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Abstract

Experimental study on the airside performance of compact slit fin-and-tube heat exchangers was carried out. Test
results indicated the airside performance for compact slit fin geometry is relatively independent of the number of tube
row and fin pitch. The results are quite different from previous studies concerning the slit fin geometry. This may be
attributable to a smaller slit breadth of this study. Test results of the present slit fin were compared with louver fin
and plain fin using various comparison methods. In all cases, the relevant airside performance of the interrupted
surfaces (including louver and slit) is superior to that of plain fin surface. However, it should be pointed out that the
associated superiority may decrease with decreasing fin pitch and Reynolds number. An updated correlation of
the airside performance for the slit fin geometry describing 56 test samples is proposed. The mean deviation of the
proposed heat transfer correlation is 7.26% and is 7.18% for frictional correlation. © 2001 Elsevier Science Ltd. All

rights reserved.

1. Introduction

For an air-cooled heat exchanger, the dominant
thermal resistance is usually on the air side. Therefore,
to effectively reduce the airside resistance for saving
energy and resources, manufacturers of heat exchangers
seek to enhance the airside performance. This includes
the use of smaller heat transfer tube, smaller transverse
tube pitch, and smaller longitudinal tube pitch. Benefits
of using smaller diameter tubes includes smaller form
drag caused by the tube, higher heat transfer coefficients
due to smaller hydraulic diameter, and less refrigerant
inventory into the system. In this connection, the tube
size for the residential air-conditioning system shows a
substantial decrease in recent years from 9.52, 7.94, to
7 mm. Furthermore, enhanced surfaces like wavy, slit
and louver are usually accompanied with the reduction
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of tube size for better overall performance. This eventu-
ally introduces a very effective and compact heat ex-
changers. The most frequent interrupted surfaces take the
form as louver and slit fin surfaces as depicted in Fig. 1.

Performance data of the fin-and-tube heat exchangers
is very important for accurate design. However, airside
performance is usually considered proprietary. Recently,
a thorough review of the recent progress about the airside
performance was summarized by Wang [1]. For louver
fin geometry, Wang et al. [2] had proposed a generalized
airside correlation based on their extensive test data. In
comparison with the louver fin geometry, test results
of slit fin geometry are comparatively fewer. The only
papers related to this subject were by Nakayama and Xu
[3], Wang et al. [4] and Du and Wang [5]. However, it
seems that the previous studies were mainly focused on
larger tube diameter and larger longitudinal and trans-
verse tube pitch. In addition, detailed comparisons of the
slit fin geometry to other fin patterns were not made. As a
consequence, the objective of this is to report new
experimental data related to 7-mm slit geometry and
relevant comparisons with other fin geometry.
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PII: S0017-9310(01)00011-4



3566 C.-C. Wang et al. | International Journal of Heat and Mass Transfer 44 (2001) 3565-3573

Nomenclature

A minimum flow area, (m?)

A relative frontal area

A, total surface area, (m?)

Cp specific heat, (J kg! K)

D, fin collar outside diameter, (m)

d,Dy hydraulic diameter, 44.L/A,, (m)

E friction power expended per unit of
surface area, (W m™2)

f friction factor, dimensionless

1,2, 13, correlation parameter

f4,15,16

F, fin pitch, (m)

F, fin spacing, (m)

G. mass flux based on minimum flow
area, (kgm2s7")

g conversion factor, 1 kg m N g2

h heat transfer coefficient, (W m=2 K1)

j Nu/RePr'/3, the Colburn factor, di-
mensionless

jl,j2,j3,j4, correlation parameter

j5,j6,j7

L depth of the heat exchanger, (m)

S, number of slits in an enhanced zone,
dimensionless

N number of longitudinal tube rows,
dimensionless

Nu Nusselt number, dimensionless

P; relative pumping power

P longitudinal tube pitch, (m)

P, transverse tube pitch, (m)

Pr Prandtl number, dimensionless

Repy, Reynolds number based on
hydraulic diameter, G.Dy/ i,
dimensionless

Rep. Reynolds number based on tube collar
diameter, G.D./ 1., dimensionless

Sh height of slit, (m)

Ss breadth of a slit in the direction of
airflow, (m)

Sw width of slit, (m)

v relative volume

Or fin thickness, (m)

p ratio of total transfer area on one side
of the exchanger to total volume of the
exchanger, 4a/Dy,, (m™!)

a contraction ratio of the fin array,
dimensionless

u dynamic viscosity of fluid, (N s m~2)

0 mass density of fluid, (kg m™)

o surface efficiency

2. Experimental apparatus and reduction methods

In this study, a total of six samples of fin-and-tube
heat exchangers having slit geometry was investigated in
the present study (D, = 7.6 mm, P, =21 mm, A = 12.7
mm). Their related geometric parameters are tabulated
in Table 1. For comparison purpose, related geometries
of previous investigators are also included. Detailed di-
mensions of the slit fin patterns are illustrated in Fig.
1(a). The present fin possesses an offset slit geometry.

For the sake of simplicity, detailed description of the
test facility and the related reduction method of the heat
transfer performance are omitted, one can find the as-
sociated details from previous investigations [6,7]. Tests
were performed in fully dry test conditions. Uncertain-
ties of the Colburn j factor and friction factor f were
estimated, by the method suggested by Moffat [§],
ranging from 2.2% to 13.1% for the j factors, and 3.0—
16.6% for f. The highest uncertainties were associated
with lowest Reynolds number.

3. Results and discussion

Fig. 2 shows the test results for the present compact
slit fin geometry. The number of tube rows are 1, 2 and

3. The fin pitches are approximate 1.2 and 1.8 mm. As
shown in the figure, influence of the number of tube row
on the friction factors are relatively small. This
phenomenon is observed for most highly interrupted
surfaces. Basic heat transfer characteristics of the pre-
sent fin geometry in conjunction with the effect of the
tube row are summarized as follows:

1. For Rep. < 1000, higher heat transfer performance is
seen for N = 1 in comparison with multiple number
of tube row. However, one can see that the character-
istics is reversed when Rep. > 1000. The heat transfer
performance for N = 1 is slightly lower than those of
having multiple rows and the difference increases with
increase of the Reynolds number. Apparently, this is
due to the additional vortex shedding caused by the
blockage of the tube row.

2. For dense fin pitches like F, = 1.2 mm at Rep. <
1000, the heat transfer performance drops very
sharply with the number of tube row. The results
can be interpreted from the observations by Moc-
hizuki et al. [9] who reported steady laminar flow
patterns prevailed throughout the core for offset slit
geometry at low Reynolds number region. This im-
plies that the heat transfer performances may dete-
riorate significantly as the depth of the core is
increased.
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Fig. 1. Details of the present slit fin geometry and related terminology of the slit fin geometry. (a) Present slit fin; (b) lower fin;

(c) definition of slit fin.

3. For multiple row configuration (N > 1), the effect of
the number of tube row is very small when
Rep. > 1000. Observations of Fig. 2 reveal that the
effect of tube row and the fin pitch on the heat trans-
fer performance is almost negligible. Again, this phe-
nomenon can be explained from those observations
by Mochizuki et al. [9]. They reported that as the
Reynolds number reached a significantly high value,
the turbulent intensity became nearly uniform
throughout the core. This phenomenon is especially
pronounced for offset slit fin geometry having smaller
fin length.

Based on the present test results and those reported
by previous investigators [3-5], an updated correlation
for the airside performance is proposed. Regression was
performed for a total 56 samples of slit fin-and-tube heat
exchangers. The data bank contains approximately 530
data points. The proposed correlations for the Coburn j
factors and Fanning friction factors f are given as fol-
lows:

0.9047Re, (& )ﬂ (2 ' () 00305 0 072
for N > 2 and Rep. < 700,

) s 6 (1
j = 1.0691Re} <i)’ CA

De\ De Sh

for N =1,2 or N > 2 and Rep. > 700,

_ m Fs 2PN s\ £5/@ \/6
f_1.201ReDC(D—C> <—) (ST]) (N)2(S)7, (2)

V&l

where
1= 02555~ 20312 ae7n (3)

(Fs/De)

P2
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. £
73 =0.2405 — 0.003 Re + 5.5349 o) (5)
. P
j4=—-0.535+0.017 ) 0.0107N, (6)

N N N
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/ * ReDc nReDc * ReDc7
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76 = 0.2646 + 09(Sh)nSh 0 6(Sh)’ (8)



Table 1
Geometric dimensions of the slit fin-and-tube heat exchangers
No. References F, (mm) D, (mm) P, (mm) P (mm) J¢ (mm) N Sp (mm) Ss (mm) Sh No. of j data No. of f'data
1 This study 1.27 7.6 21 12.7 0.115 1 2 1 6 10 10
2 This study 1.81 7.6 21 12.7 0.115 1 2 1 6 10 10
3 This study 1.21 7.6 21 12.7 0.115 2 2 1 6 10 10
4 This study 1.81 7.6 21 12.7 0.115 2 2 1 6 10 10
5 This study 1.27 7.6 21 12.7 0.115 3 2 1 6 10 10
6 This study 1.81 7.6 21 12.7 0.115 3 2 1 6 10 10
7 Wang et al. [5] 1.48 10.32 25 21.65 0.11 1 1.46 1.98 7 10 10
8 Wang et al. [5] 1.71 10.32 25 21.65 0.11 1 1.46 1.98 7 9 9
9 Wang et al. [5] 1.88 10.32 25 21.65 0.11 1 1.46 1.98 7 9 9
10 Wang et al. [5] 2.10 10.32 25 21.65 0.11 1 1.46 1.98 7 9 9
11 Wang et al. [5] 2.24 10.32 25 21.65 0.11 1 1.46 1.98 7 10 10
12 Wang et al. [5] 2.50 10.32 25 21.65 0.11 1 1.46 1.98 7 10 10
13 Wang et al. [5] 1.51 10.32 25 21.65 0.11 2 1.46 1.98 7 10 10
14 Wang et al. [5] 1.71 10.32 25 21.65 0.11 2 1.46 1.98 7 10 10
15 Wang et al. [5] 1.87 10.32 25 21.65 0.11 2 1.46 1.98 7 10 10
16 Wang et al. [5] 2.11 10.32 25 21.65 0.11 2 1.46 1.98 7 10 10
17 Wang et al. [5] 2.30 10.32 25 21.65 0.11 2 1.46 1.98 7 10 10
18 Wang et al. [5] 2.50 10.32 25 21.65 0.11 2 1.46 1.98 7 10 10
19 Wang et al. [5] 1.51 10.32 25 21.65 0.11 3 1.46 1.98 7 10 10
20 Wang et al. [5] 1.70 10.32 25 21.65 0.11 3 1.46 1.98 7 10 10
21 Wang et al. [5] 1.88 10.32 25 21.65 0.11 3 1.46 1.98 7 10 10
22 Wang et al. [5] 2.10 10.32 25 21.65 0.11 3 1.46 1.98 7 10 10
23 Wang et al. [5] 2.50 10.32 25 21.65 0.11 3 1.46 1.98 7 10 10
24 Wang et al. [5] 1.51 10.32 25 21.65 0.11 4 1.46 1.98 7 10 10
25 Wang et al. [5] 1.70 10.32 25 21.65 0.11 4 1.46 1.98 7 9 9
26 Wang et al. [5] 1.92 10.32 25 21.65 0.11 4 1.46 1.98 7 10 10
27 Wang et al. [5] 2.10 10.32 25 21.65 0.11 4 1.46 1.98 7 10 10
28 Wang et al. [5] 2.50 10.32 25 21.65 0.11 4 1.46 1.98 7 9 9
29 Wang et al. [5] 1.20 7.52 20 17.32 0.11 1 1.6 1 7 11 11
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||-O0—#1,F. =1.27,N=1, SlitFin
—O—#2,FP=1.81,N=1,SlitFin | Unit: mm
—O—#3,F =121, N=2, SlitFin

1 |-O-#4,F=181,N=2 SlitFin _
H-A—#5, F'=1.27,N=3, SlitFin E
H—v—#6, F>=1.81,N =3, SlitFin .

0.1

0.01

Repe

Fig. 2.jand f'vs. Rep, for the present compact slit fin geometry.

Jj7 =0.3749 4 0.0046+/Rep. In Rep, — 0.0433+/Rep,

©)

F -5
S1=~01401+02567In (| +4.399¢™, (10)
£2=—0.383 +0.7998 In (D—) + 5’1;72, (11)

£3 = —1.7266 — 0.1102 In(Rep,) — 1.4501 (g) (12)

C

f4=0.4034 — 0.199(&)

In(Ss/Sh)
+0.4208 M ; (13)
(Ss/5h)
32.8057
f5=-9.0566 + 0.6199 In Rep. +
lnReDC
0.2881 = 0.9583
Ty TN (14
f6:71.4994+1.209<%) +1";601. (15)
1 n

The present Eq. (1) can describe 90.2% of the j fac-
tors within 15% while Eq. (2) can correlate 90.7% of the

friction factors within 15%. The mean deviation of

Eq. (1) is 7.26% and for Eq. (2) is 7.18%.

A large different methods had been proposed for
facilitating comparison, and these methods have been
summarized by Shah [10]. The comparison methods
were identified as four categories in Shah’s review,
namely,

1. Direct comparison of j and f.

2. Comparison of heat transfer as a function of fluid
power.

3. Performance comparison with a reference surface.

4. Miscellaneous comparison method.

For an initial screening and selection of the surface,
Shah [10] recommended:

1. j/f vs. Re is recommended for flow “area goodness”
comparison.

2. hgq vs. Egq is recommended for selecting a surface
where there are no system or manufacturing re-
straints.

3. n,haaf vs. Eqqf characterizes a surface as best from a
“volume goodness’ viewpoint.

4. The performance evaluation method by Bergles et al.
[11] is recommended for other design criteria.

For detailed comparison of the performance of the
present compact slit fin geometry, enhanced surface
(louver fin, Fig. 1(b)) was adopted from Wang et al. [2]
as competitive surface. The basic reference surface is the
plain fin surface that was taken from Wang and Chi [12].
Notice that the related surfaces are of similar configu-
ration (P, =21 mm, A = 12.7 mm, D, = 7.5-7.6 mm,
and N = 2). For the first stage of the comparison, direct
comparisons of the corresponding j and f'are made. It is
found that the both heat transfer and friction per-
formance are comparable for louver and slit fin geom-
etry. For the same fin pitch, the heat transfer
performance for interrupted surfaces are about 30-50%
higher than that of plain fin surface when Rep;, > 200.
The results are quite surprising since one may expect the
louver fin may outperform that of slit fin geometry.
Notice that the louver angle is 25° and the slit height is
1.0 mm. The previous study [4] showed that the heat
transfer enhancement relative to plain fin is only near
10-15%. Hence, a close examination of previous inves-
tigation was made. The results reveal that the major
differences are attributable to the number of effective slit
and slit breadth (the slit height are comparable for this
study and that of previous one, 1.0 and 0.99 mm). No-
tice that the previous study contains a slit breadth of 2.2
mm comparing to Imm of this study. For the offset
parallel-plate surfaces, Mochizuki et al. [9] showed that
the turbulence intensity can be significantly improved by
decreasing the slit breadth. For S;/S, = 0.75, the tur-
bulence intensity is about 25-50% higher than that of
Ss/Sn = 1.5. They concluded that the turbulence inten-
sity increases with decrease of slit breadth. In view of
this phenomenon, one may expect a much higher heat
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transfer performance for the present slit geometry. Thus,
the effect of slit breadth may be more important than the
slit height in practical design.

Fig. 3 shows the comparison of the interrupted sur-
faces (including louver and slit) and the corresponding
plain fin surface by use volume goodness method for
F, = 1.2 mm. Notice that the volume goodness factor
was suggested by Kays and London [13], and is given as
below:

o 4o
Mo stdﬁ PI‘2/3 Mo Dz] Re, (16)
w 3
E, Re 17
tdﬁ 2g(4 EYRDY) Dﬁ f ( )

where #,/hqqff represents the heat transfer power per unit
temperature difference and per unit core volume; Egq4f
represents the friction power expenditure per unit core
volume. The subscripts “std” is any preferred standard
condition for comparison. From the range of standard
rating condition of a heat exchanger as depicted by ARI
[14], the standard condition was selected at 35°C, 1 atm.
A “high” plot on n hgef vs. Egqqf characterizes that
surface as best from the viewpoint of heat exchanger
volume required. Geometries having large values of
Nohsaf Will require the least core volume for a given
airside performance. As shown in Fig. 3, performance of
the present slit fin and louver fin geometry is compara-

1 1

N=2,F =1.21, SlitFin it
N=2 F~122 Lomerfin | UMMM
N=2 Fﬁ=12

2, Plain Fin 7]

Nhy B (W-m=K™

IIII| ] ] IIIIII| ] ] IIIIII| ] ] IIIIII|
10° 10 10°* 10°
Eqe B (W-m?d)

3

Fig. 3. Volume goodness comparison with 7, ~ 1.2 mm and
N=2.

ble. For a given Egqf (Exaff = 1000), the n hyqf value of
interrupted surfaces about 15-20% higher than that of
plain fin. It should be pointed out that there is no de-
tectable differences among slit, louver and plain fin when
Eqqp < 200 which suggests that it may be not beneficial
for enhanced surfaces to operate at the low velocity re-
gion. A further increase of fin pitch to 1.8 mm, results of
Nohsaf vs. Eqaff are shown in Fig. 4. Unlike those ap-
peared in Fig. 3, one can see that the interrupted sur-
faces are much more effective than that in small fin pitch.
Actually, for Eyqf = 1000, the n hqef value of inter-
rupted surfaces are about 50% higher than that of plain
fin.

For a detailed comparison of the benefits of using
enhanced fins, the VG-1 criteria performance criteria
had been adopted, for which relevant description can be
found from Webb [15]. The VG-1 criteria seeks the
possibility of reduction of surface area by using en-
hanced fin surface having fixed pumping power, heat
duty, and temperature difference. Fig. 5 shows the ben-
efits of using interrupted surfaces. As seen, surface re-
duction is attainable by use of the enhanced surfaces. It
should be noted that the 4/4, shows a lowest value
near 500 < Repy < 1000. The results implies that the
interrupted surfaces are especially beneficial at 2 m/
s < Vi < 4.0 m/s. Approximately 45% area reduction
was seen for the slit fin geometry (V = 2, F, = 1.81 mm)
near Repp o = 500, It is also noted that for the same
reference Reynolds number, larger area reduction is

| R T T TTIIT T LILLBULALL
—{3—-N=2,F =1.81, SlitFin it -
> N-2F-166 LowerFin | Unit:mm
~4-N=2,F =178, Plain Fin
N4
@
1S
= 10° | —
= | i
S B i
(%]
= B |
=
] IIIIIII| ] IIIIIII| ] IIIIIII| 1 1 1111l
10’ 10° 10° 10* 10°

EqoP (W-m?)

Fig. 4. Volume goodness comparison with F, ~ 1.8 mm and

N=2.



3572 C.-C. Wang et al. | International Journal of Heat and Mass Transfer 44 (2001) 3565-3573

14 | 1T T TT1TT | | L T T TTTT I
—O—N=2,F =1.21, SlitFin
_%N:Z,Fp=122 Louver Fin ]
—B-N=2,F =181, SlitFin
+N=2,Fﬁ=166 Louver Fin
12 K ref:PlainFin,Unit:mm —]
L2
3
< - |
<C
08 — _
06 — _
04 ] | - III| ] ] 1l | III| ]
10° 10°
Rep;,

Fig. 5. Area reduction ratio for interrupted surfaces using
VG-1 criterion.

likely for larger fin pitch. Notice that the reference sur-
face is the plain fin having the same fin pitch.

In addition to the conventional comparison methods,
Cowell [16] presents a family of methods for comparing
compact heat transfer surface configurations. He shows
that the relative values of required hydraulic diameter,
frontal area, total volume, pumping power, and number
of transfer units can be derived and displayed, when any
two of the above five parameters are held constant.
Following the terminology derived from Cowell [16], for
any heat transfer duty, the values of the relative frontal
area, relative volume, and relative pumping power of the
particular surfaces are

. d

Ad = m7 (18)

Vi = W7 (19)
. f R

The suffix d indicates that parameters are for fixed hy-
draulic diameter for any particular surface and the as-
terisk indicates the part of the parameter associated with
the particular solution.

For each of the surfaces to be compared, the “relative
pumping power”, P;, can be plotted against “relative
volume” V; and the curves marked with the corre-

1.22, Louver Fin Unit: mm i
1.22, Hain An

7 (m2)

*

Relative Volume - V10
S

0.01 0.1 1 10
Relative Pumping Power - P;-1 0" (m?

Fig. 6. Relative volume plotted against relative pumping power
at fixed scale and constant heat transfer.

sponding value with the corresponding values of “rela-
tive frontal area” 4. Fig. 6 shows curves plotted for the
test heat exchangers having £, = 1.21 mm. For the slit
and louver fin surface, it can be seen that for a given
total volume (e.g., ¥; = 6.5 x 1077, points (a) and (b)),
the plain fin surface will have a pumping power ap-
proximately 10 times higher than those of the slit and
louver fin surfaces, but the frontal area will be smaller by
a factor of near 30% relative to the interrupted surfaces.
For the three surfaces to perform the required duty with
the same pumping power, (e.g., for P; = 0.13 x 102,
points (c) and (d)) the ratio of the relative volumes for
the plain fin surface will be approximately 50% higher
than those of interrupted surfaces, and with frontal area
ratio approximately the same. For the same frontal area
(e.g., 45 = 43 x 1077) the heat exchanger volume for the
interrupted surfaces will be smaller by a factor 38%
relative to plain fin surface.

4. Conclusions

The present authors conduct an experimental study
on the airside performances of compact slit fin-and-tube
heat exchangers provide related comparisons with lou-
ver and plain fin surface. Conclusions can be sum-
marized as follows.

e The effect of the number of tube row on the fric-
tional performance for the present compact slit fin
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geometry is relatively small. Influence of the fin pitch
on the heat transfer performance is also relatively
small for Rep. > 1000. For the same fin pitch, the
heat transfer performance for N =1 and Rep. <
1000 is higher than those of multiple-row configura-
tion, However, the trend is slightly reversed when
Rep. > 3000.

e The slit breadth plays a significant role in improving
the heat transfer performance when comparing to the
effect of slit height.

e The proposed heat transfer correlation can describe
90.2% of thej factors within 15% while the frictional
correlation can correlate 90.7% of the friction factors
within 15%. The mean deviation of heat transfer cor-
relation is 7.26% and for friction correlation is 7.18%.

e Various comparison methods were made to compare
the airside performance among louver, slit, and plain
fin. For the geometry investigated, it is found that the
slit and louver fin are comparable. In all cases, the rel-
evant airside performance for interrupted surfaces is
superior to plain fin surface. However, it should be
pointed out that the associated superiority may be lost
with decrease of fin pitch and the Reynolds number.
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