when applying the pro!
posed friction correlation[

3[ Construction of the correlation

Figure 4 shows the distribution of j factor for all tests[
Note that the Reynolds number is based on the collar
diameter\ Dc[ As seen\ considerable scattering of airside
performance is observed owing to signi_cant di}erences
in the geometrical parameters for the louver _ns[ Fur!
thermore\ for louver _n having re!direction louver\
smaller _n pitch\ and larger number of tube row\ the
Coburn j factors experienced a {level!o}| phenomenon
at low Reynolds number[ This phenomenon had been
explained by several previous works ð2\ 02Ł[ More inter!
estingly\ Type II did not reveal this kind of phenomenon
ð3Ł[ Consequently\ it is appropriate to divide the range to
correlate the test data[

The test results for friction factors are shown in Fig[ 5[
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Fig[ 4[ The Coburn j factors vs ReDc for the present samples[

For ReDc � 5999\ the friction factors for Type IV are
approximately two times higher than those of Type II[
In general\ Type II louver _n shows the lowest airside
performance due to its smallest louver angle of 02[4>[

It is obvious from the Figs 4 and 5 that no single curve
can be expected to describe the complex behaviors of both
j and f factors[ In addition\ the {level!o}| phenomenon
for the Coburn j factors makes the problem even more
complicated[ Attempts are made to correlate the present
test results using a multiple regression technique[ The
basic forms of the correlations are]

j � C0ReC1
Dc "05#

f � C2ReC3
Dc "06#

It is assumed that the parameters of C0\ C1\ C2 and C3

depend on the physical dimensions of the heat exchanger[
A separate multiple linear regression was carried out to
determine the exponents\ C1 and C3 of the test data[ The
determinations of C0 and C2 are analogous to those of C1

and C3[ After a trial and error process\ the _nal equations
for the j factors are given as follows]

Fig[ 5[ Friction factors\ f\ vs ReDc for the present samples[

For ReDc ³ 0999

j � 03[2006ReJ0
Dc0

Fp

Dc1
J1

0
Lh

Lp1
J2

0
Fp

Pl1
J3

0
Pl

Pt1
−0[613

"07#

where

J0 � −9[880−9[09440
Pl

Pt1
2[0

loge0
Lh

Lp1 "08#

J1 � −9[6233¦1[09480
N9[44

loge"ReDc#−2[11 "19#

J2 � 9[973740
Pl

Pt1
−3[3

N−9[57 "10#

J3 � −9[0630 loge"N# "11#

For ReDc − 0999

j � 0[0262ReJ4
Dc0

Fp

Pl1
J5

0
Lh

Lp1
J6

0
Pl

Pt1
J7

"N#9[2434 "12#

where
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J4 � −9[5916¦9[914820
Pl

Dh1
9[41

"N#−9[4 loge0
Lh

Lp1 "13#

J5 � −9[3665¦9[396630
N9[6

loge"ReDc#−3[31 "14#

J6 � −9[475440
Fp

Dh1
1[2

0
Pl

Pt1
−0[5

N−9[54 "15#

J7 � 9[9703"loge"ReDc#−2# "16#

Dh �
3Ac

L
"17#

Notice that equation "07# is valid for ReDc ³ 0999\ and
equation "12# is applicable to ReDc − 0999[

The correlation of friction factor is given as]
For N � 0\

f � 9[99206ReF0
Dc0

Fp

Pl1
F1

0
Dh

Dc1
F2

0
Lh

Lp1
F3

0loge0
Ao

At11
−5[9372

"18#

F0 � 9[0580¦3[30070
Fp

Pl1
−9[2

0
Lh

Lp1
−1

0loge0
Pl

Pt110
Fp

Pt1
2

"29#

F1 � −1[5531−03[27980
0

loge"ReDc#1 "20#

F2 � −9[5705 loge0
Fp

Pl1 "21#

F3 � 5[35570
Fp

Pt1
0[6

loge0
Ao

At1 "22#

Table 2
Comparison of the proposed correlation with the experimental data

Deviation 209) 204) 219) 214) Mean deviation Average deviation

j 73[8) 84[4) 88[3) 88[5) 4[61) 9[16)
f 54[5) 89[7) 85[2) 87[6) 7[62) −9[44)

Average deviation �
0
M0s

M

0

jpred−jexp

jexp 1×099)[

Mean deviation �
0
M0s

M

0

=jpred−jexp=
jexp 1×099)[

M] number of data points[

N × 0

f � 9[95282ReF4
Dc0

Fp

Dc1
F5

0
Dh

Dc1
F6

0
Lh

Lp1
F7

×NF8"loge"ReDc#−3[9#−0[982 "23#

F4 � 9[0284−9[90900
Fp

Pl1
9[47

0
Lh

Lp1
−1

0loge0
Ao

At110
Pl

Pt1
0[8

"24#

F5 � −5[32560
0

loge"ReDc#1 "25#

F6 � 9[96080 loge"ReDc# "26#

F7 � −1[94740
Fp

Pt1
0[56

loge"ReDc# "27#

F8 � 9[09250loge0
Pl

Pt11 "28#

Figure 6 shows the comparisons of the experimental data
with equations "07# and "12#[ The present heat transfer
correlation can describe 84[4) of the j factors within
204) while the proposed friction correlation\ equations
"18# and "23# can correlate 89[7) of the test data within
204)[ Detailed comparisons of the proposed cor!
relations are tabulated in Table 2[ As seen\ the present
heat transfer correlation gives a mean deviation of 4[61)
whereas the proposed friction correlation shows a 7[62)
mean deviation[

4[ Conclusions

A generalized heat transfer and friction correlation for
louver _n geometry is proposed in the present study[ A
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Fig[ 6[ Comparisons of the present heat transfer and friction correlations with the experimental data[
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total of 38 _n!and!tube heat exchangers having louver
_ns are used in the regression analysis[ The proposed
heat transfer correlation can describe 84[4) of the test
data within 204) with a mean deviation of 4[61) while
the proposed friction correlation can describe 89[7) of
the results within 204) with a mean deviation of 7[62)[
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