PERGAMON

International Journal of Heat and Mass Transfer 42 (1999) 1945-1956

International Journal of

HEAT ..« MASS
TRANSFER

Heat transfer and friction correlation for compact louvered
fin-and-tube heat exchangers

C.-C. Wang**, C.-J. Lee®, C.-T. Chang"®, S.-P. Lin*

* Energy and Resources Laboratories, Industrial Technology Research Institute, Hsinchu, Taiwan, Republic of China
® Department of Mechanical Engineering, Yuan-Ze University, Chung Li, Taiwan, Republic of China

Received 25 December 1997; in final form 28 August 1998

Abstract

General heat transfer and friction correlations for louver fin geometry having round tube configuration were proposed
in the present study. A total of 49 samples of louvered fin-and-tube heat exchangers with different geometrical parameters,
including louver pitch, louver height, longitudinal tube pitch, transverse tube pitch, tube diameter, and fin pitch were
used to develop the correlations. The proposed correlation describes 95.5% of the Coburn j and 90.8% of the friction
factors within +15%. © 1998 Elsevier Science Ltd. All rights reserved.
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Nomenclature

A area [m?]

A, minimum free-flow area [m?]

A; fin surface area [m?]

A, total surface area [m?]

A, external tube surface area [m?]

C heat capacity rate [W K]

C,, C,, C;, C4 correlation parameters, dimensionless
specific heat at constant pressure [J kg=' K]

D, fin collar outside diameter D, + 2d; [mm]

D; inside tube diameter [mm]

Dy, hydraulic diameter 44.L/A, [mm]

D, outside diameter of round tube [mm]

[ friction factor, dimensionless

Fp fin pitch [mm]

Fl, F2, F3, F4, F5, F6, FI1, F8, F9 correlation

parameters, dimensionless

G. mass flux of the air based on the minimum flow area

[kgm~2s1]

h  heat transfer coefficient [W m 2 K~']

j  Nu/(RePr'?), the Colburn factor, dimensionless

o

P

c
i
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J1, J2, J3, J4, J5, J6, J1, J8 correlation parameters,
dimensionless

k thermal conductivity [W m~' K]

K. abrupt contraction pressure-loss coefficient, dimen-
sionless

K. abrupt expansion pressure-loss coefficient, dimen-
sionless

L, louver height [mm]

L, major louver pitch [mm]

N number of longitudinal tube rows, dimensionless
NTU UA/C,,;,, number of transfer units, dimensionless
AP pressure drop [Pa]

P, longitudinal tube pitch [mm]

Pr  Prandtl number dimensionless

P, transverse tube pitch [mm]

O heat transfer rate [W]

Qn];lx Crin( Twaterin— Tairin), the maximum possible heat
transfer rate [W]

r radius of the tube diameter, including collar fin thick-
ness [mm]

Rep.  Reynolds number based on tube collar diameter,
dimensionless

R., equivalent radius for circular fin [mm]

T temperature [°C]

U overall heat transfer coefficient [W m =2 K™

V' velocity [ms™']

X, J/(PJ2)*+ P}/2, geometric parameter [mm)]
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Xy P2, geometric parameter [mm].

Greek symbols

0 thickness [mm]

& /O heat exchanger effectiveness, dimensionless
0 louver angle, degree

o¢ fin thickness [mm]

0, wall thickness [mm]

n fin efficiency, dimensionless

no surface efficiency, dimensionless

u dynamic viscosity of fluid [kg m~"s™']

p mass density of fluid [kg m 7]

o contraction ratio of cross-sectional area, dimen-
sionless.

Subscripts

air  air side

i tube side

1 inlet

2 outlet

f fin surface

min minimum value
max maximum value
o total surface

w  wall.

1. 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 flow while a second heat trans-
fer fluid like air is directed across the tubes. For most
practical applications, airside thermal resistance is
roughly 5 to 10 times that of the refrigerant side. Conse-
quently, enhanced surfaces are often employed to effec-
tively improve the overall performance of the fin-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 coeflicients owing to periodical renewal of the
development of boundary layer. The most common inter-
rupted surfaces are offset strip and louver fin. The louv-
ered fin pattern is more beneficial when produced in large
quantities since it can be manufactured by high-speed
production techniques. There are a couple of variants of
louver fin heat exchangers as combined with the tubes.
For automotive application, such as radiators, con-
densers and evaporators, the louver fins are generally
brazed (or soldered, mechanically expanded) to a flat,
extruded tube, with a cross section of several independent
passages, and formed into a serpentine or a parallel flow

geometry (Fig. la). For applications to residential air-
conditioning systems, the fin-and-tube heat exchangers
are consisted of mechanically or hydraulically expanded
round tubes in a block of parallel continuous fins as
indicated in Fig. 1b. During the past few decades, there
had been numbers of experimental works devoted to the
louver fin geometry for Fig. la configuration. Recently,
a general heat transfer correlation that compiled more
than 91 samples was reported by Chang and Wang [1].

Conversely, for louver fin having round tube con-
figuration (Fig. 1b), 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 [2—-6] who provided valuable information
about the louver fin pattern. However, their test results
were limited to specific louver fin 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. [3], the heat transfer and
friction characteristics of louver fin-and-tube heat
exchangers (Fig. 1b) are quite different from those of Fig.
la. This is because complex interactions between the fin
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 [2—7].

2. 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 [2-7]. In Table 1, a complete list of various louver
fin has been given and the relevant geometric parameters
are shown. Detailed description of the present louver fins
and the terminology of louver fin is shown in Fig. 2.
A total of 49 samples are used for the development of
correlations. The data are from Wang et al. [3] (17
samples, Fig. 2, Type I), Wang et al. [4] (14 samples, Fig.
2, Type 2), Wang et al. [5] (6 samples, Fig. 2, Type III),
Wang et al. [5] (4 samples, Fig. 1, Type IV), Chi et al. [6]
(4 samples, Fig. 2, Type V) and Wang [7] (4 samples, Fig.
2, type VI). As shown in Fig. 3, the circuitry of the present
test samples are all pure cross-flow configuration.

3. Data reduction of heat transfer coefficient and
frictions factors

The detailed reduction method for the test data had
been described by several previous studies [3—6] and will
not be repeated here. The heat transfer coefficients were
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(@) Flat tube Louver

Flat tube

Louver

Z
Z
Z
Z
/ Louvered plate fin
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Air flow  Corrguated
louver fin
(b) Louver

Round

Fig. 1. (a) Typical louver fin geometry with flat tube configuration. (b) Typical louver fin geometry with round tube configuration.

reduced using the e~ NTU methods. It is noted that the
number of tube rows for the present test samples ranges
from 1 to 6. In some of the previous investigations [2—4],
the authors used the relationships for cross flow having
both sides unmixed to reduce their heat transfer
coefficients. The corresponding e-NT7U relationship [8] is

&= 1—exp[NTU"?*-{exp(—C*- NTU""*)—1}/C*]
(1

Equation (1) is an approximation of cross-flow con-
figuration having infinite numbers of tube rows. Typical
louvered fin-and-tube heat exchangers generally consist

of less than six rows, therefore the effect of the number
of tube rows should be taken into account (N is finite).
The corresponding e~-NTU relationships, taking from the
ESDU [9], for 1-4 row configuration are tabulated in
Table 2. For a number of tube rows greater than 4, ESDU
[9] suggests an unmixed/unmixed flow arrangement hav-
ing N = oo as the approximation, i.e. equation (1). Figure
4 shows a plot of ¢ vs NTU for C* = 0.4 and 1.0. As seen
in the figure, the approximation by equation (1) gives
very good agreement with those of N = c0. For NTU < 2
and N > 1, the differences in effectiveness are negligible.
However, for NTU > 3, the effectiveness for N = o
exceeds N = 1 by more than 0.1. Therefore unacceptable
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Table 1

Geometric dimensions of the sample louver fin heat exchangers
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Fin pitch Louver height Major louver pitch
No. Type [mm] D, [mm] P, [mm] P, [mm] [mm] [mm] Row no.
1 I 1.50 10.42 25.4 19.05 1.4 2.4 1
2 1 2.05 10.42 25.4 19.05 1.4 2.4 1
3 1 1.50 10.42 25.4 19.05 1.4 2.4 2
4 1 2.05 10.42 25.4 19.05 1.4 2.4 2
5 1 1.30 10.42 25.4 19.05 1.4 2.4 3
6 1 1.81 10.42 25.4 19.05 1.4 2.4 3
7 1 1.29 10.42 25.4 19.05 1.4 2.4 4
8 1 1.49 10.42 25.4 19.05 1.4 2.4 4
9 1 1.79 10.42 25.4 19.05 1.4 2.4 4
10 I 2.08 10.42 25.4 19.05 1.4 2.4 4
11 1 1.51 10.42 25.4 19.05 1.4 2.4 6
12 I 2.07 10.42 25.4 19.05 1.4 2.4 6
13 1 1.50 8.71 25.4 19.05 1.4 2.4 1
14 I 2.07 8.71 25.4 19.05 1.4 2.4 1
15 1 1.52 8.71 25.4 19.05 1.4 2.4 2
16 I 2.08 8.71 25.4 19.05 1.4 2.4 2
17 1 1.53 8.71 25.4 19.05 1.4 2.4 4
18 11 1.50 10.42 25.4 19.05 0.9 3.75 1
19 11 2.05 10.42 25.4 19.05 0.9 3.75 1
20 11 1.52 10.42 25.4 19.05 0.9 3.75 2
21 11 2.06 10.42 25.4 19.05 0.9 3.75 2
22 11 1.53 10.42 25.4 19.05 0.9 3.75 4
23 11 2.06 10.42 25.4 19.05 0.9 3.75 4
24 11 1.51 10.42 25.4 19.05 0.9 3.75 6
25 11 2.08 10.42 25.4 19.05 0.9 3.75 6
26 11 1.51 8.71 25.4 19.05 0.9 3.75 1
27 11 2.09 8.71 25.4 19.05 0.9 3.75 1
28 11 1.51 8.71 25.4 19.05 0.9 3.75 2
29 11 2.09 8.71 25.4 19.05 0.9 3.75 2
30 11 1.51 8.71 25.4 19.05 0.9 3.75 4
31 11 2.10 8.71 25.4 19.05 0.9 3.75 4
32 111 1.21 10.33 25.4 19.05 1.07 2.35 1
33 111 1.82 10.33 25.4 19.05 1.07 2.35 1
34 111 2.49 10.33 25.4 19.05 1.07 2.35 1
35 111 1.21 10.33 25.4 19.05 1.07 2.35 2
36 111 1.78 10.33 25.4 19.05 1.07 2.35 2
37 111 2.42 10.33 25.4 19.05 1.07 2.35 2
38 v 1.21 10.33 25.4 22 1.07 2 1
39 v 2.47 10.33 254 22 1.07 2 1
40 v 1.21 10.33 254 22 1.07 2 2
41 v 2.49 10.33 25.4 22 1.07 2 2
42 v 1.66 7.53 21 12.7 0.79 1.7 2
43 \Y 1.22 7.53 21 12.7 0.79 1.7 2
44 v 1.73 7.53 21 12.7 0.79 1.7 4
45 \Y 1.22 7.53 21 12.7 0.79 1.7 4
46 VI 1.20 6.93 17.7 13.6 1.4 1.7 1
47 VI 1.99 6.93 17.7 13.6 1.4 1.7 1
48 V1 1.23 6.93 17.7 13.6 1.4 1.7 2
49 VI 1.98 6.93 17.7 13.6 1.4 1.7 2
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Table 2
e~NTU relationship for cross-flow configuration
Number of
tube row Side of C,,;n Formula
1 . NTU
1 Air s=a[l—e’p“’e ]
Tube g=1—g "
1 .
2 Air e= ol —e U+ C R
K=1—e NTU2
KZ
Tube £= 1—e’“‘"‘“<1 + E)
K= ]_e Nrvcp
, 1 o 3(C*)2K?
3 Air s:a[lfe ke <1+C*K2(37K)+f
K=1—eNTUB
. K*(3— 3K*
Tube e=1—e ¢ l+7( K)+7
ey
K — 1 _e—NTU‘(“‘S
1 . 8(C*)’K®
4 Air ¢ = 5[1 —em4KC (1 + C*K2(6— 4K + K?) +4(C*)2K* (2 — K) + %)]
K=1—e NTUA
o K*(6—4K+K*) 4K*'Q2— 8K°
Tube e=1—e*NC <1+ ( *+ )+ ( 7K)+ )
¢ (c*)* 3(cHy?
K=1—e NTUC4
0 o e=1 _e[A'TU’ 2. fe(—C*- NTU" ) —1}/C¥]
Note: unmixed—unmixed formula
results of reduced heat transfer coefficients may occur _ tanh (mr¢) )
when applying equation (1) to reduce the heat transfer = e )
coefficients. Fortunately, the NTU values for previous
study having N =1 are generally less than 2.0 which where
corresponds to a maximum difference of 4% for the
reduced results of heat transfer coefficients. However, for m= 2h, 3)
consistency of data reduction, we had re-reduced all the k¢
test data based on the relationships of Table 2. It should R
be further emphasized here that the use of correct & ¢ = <j 71>[1+0.351n (Reg/M] “4)
NTU relationships should be carefully examined before d
applying the present heat transfer correlation to size/rate For staggered tube layout
a heat exchanger.
For rating of a fin-and-tube heat exchanger using the R X /X 1/2
. . eq M L
present heat transfer correlation, the following pro- - =127 7<7 —0-3> (5)
cedures should be followed: M
(1) Obtain the heat transfer coefficients, A, from the and for an inline layout, or 1-row coil,
present correlation. R Yol X s
(2) Calculate the fin efficiency using the Schmidt approxi- e 1.28 7’”(# — 0,2) (6)
r

mation [10],

r \ Xy
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mm— Approximation

0.4 ! L Il L I I
1 10
NTU

Fig. 4. The ¢-NTU relationship accounting for the number of
tube rows.

(3) Calculate the surface effectiveness from the fin
efficiency 7,

o
Mo =1—"7(1=n) ™

(4) Obtain the in-tube heat transfer coefficients, /;, from
appropriate correlations. For single-phase fluid
within a smooth tube, /; can be evaluated from the
Gnielinski [11] semi-empirical correlation:

b= (E) (Re;— 1000) Pr( f;/2) ®)
D1+ 12.7/f/2(Pr7 —1)

where

fi=(1.581n(Re)—3.28)"? )

Re; = pVD,/u (10)

(5) Calculate the overall heat transfer resistance from the
following relationship,

L N (11)
UA ™ nohoA, koA, ' hid,

(6) Obtain the NTU from
NTU = UA/Cp, (12)

(7) Use the appropriate e~NTU relationships to calculate

the effectiveness ¢ according to the arrangement of

circuitry. For a flow arrangement similar to Fig. 2,

the relationships shown in Table 2 are applicable.
(8) Obtain the heat transfer rate by

The core friction of the heat exchanger is calculated
from the pressure drop equation proposed by Kays and
London [12]. The present Fanning friction factors had
included the entrance and exit pressure loss, and are
expressed as below:

_f:M[M—Pf(I—I—oZ)(&flﬂ (14)

Aoprm Gfpl P2
where A4, and A, stand for the total surface area and the
flow cross-sectional area, respectively. The term, g, is the
ratio of the minimum flow area to frontal area.

Notice that some of the previous investigations [2—4]
had excluded the entrance and exit pressure loss

coefficients in the Fanning friction factors, i.e.

A. pu[ 20,AP
_f—i@[p‘— (KC+1762)72<&71>

_Aopl GC2 a

P2
2 P1
1—0"—K)—
+(1—-0o KL)/JJ (15

The entrance and exit loss coefficients K, and K, are
adapted from Figs 14-26 of McQuiston and Parker [8].
However, for the present configuration, periodic con-
traction and expansion may occur for each row. As a
result, it is difficult to differentiate the form drag and fin
friction from the total pressure drop. As a result, the
friction factors were re-reduced using equation (14). It is
very important to note that equation (14) should be used
to calculate the friction factors when applying the pro-
posed friction correlation.

4. Construction of the correlation

Figure 5 shows the distribution of j factor for all tests.
Note that the Reynolds number is based on the collar
diameter, D.. As seen, considerable scattering of airside
performance is observed owing to significant differences
in the geometrical parameters for the louver fins. Fur-
thermore, for louver fin having re-direction louver,
smaller fin pitch, and larger number of tube row, the
Coburn j factors experienced a ‘level-off’ phenomenon
at low Reynolds number. This phenomenon had been
explained by several previous works [3, 13]. More inter-
estingly, Type II did not reveal this kind of phenomenon
[4]. Consequently, it is appropriate to divide the range to
correlate the test data.

The test results for friction factors are shown in Fig. 6.
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Fig. 5. The Coburn j factors vs Rep, for the present samples.

For Rep, = 6000, the friction factors for Type IV are
approximately two times higher than those of Type II.
In general, Type II louver fin shows the lowest airside
performance due to its smallest louver angle of 13.5°.

It is obvious from the Figs 5 and 6 that no single curve
can be expected to describe the complex behaviors of both
j and f factors. In addition, the ‘level-off’ 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=CiRep; (16)
f'= CsReb )

It is assumed that the parameters of C,, C,, C; and C,
depend on the physical dimensions of the heat exchanger.
A separate multiple linear regression was carried out to
determine the exponents, C, and C, of the test data. The
determinations of C, and C; are analogous to those of C,
and C,. After a trial and error process, the final equations
for the j factors are given as follows:

0

10

1953

[oX Jo) Nul 3
“«
o
o
<

10 .

ReDc

Fig. 6. Friction factors, f, vs Rep, for the present samples.

For Rep, < 1000

FN? (LN (FN* P\ 7
. J1[ P il - -
j= 14.3117ReDC<DC> <LP> <P1> <Pl>

where

Py 3! Ly
1=-0.991-0.1 — 1 —
J 0.991—-0 055<P[> Ogc<L

P

N().55
2=—0.7344+2.1 —
J. 0.7344 + 059(10& Red— 3'2>

P —4.4
J3 = 0.08485(?) N-0-68

t

J4 = —0.1741 log(N)
For Rep, > 1000

F J6 L J7 P Js
= 1.1373ReS( =2 (22) (& 0.3545
J eDc( P]> ( L P, (N)

where

(18)

(19)

(20)

e2))

(22)

(23)
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Pl 0.52 Cos Lh
J5 = —0.6027+0.02593(—) (N)~“log =) (24
D, L,
7
J6 = 70.4776+0.40774<m> (25)
Fp 2.3 Pl —1.6 Coes
JT = 70.58655<5h> <F1 N (26)
J8 = 0.0814(log.(Rep,) —3) Q7
44,
Dy =— (28)

Notice that equation (18) is valid for Rep. < 1000, and
equation (23) is applicable to Rep, = 1000.

The correlation of friction factor is given as:
For N =1,

F F2 D F3 L F4 A —6.0483
=0. 1 Flf 2P Zh ~h 1 o
f=0.003 7ReD‘<Pl> <Dc> <Lp og. 4,

(29)
F1= 01691144118 72) (E) (1o PV Y
=0. +4. P, Lp og. P, P,
(30)
= —2.6642—14.3809<m> 31)
FP
F3 = —0.6816log > (32)
Py
Fp 1.7 Ao
F4 = 6.4668<E> loge<z> (33)

Table 3
Comparison of the proposed correlation with the experimental data

C.-C. Wang et al./Int. J. Heat Mass Transfer 42 (1999) 1945-1956

N>1

F F6 Dh F7 Lh F8
T F5[ Z P —a —n
f= 0'06393R6D°<DC> (Dc> (L,,)

x N™(log(Repo) —4.0)" %% (34)

ENOS8 /1, \ 2 A P\’
F5=0.1395 0.0101<Pl> (Lp> <loge<Al>><pl>

(3%5)
1
F6 = —6.4367<710ge ( ReDC)> (36)
F7 = 0.07191 log.(Rep.) (37)
F 1.67
F8 = —2.0585<F‘°> log.(Repy) (38)
t
P
F9 = 0.1036<logc<F‘>> (39)
t

Figure 7 shows the comparisons of the experimental data
with equations (18) and (23). The present heat transfer
correlation can describe 95.5% of the j factors within
+ 15% while the proposed friction correlation, equations
(29) and (34) can correlate 90.8% of the test data within
+15%. Detailed comparisons of the proposed cor-
relations are tabulated in Table 3. As seen, the present
heat transfer correlation gives a mean deviation of 5.72%
whereas the proposed friction correlation shows a 8.73%
mean deviation.

5. Conclusions

A generalized heat transfer and friction correlation for
louver fin geometry is proposed in the present study. A

Deviation +10% +15% +20% +25% Mean deviation Average deviation
j 84.9% 95.5% 99.4% 99.6% 5.72% 0.27%
f 65.6% 90.8% 96.3% 98.7% 8.73% —0.55%
Average deviation = L im x 100%

. M7 e ‘

- L (& Vprea—Ji |>
Mean deviation = —{ Y 25— ) % 100%.
M (le Jexp ’

M: number of data points.
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Fig. 7. Comparisons of the present heat transfer and friction correlations with the experimental data.
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total of 49 fin-and-tube heat exchangers having louver
fins are used in the regression analysis. The proposed
heat transfer correlation can describe 95.5% of the test
data within 4+ 15% with a mean deviation of 5.72% while
the proposed friction correlation can describe 90.8% of
the results within 4 15% with a mean deviation of 8.73%.
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