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Experimental investigations of continuous flat and corrugated fin-and-tube heat
exchangers are reported in this study. The heat exchangers consist of four fin-and-tube
heat exchangers having plane fins and seven heat exchangers of corrugated fins with
three staggered tube rows in the flow direction. The effect of fin spacing, the pattern
depth and the corrugation frequency are investigated. For examining the influence of the
number of tube rows on the Nusselt number, published experimental data are
employed. Results are presented in terms of friction factor and Nusselt number. It is
found that the friction factor decreases with the Reynolds number and increases with
the fin spacing. The increase in both the pattern depth and frequency results in
increasing the friction factor also. It can be concluded that the Nusselt number
increases with Graetz number and pattern depth as well as the number of corrugation
waves per tube row. From another hand, the Nusselt number decreases with increasing
of both the fin spacing and the number of tube rows in the flow direction. General
correlations for the friction factor and Nusselt number are proposed for the present fin
configurations. These correlations, which are applicable to a wide range of varieties, are
found to be representative of the experimental data with a good accuracy. Comparisons
between the present correlations and those proposed by different authors are reported.
A somewhat small discrepancy in the range of uncertainty of the previously published
correlations is obtained. The proposed friction correlation can describe all the
experimental results within £ 5 %, while the proposed heat transfer correlation can
describe all the test data within + 10 %.
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Plate fin and tube heat exchangers have
many applications, not only in the air-
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industries, where their use is perhaps most
common, but in several other industries as
well. In air-conditioning, plate fin surface is
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used extensively in packaged equipment for
residential and commercial applications, room

air-conditioners, induction and other terminal

units, air-cooled condensers, transportation
equipment and many others, too numerous to
mention. In the electrical and mechanical
equipment industries and the chemical
process industry, plate fin surface is used for
wide variety of heat transfer purposes.
Examples are process gas heaters and coolers,
compressors intercoolers and aftercoolers, oil
coolers and solvent recovery heat exchangers.
In recent years, considerable interest has
been focused on the techniques for
augmenting convective heat transfer
coefficients in heat transfer devices, as is
evidenced by the surveys reported in [1,2]. In
particular, augmentation techniques have
been employed to improve the heat transfer
performance of plate fin-and-tube heat

exchangers. Such a heat exchnager consists of
a set of equally spaced parallel plates of
constant thickness and an array of tubes,
which pass perpendicularly through the
plates. Water, oils or refrigerants are forced to
flow through the parallel tubes while air is
directed across them. The most common
augmentation technique for plate fin-and-

tube heat exchangers is the use of corrugated
fins instead of plane fins to effectively improve
the air-side heat transfer coefficient. The
corrugated fins are plates that have been
fabricated with a periodic. waviness in the
streamwise direction. There are several
variants of the basic wavy fin geometry. They
may have a continuous wave configuration, or
they may have herringbone wave
configuration. External tube diameter from 9
to 15 mm, tube spacing from 19 to 40 mm, fin
spacing from 1.6 to 4 mm, are the dimensions
most frequently used. The number of rows is
rarely more than 8 and air face velocity varies
from 1 to 6 m/s.

Although a number of research works have
been performed to investigate the heat transfer
and pressure drop performances related to the
geometry of the flat plate fin-and-tube heat
exchangers particularly tube spacing, fin
spacing and number of tube rows, only a
limited number of publications are available
on continuous corrugated fins.

Amano et al. [3] studied the turbulent
heat transfer in corrugated-wall channels with
and without fins. A numerical study is
performed examining flow and heat transfer
characteristics in a channel with periodically
corrugated walls. The computations are made
for several corrugation periods and for
different Reynolds numbers. Xiao et al. [4]
investigated the effect of interwall tube
cylinder on the heat/mass transfer
characteristics of corrugated plate fin-and-
tube heat exchanger. They found that the
interwall cylinder serves as a turbulence
promoter. It enhances the heat/mass transfer
in the low Reynolds number. region. The

‘existencé of the interwall cylinder also causes

the transition from laminar to turbulent to
occur at lower Reynolds number. Goldstein
and Sparrow [5] used the naphthalene
sublimation technique to determine local air-
side heat transfe -coefficient for one row
corrugated plate fin-and-tube heat
exchangers. The same authors [6] also
examined a corrugated duct, which did not
contain the interwall cylinders, while the other
configurations were the same as those in [5].
They found that the flow in the corrugated
duct could be regarded as laminar up to
Reynolds number 1200 (based on the
hydraulic diameter). This implies that the
existence of corrugation makes some
contribution to the onset of turbulence.

Data on continuous ripped fins, which are
performed to interrupted fins in applications

‘where fouling by fibrous matter or insects is a

problem, are available from Kays and London
[7] and Maltson et al. [8]. Ghanem et al. [9]
carried out an experimental study on fin coils
with three different corrugation angles and fin
spacings. They didn’t investigate the effect of
the fin frequency (i.e. the number of
corrugations per tube row). Also, their
suggested  correlations hold only for
corrugated fins and they didn’t cover the case
of flat fins. Rich [10] studied experimentally
the effect of the number of tube rows on heat
transfer performance of fin-and-tube heat
exchangers but unfortunately he didn’t
construct any correlation for his measured
data. Fifteen samples of plate fin heat
exchangers with different geometrical |
parameters, including the number of tube
rows, fin' spacing and fin thickness are tested
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and compared in an induced flow open wind
tunnel by Wang et al. [11]. They found that
the fin spacing does not affect the heat
transfer coefficient. The number of tube rows
has negligible effect on the friction factor and
the fin thickness does not affect the heat
transfer or friction characteristics. Rich [12]
investigated a total of 14 coils, in which the fin
spacing was varied from Wi /D = 0.084 to
0.64. He concluded that the heat transfer
coefficient was essentially independent of the
fin spacing. Chen and Ren [13] stated that the
fin spacing does not affect the heat transfer
coefficient for fin spacing ratio Wy /D > 0.33.
On the contrary, the results of Elmahdy and
Biggs [14] and Giovannoni and Mattarolo [15])
showed that the j-factor increases as the
number of fins per inch increases. They gave a
unique correlation for the j-factor as a
function of Reynolds number for each fin
spacing considered. A heat transfer as well as
a friction correlation for the wavy fin geometry
is proposed by Wang et al. [16] indicating also
the dependence of both the j-factor and the
friction coefficient on the fin spacing. The
experimental results of McQuiston and Tree
[17] showed a decrease in the heat transfer
coefficient with increasing the fin spacing.
They also stated that the j-factor could be
correlated by applying a correction “finning
factor” defined as A/Apto the Reynolds

number. A strong dependence of the heat
transfer coefficient and the finning factor was

observed. McQuiston showed a (A/ Apy S5

dependence in his plate-fin data. Kayansayan
[18] indicated that the j-factor is proportional

to (A/ Ap)“0‘362 . Two correlations for the air-

side heat transfer coefficient and friction factor
of flat plate fins were suggested by Gray and
Webb [19]. Correlations were also developed by
Webb [20] to predict the air-side heat transfer
coefficient as a function of the flow conditions
and geometric variables of heat exchangers
having flat and wavy plate fins. These
correlations were based on previously
published experimental data by Beecher and
Fagan [21].

In view of the wide-spread use of
corrugated fin-and-tube heat exchangers, it is
remarkable that there is a contrast between
the results of the authors [11-17] especially for

transfer = coefficient.

the case of fin spacing effect .on the heat
From another hand,
despite there being some efforts devoted to the
air-side performance [15, 20-24], significant
differences of air-side performances took place
perhaps owing to the raw data reduction
method. Furthermore, very little or no
information at all is available in the open
literature about the dependence of the friction
coefficient and Nusselt number on the wavy
fin geometry such as the pattern depth and
frequency. Therefore, the scope of the present
paper is to carry out an experimental study on
flat as well as corrugated fin-and-tube heat
exchangers under varying fin spacing, pattern
depth and corrugation frequency. In addition
of this, to construct general correlations for
estimating the friction coefficient, Nusselt
number and Colburn factor in this type of
heat exchangers as functions of the flow and

‘geometry parameters based on a constant

reduction method.
2. Experimental apparatus

The experimental test rig is designed to
facilitate the measurements and control the
thermo-fluid parameters through the heat
exchanger models. Fig. 1 represents the layout
of the test rig. The apparatus consists mainly
of a rectangular air duct of 7.5x10.5 mm cross
section and 1000 mm length. The air duct is
used to direct the cooling air towards the test
section which lies in the middle of the duct.
The duct is manufactured from galvanized iron
sheet with 0.8 mm thickness. Two layers of
glass wool (25.4 mm thickness each) are used
for insulating the outer duct surface. The fins

are drilled in a way that lips are formed. The

tubes are mounted inside the lips by
interference, to insure a good thermal contact
between the tubes and fins. The proposed fin
and tube arrangement is shown in fig. 2.
Eleven models with different geometrical
configurations were used in the present study
(as shown in table 1). All the models have
three rows of tubes with staggered tube
arrangement. Four of these models have flat
fins and the others have corrugated fins. The
corrugated fins geometry are shown in fig 2.
The models have a transverse tube spacing Sa
of 30 mm and the outer coppet tube diameter
D is 9.5 mm. The longitudinal tube spacing Sp
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is 24 mm and the copper fin thickness is 0.15
mm. An electric heater of 30 Watt maximum
power is fitted inside each copper tube. The
heaters are connected to the electric power
source in parallel. Because all the heaters
have similar resistance, so they have the same
power and emit the same amount of heat. A
Variac transformer is used to control the
power of heatres. The outer surface
temperature of each tube is measured at the
middle by wusing copper - constantan
thermocouples of 0.2 mm wire diameter
calibrated on a digital thermometer. The
thermocouple is inserted in the inner side of
the tube through a hole in its wall to measure
the outer surface temperature. Because of the
good contact between the tubes and fins, the
wall temperature of tubes is considered as a
base temperature for the fins. This base
temperature is applied for calculating the film
heat transfer coefficient h using the total
surface efficiency Nt The following

instruments were used for the control and the
measurement purposes:

- An auto-transformer (variac transformer)
is used for controlling the power supply to the
electric heaters. The input voltage is 220 while
the output varies from 1 to 220 volt.

- Digital thermometer, which capable on

recording the temperature signals from the
thermocouple probes in the range of -20 °C to
1370 °C with 0.1 °C resolution.

- Digital Wattmeter has measuring power
range from 250 mW to 10 kW. Its accuracy is
+0.15W.

- An orifice meter for measuring the air flow
rate. It has 7.5 mm inside diameter housed in
a 12.5 mm diameter pipeline. The pressure
difference across the orifice is measured by a
mercury U-tube manometer.

- A U-tube manometer for measuring the
pressure drop across the model. Water is used
as the measuring fluid.

- Bellows meter with 0.05 m3 resolution is
calibrating the orifice meter.

used for

1 - Main flow pipe
2 - Orifice U - tube manometer ‘ h

—_——-——

3 - Main flow duct o
4 - Test duct ' r’é [
5 - Air cooler unit - + O
6 - Pressure drop manometer L
7 - Thermocouple mesh & ? D
1
Sec. A-A

Fig. 1. Schematic diagram of the experimental set up.
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Fig. 2. Fin-and-tube arrangement as well as geometry of
corrugated fins.

Table 1
Basic fin configurations
No Feature Fins - Corrug. Corrug.
density frequency  depth
FPI (FPM) per tube (mm)
row
1 Flat 3 (118) -- --
2 Flat 4 (157) - -
3 Flat 6 (236) - -
4 Flat 8 (315) - -
5 Corrugated 8 (315) 2 4
6 Corrugated 8 (3195) 3 4
7 Corrugated 8 (315) 4 4
8 Corrugated 8 (315) 4 3
9 Corrugated 8 (3195) 4 2
10 Corrugated 8 (315) 2 2
11  Corrugated = 8 (315) 3 2

3. Experimental procedure

The cooling air flow rate is controlled via a
throttle valve to the desired value. The orifice
meter is calibrated by using the bellows meter
and a stop watch for’ determining its
coefficient of discharge Ca. Measuring the
pressurc drop across the orifice meter, the
cooling air flow rate can be obtained as
follows;

V=CqAor Halig (1)
p

The electric heater is then put on and
regulated to the desired power consumption
by using the variac transformer. Air
temperature measurements are carried out
with the copper-constantan thermocouple
probes. The entering air temperature is
measured by a single thermocouple probe

located about 250 mm upstream from the face

of the heat exchanger. The hot air leaving the
test section is measured with a multi-point
grid located 500 mm downstream. Four points
are used to obtain the average temperature for
the exit hot air side. The average value is
obtained as the arithmetic mean of the four
thermocouple readings according to ASHRAE
recommendation [25] as follows;

To = (To )j . (2)

1428
4 j=1

The thermocouple readings are observed
periodically to check time dependent
measurements. After reaching the steady

state, all the measured variables are recorded.
Wall static pressure differential across the

flow metering section is measured using a

mercury U-tube manometer. The pressure
drop across the test heat exchanger is
measured using a water U-tube manometer,
while inclined water manometer is used for
measuring the small pressure drop across the
test section.

4. Data reduction and processing
The average velocity of the air stream

inside the duct is calculated using the
equation

Vg =V/Aqg, (3)

while the average air velocity flowing through
the fins (maximum air velocity through the

test section) is defined as follows:

Vi =Vq (Aa/Ag) (4)
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where Ag is the minimum flow area in the

test section. It depends on the fin thickness,
fin density, tube diameter and the number of
tubes per row. It can be calculated from the
following equation;

Ag =N (S, - D)(H-nt). ()

The convective heat transfer coefficient
across the test heat exchanger is calculated
according to the following relation;

1 AT
B, )
A Nt 0
where ng is the total surface efficiency [26]. It
can be expressed mathematically as follows;

Ag
=1-—(1- . 7
Nt A( ne) (7)
where,
A=As+Ap.

The value of As represents the surface area
of fins. In case of corrugated fins, Ajgcan be
defined mathematically according to the
geometrical parameters represented in fig. 3
by the following equation;

A =i NiSp xN:Sp xsgc(a)—%Dth x sec(a) . (8
+ t(NRSn +N, S, x sec(a))

The other term in the total heat transfer
area A is the surface area of the tubes Ap

uncovered by fins. This can be calculated from
the following relation;

Ap =(H-nt)(nDNy). 9)

The fin efficiency, required for calculating
the effective heat transfer area, is obtained by
using the sector method, as described by
Mcquiston and Parker [27] and Yu Chi et al.
[28]. The efficiency is expressed as follows;

_ tanh(mr ¢)

ng mré ) (10)
where,
_ [2n
kt '’

s ( R:q - 1][1 +0.35In(Req /)],

R 1/~2
ﬂ=1,27X_M(X_L_o_3J ,
r

r XM
‘with,
S
Xy =2,
M 2.
and

XL = (S, /2)? +82 /2.

3.1. Friction factor

Kays and London [7] gave a general
definition for the friction factor in case of fin-
and-tube heat exchangers. They proposed a
formula containing the effect of the flow
acceleration generated from the change in air
density with temperature as follows;

ol Vi 22£_(1+02)(V_0_1J ' (11)
A vy G* vy Vi

is the ratio of the minimum flow area to the
duct cross-sectional area at the test section,

G=pr

is the air mass velocity through the minimum
flow area , and
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" _Vi+V0
m ’
2

where v; and v, are the specific volumes of air
at inlet and outlet, respectively. In case of
isothermal flow, eq. (11) is reduced to,

i AP 2AF

f LA (12)
A szp

The dimensionless groups used in the
presentation of the present experimental data
are defined in the following manner,

Reynolds number

V¢D
- PR ol e W (13)
m

Nusselt number

hD
Nu=-—=2, (14)
k
Stanton number
g (15)
RePr
Heat transfer factor (Colburn)
j=stPr¥3, (16)
Graetz number
D
Gz=RePrL—h—. (17)

m

The hydraulic diameter as defined by Kays
and London [7] is applied in the dimensionless
numbers. Its value depends on the minimum
flow area, the depth of heat exchanger in the
flow direction and the total heat transfer area.
It can be expressed as follows:

4AgL
D, = 2 (18)

In terms of geometrical parameters for
corrugated fins the hydraulic diameter

becomes;

_ 4N (S, -D)(H-nt) (NS, sec(a))
h = A 2

(19)

The fluid properties in the dimensionless
groups are based on the arithmetic average of
the entering and leaving air temperatures.

4. Results and discussion

In the present work, the performance of
fin-and-tube heat exchangers is investigated
to clear the relation between the friction loss
as well as the heat transfer parameters and
the heat exchanger geometries. In the
following a brief description of the results is
presented.

*4.1. Friction factor

The experiments are carried out with
extended air flow regime ranging from the
laminar to turbulent flow based on the
Reynolds number, as shown in fig. 3 for the
effect of the fin spacing on the friction factor
in case of flat fins. The staggered tubes
arrangement leads to generate eddies and
wakes behind the tubes. It is considered as a
turbulence promoter even in low range of
Reynolds number. In case of flat fins, the
friction factor is found to be influenced by the
fin spacing as appeared in fig. 4. The density
of fins is varied as 3, 4, 6 and 8 FPI. It is clear
that with increasing the fin spacing (i.e.
decreasing the number of fins per inch), the
air velocity past the fins decreases due to the
corresponding increase in the flow area

‘between the fins. This is reflected in turn on a

significant reduction in the kinetic energy of
cooling air and consequently on a considerable
increase ‘in the pressure. On another hand,
the friction factor increases with decreasing
the number of Fins Per Inch (FPI), as shown in
fig. 3. This returns to the decrease of the flow
velocity between the fins (i.e. increasing the
flow area) with decreasing the number of fins
per inch. The presence of the tube bank has a
remarkable effect on the friction factor in
connection with the fin density because the
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friction factor across the tube bank depends
mainly on the Reynolds number, which varies
with the fin spacing.

2
f_C Re—0.14 Flat fins
T |
® srr
e O seFrrr
o A 4FPI
g O 3Fe
6 Data fis
: \ v
jeiet : s '\Q\*-ﬁ
1
2~ P~
B— Ay
3
2 Bemaes
—_|
0.01
4 6 7 89
1000 ; 2 ¢ 10000
Re

Fig. 3. Variatin of the friction factor with Reynolds
number for different fin spacings in case of flat fins.

/ W, s
$1 e =03

i e
z ,B/ Flat fins

8FPI
6 FPI
4FpPI
3FPI

o O e

0.1

3 4 s 6 7 8 ;
W,
D
Fig. 4. Effect of fin spacing on the friction factor in case of
flat fins.

It is seen that the friction factor has a
constant slope on the log scale along the wide
range of the Reynolds number. The power
index of the Reynolds number that fits the
measured data is obtained to be -0.24. The
same result holds for corrugated fins as will be
shown latter. Correlating the experimental
data, the following formula is obtained for the
friction factor of flat fins as a function of both
the Reynolds number and the fin spacing.

0.8
f = 0.36 Re~0-24 (%) (20)

Fig. 5 shows that the present correlation
fits the experimental data fairly good . In case
of corrugated fins, the effect of pattern depth
is examined, as shown in fig. 6. The depth of

-corrugation is varied as zero (flat fins), 2, 3

and 4 mm, while the fins density is kept
constant at 8 FPI. The experimental data are
processed to correlate the effect of pattern
depth on the friction factor as shown in fig. 7.
It can be noticed from the figure that the
friction factor increases with increasing the
pattern depth which results in increasing the
flow separation and consequently the eddies
formation. As the fin spacing is kept constant,
no significant change has been obtained in the
kinetic energy of cooling air while the pressure
drop increases with increasing the pattern
depth. This behavior comes from the direct
effect of two different factors. The first factor is
due to the increase in the fin surface with
increasing the pattern depth. The second one
is due to the increase of the vortex size
generated behind the corrugation steps as the
pattern depth is increased. This in turn will
increase the blockage effect to the main flow of
the cooling air and consequently will increase
the pressure loss.

2
0.0
f=0.36R2"°'u [:”_’_) Flat Fin
D @® srFrr
o O srpr
94 A 4FPI
8
74 O 3FPI
6 \ Present corr.
1] s '\ '\9\-\0\
J “
‘ T WANEE
; \E\E\E‘BB e~ |
0 et
’-N'M B
]
~—{| |
0.0
1hobt % 2 $ ey 4 Biorg6 s 508 9]0000

Fig. 5. Comparison between the test data and the present
correlation for friction factor in case of flat fins.

The effect of corrugation frequency is also
tested in the present work, as given by fig. 8.
The fin spacing and pattern depth are kept
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constant at 8 FPI and 4 mm respectively. The
number of corrugation waves per tube row in
the flow direction is varied as 0, 2, 3 and 4.

0.10
2 ~0.34 Wl " Corrugated fins
o =GR o 8FPLNy =4
7
¢ 0 Pg=4mm
A Pg=3mm
3 D Pg=2mm
s @ Pg=omm
: =~ Datafit
o
ke 3
b -
i\
—]
2
—
0.0i
9 rid 2 3 4 ]

Re

Fig. 6. Variation of the friction factor with Reynolds
number for different pattern depths.
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S o 9. it
SE :
N—
~
3 e o e sl
S 0.4 L
é ./
0.2
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0.0 0.l 0.2 03 04 0.5
£
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Fig. 7. Effect of pattern depth on the friction factor.

The zero corrugation frequency refers to
flat fins. Because of the constancy of the
pattern depth, it 'is believed that the
turbulence intensity and eddies size are
almost constant. The skin friction becomes the
only factor, which has a significant
contribution to the pressure drop. This
interprets the slight increase in the friction

factor with respect to the number of
corrugation waves belong to each tube row in
the flow direction. This result appears clearly
in fig. 9 in form of a low slope of the friction
factor line against the corrugation frequency.
This increase in the skin friction comes from
the corresponding extension in the fins
surface as a result of increasing the number of
corrugation waves per tube row.

0.10

9 4
Corrugated fins

0.8
f=C,Re™" (%) —— 8FPLPd~4mm
O Np=4
A i Np=2
[l M2
® M-0
Data fit
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7 4
6

[4

EESpee  d, |

p |
e~

0.01
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Fig. 8. Friction factor as a function of Reynolds number
for different fin frequencies.
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Fig. 9. Effect of the number of corrugation waves per tube
row on the friction factor.

The correlation representing the effect of
both the pattern depth and frequency is
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derived from fig. 10 and it takes the following

form;

f= [0.36 +0.08 Np (

1.0

P—d)] Re~0:24 (&)0'8 . 21)
D D

s P Corrugated fins
———“=o.oa~,(3‘]+o.36 8FPI
1 Rﬂ'”‘(WIJ X O r
3 d = 4 mum
A Pg=3 mm
08 O Pi=2mm
% . Pg=0mm
> S W™
21Q
o 1 GRS T S o g it
Y —-- Me:
& — . - Np-‘

04

0.0

Fig. 10. Friction factor correlation in terms of Reynolds
number, fin spacing, pattern depth and corrugation

frequency.

When the pattern depth (Pd /D) and
frequency (Np) are equal to zero, the fins

become flat and the correlation will be reduced
to the original formula of the flat fins given by

eq. (20).

The previous correlation is found to

be representative to' the experimental data
with a good accuracy, as can be seen from

figs. 11 and 12.

Fig. 13 shows the steep increase of the
pressure drop across the fin-and-tube heat
exchangers against the air velocity for different
geometries of fins. It is clear that the lowest

pressure drop may take place

in heat

exchangers with flat fins having large fin
spacings, while high pressure drop can occur
in units with corrugated fins of large pattern
depth and large wave frequency.

4.2. Heat transfer coefficient

Traditional
generally

heat
involve

calculations
Log-Mean

exchanger
either the

Temperature Difference (LMTD) method or the
effectiveness €-NTU method. Both methods

require

382

knowledge

of the heat transfer

coefficient based on the logarithmic mean
temperature difference. The present work aims
to obtain general correlations on the air side
heat transfer coefficient related to the flow and

geometrical parameters of the fins.
parameters are the Graetz number,

These
the

number of tube rows, fin spacing and pattern
depth as well as corrugation frequency in case

0.10
21 P W, o8 Corrugated fins
8 1 f=(0.36+(132-1)R¢'“‘ L 8FPLNp =4
2l D D
O Pg=4mm
g A Pg=3mm
5 D Pg=2mm
4V . Py=0mm
: Present corr.
b 3 \.\g‘ "'9\\
& =
P~
M\
2
\
0.01
9 1000 2 3 4 5
Re

Fig. 11. Comparison between the present correlation and
the test data for the effect of both Reynolds number and
pattern depth

0.10

9 4 . w.\™ Corrugated fins
8{f=(0.03¥, +036) Re‘““'(F’J 8FPI, Pd = 4 mm
& O Np=4
2 A Np=3
5 O Np =2
4 . Np=0
e
] Present corr.
R 3 DL o, - SO
B B o Tt et B
2
0.01 -
? 1000 : ¢ 4 ?
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Fig. 12. Comparison between the present correlation and
the experimental results for the influence of both
‘Reynolds number and corrugation frequency.
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Fig. 13. Pressure drop across the fin-and-tube heat

exchanger against the air velocity for different geometries

of fins.

of corrugated fins. The heat transfer factor
(Colburn factor) and Nusselt number are used
as dimensionless heat transfer coefficients.

For examining the effect of the number of
tube rows on the Colburn factor or Nusselt
number, the experimental results of Rich [10]
are employed. In his experimental work he
used flat fin models with different tube rows
ranging from one row to six rows. Plotting his
data in j-Re domain, as shown in fig. 14, the
following relation is obtained.

j=alv;016). 22)

The foregoing correlation indicates the
significant effect of the number of tube rows
(N;)on the heat transfer process in fin-and-
tube heat exchangers.

The independent variable Graetz number
Gz is chosen to represent the experimental
data with the hydraulic diameter Dy as the
characteristic dimension in the Reynolds
number. The use of Graetz number as a
correlating parameter makes it possible to
combine the effect of Re, Pr and Dy, /Ly, into a

single variable (the Graetz number).

1.00

J=0.1Re™®* N[*'¢

0.10

il Re—0.33

0.01

89‘ 2 3 4 g . i8l T 89
N,

Fig. 14. Effect of the number of tube rows on the Colburn

factor or Nusselt number.

In case of flat fins, inspection of the plotted
data in fig. 15 shows that the Nu vs. Gz
logarithmic plot is linear. Hence, a constant
exponent of 0.62 on Gz will accurately fit the
data. It is also obvious from the experimental
results represented by fig. 16 that a single
straight line with a slope of -0.64 can be
expected to describe satisfactorily the variation
of Nusselt number with the fin spacing.

The resulting correlation for Nusselt
number in case of flat fin geometry is listed
below.

-0.64
Nu = 0.39 Gz“?(%) s Pt (23)

Through the comparison of the previous
developed correlation with the experimental
data, a good agreement is obtained as may be
seen from fig. 17.

The heat transfer process between the hot
surfaces of fins and the cooling air is studied
also in case of corrugated fin models. The
effect of pattern depth on the heat transfer
coefficient is investigated and evaluated under
varying the air flow rate. During this study,
the fin spacing and corrugation frequency as
well as the number of tube .rows are kept
constant. This fin spacing is kept at 8 FPI,
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while the corrugation frequency is fixed at 4
waves per tube row. The number of tube rows
used is 3. The pattern depth is varied as zero
(case of flat fins), 2, 3 and 4 mm. Fig. 18
shows the change in Nu with respect to Gz at
different pattern depths, while fig. 19
illustrates the variation of the combined

5
4 Flat fins
3{ @ sFrI
2 S o ) ,/
A 4FPI : //
3FPI : 3
<> A/M//M&
l09-: s Deaita fit o =
g 7 £
6 @
s
‘ A
: p///A/g
LA
A ;
2 1/ d //
///,:/
Perc
1 e
5678910 2 3 456789100 2 3
Gz

Fig. 15. Variation of Nusselt number with the Reynolds
number at different fin spacings in case of flat fins.

4

3 4 Nu W, Sas
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iy I

=g
2 4
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Fig. 16. Effect of fin spacing on the Nusselt number in
case of flat fins.

parameterINu/GzO-”(wf/D)‘O'G“N;O-lf’], which

involves the heat transfer and flow as well as
geometry, parameters, with the pattern depth

ratio (Pgq/D). The figure indicates the increase

in the heat transfer coefficient with increasing
the depth of corrugation. This may be
attributed to the increase in the turbulence
intensity of the air flowing between the
corrugated surfaces of fins. This increase in
the turbulence intensity reduces the thickness
of the thermal boundary layer adjacent to the
surfaces of the fins, leading to a significant
increase in the heat transfer coefficient with
increasing the pattern depth.

5

-0.64
4 Flat fins Nu=39 __"i/_ G2 N-016
3i{ @ sFpr D ’
gl [0 e6Fpr 7/
A 4FPI e
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Fig. 17. Comparison of the present correlation for Nusselt
number in case of flat fins with the test data.

The influence of corrugation frequency on
the Nusselt number is also examined. For

.achieving this purpose, three corrugated fin-

and-tube heat exchanger models are
additionally manufactured with different
corrugations per tube row. Thereby the
pattern depth, the fin spacing and the number
of tube rows in the flow direction are kept
unchanged at 4 mm, 8 FPI and 3 tube rows,
respectively. Fig. 20 represents the Nusselt
number as a function of Graetz number under
varying the corrugation frequency, while fig.
21 indicates the effect of the corrugation
frequency on the thermal performance of fin-
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and-tube heat exchangers. The resuits show
an increase in the Nu for corrugated fins over

Corrugated fins

W ~0.64
- pad & 0.62 »r-0.16
8FPL Np =4 N“'C(D) G

Pg=4mm

Pg=3mm

Pg=2mm
Pg=0mm /j LA
Data fit

- ¥

loﬁpo

A\
X

Nu

4 5 6789 2 3
Gz

456789

Fig. 18. Variation of Nusselt number with Graetz number
for different pattern depths.
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Fig. 19. Change of Nusselt number with the pattern

depth ratio.

flat fins and this increase becomes more and
more with increasing the number of
corrugation waves per tube. row. This may be
due to the fact that corrugated fins accelerate
the air flow, alternate the main flow direction,
intensify the turbulence of the air flow
between them and result in repeated (cyclic)
flow. The wave length of corrugated fins
depends on the number of corrugation cycles

and its amplitude depends on the pattern
depth. Therefore, the corrugated fins enhance
the heat transfer rate. The experimental data
of the eleven fin and tube heat exchanger
models, as given in table 1, are used for
correlating the effect of both the pattern depth
and corrugation frequency on Nusselt number,
as shown in fig. 22. The resulting correlation

is obtained to be as follows.

Nu = [0.39 +0.17 Np (%d—)] x

-0.64
W

100

L)

-0.64
Nu - C[_’gf_) Gz&ﬂ N;O.!‘

Corrugated fins
8FPIL Pg=4mm

O Np-4
A Np=3
-0 Mp=2 :
® N-o |

10 —— Datasie :

i

W s wa

A\
YAWAN
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3
N

[
I

W e wnwew

Ay o

4 5 61789

2 3
100

4 56789 iy
10
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Fig. 20. Nusselt number as a function of Graetz number
under varying the corrugation frequency.

The correlation is found to be fairly
representative to the experimental data, as
may be seen from figs. 23 and 24.

In form of Colburn factor, the foregoing
correlation can be rewritten as follows;

j= [0.39 +0.17 Np (%)] x

0.62 ~-0.64
Wt
Re-0.38 p0.29 [ Dn ( r) NZ0-16 (25)

% D

The variation of the air side heat transfer
coefficient h with the air velocity V for the
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different investigated fin patterns is indicated
in fig. 25. The results show that high rates of
heat transfer may be obtained using
corrugated fins compared with flat fins
especially for large pattern depth and
frequency as well as small fin spacing.

12
Corrugated fins Nu
8FPLPg=4mm o =0.39+007 N,
ks G282 NO%
O MNp=4 |\D f
= A Np-3
. 084 [ w-2
= e T
wcmecss  Data fit

4

04 ‘//

Fig. 21. change of Nusselt number with the corrugation
frequency. :

Corrugated fins
8 FPI Nu

= =039+ amv,(%)
O Py~ 4mm (__’] Gs*IN*"

D
Pg=3 mm

Pg=2mm
Pg= 0 mm
Np= 4
Np= 3

0.0 0.1 0.2 03 0.4 0.5
7
D

Fig. 22. Nusset number correlation in terms of Graetz

number, fin spacing, number of tube rows, pattern depth
and corrugation frequency.

4.3. Comparison between the present and
previous work

The present general correlations, which
are applicable to a wide range of varieties, are
compared with correlations proposed by
different authors for friction factor, Colburn

386

factor and Nusselt number. Because some
authors wused in their correlations the
volumetric hydraulic diameter according to
Beecher and Fagan [21] as well as the mean
velocity in the actual channel volume V,,

100

o

Corrugated fins

P w -0.64
8FPILNp=4 |Nu= (0.39+ o.753')(_'J G N;o®

D

Pg=4mm

Pg=3mm

w & w e
MR

Pg=2mm

N

Pg=0mm ; =
A

IQDwo

Present corr.

Nu
5
o

W A W» oo

A'
T

2 3 4 56789 2 03

Gz

4 5678%00

Fig. 23. Comparison between the present correlation and
the test data for the effect of both Graetz number and the
pattern depth.
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‘Fig. 24. Comparison between the present correlation and
the experimental results for influence of both the Graetz
number and the corrugation frequency.
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Fig. 25. Variation of the air-side heat transfer coefficient
with the air velocity for different fin patterns.

instead of the maximum air velocity through
fins Vi for defining Reynolds number Re*and
Graetz number Gz', the comparisons are

based on these new definitions. The volumetric
hydraulic diameter Dy, is defined mathemati-

cally as follows;
Dy, =2 Wy (L-B) / [(1 « ) wec{o) o+ 2 ("I‘)’_fc‘?]} . (26)

The Reynolds number Re*is given by the
following relation according to Beecher and
Fagan [21],

Re* = ﬂmTD-h— , (27)
where
Vyq0
o 5
2
nD
p=—FC—, and (29)
4S, Sp

o is the fin contraction ratio. It is defined as
the fraction of the frontal area blocked by the
fin thickness and it can be calculated from the
relation;

W
Ox = {

= : 30
Wf+t ( )

Finally, the Graetz number Gz'can be
determined from the following equation using
the definition of Beecher and Fagan [21].

Gz* =Re' Pr %‘L | (31)

m

Fig. 26 compares the present correlation,
represented by eq. (20), with those reported by
Kays and London [7] and McQuiston [29] for
the variation of the friction factor against
Reynolds number in case of flat fins with 8 FPI
fins density. As can be seen, the maximum
deviation between the present correlation and
the others is about 9%.

Another comparison between the present
correlation, given by eq. (25), and the
correlations of McQuiston [30], Kays and
London [7] and Giovannoni [15] for the
Colburn factor as a function of Reynolds
number is shown in fig. 27. The comparison is
done for flat fins of 8 FPI fins density. It is
found that the experimental results of
McQuiston as well as Kays and London are

‘'somewhat higher than -those of the present

work, while the results of Giovannoni are
something lower than the present data.

A third comparison is made also between
the present correlation for Nusselt number,
eq. (23), and the correlation of Webb [20] in
case of flat fins with 12 FPI fins density, as
indicated in fig. 28. It is clear that the
maximum deviation between both results is
about 5%. This means that the valid range of
the present correlation may be extended to
cover density of fins up to 12 FPL
The small discrepancy between the present
data and the correlations ‘of the above
mentioned authors may be due to:

1. the data reduction method, for example
the difference in fin efficiency calculation;

2. the uncertainty of the correlations of the
different authors; for example in case of
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McQuiston correlation [30] the uncertainty is
reported to be * 35 % at high density of fins;
3. the relative humidity of the flowing air
between the fins as stated by ARI Standard
[31] and Wang et al. [32].
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Fig. 26. Comparison between the present correlation for
the friction factor and the correlations of another authors.
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Fig. 27. Comparison between the present correlation for
the Colburn factor and another previously published
correlations.
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ng. 28. Comparison between the present correlation for

‘Nusselt number and that of Webb [20].

5. Conclusions

Experimental results are presented for
eleven designs of fin-and-tube heat
exchangers of different geometric
configurations with both flat and corrugated
fins. Correlations for friction factor, Nusselt
number and Colburn factor are given as
functions of the Reynolds number for friction
factor or Graetz number in case of Colburn
factor and Nusselt number as well as the
geometric parameters of the heat exchangers.
These correlations are believed to be more
general and describe more test data from their
earlier correlations.

~ On the basis of the previous discussion,
the following conclusions are made:

‘1- The interwall tubes serve as turbulence

promoters. They enhance significantly the
heat transfer in the low Reynolds number
region. The existence of the interwall tubes
also causes the transition from laminar to
turbulent to occur at lower Reynolds number.
2- The friction factor decreases with the
Reynolds number, while it increases with fin
spacing and pattern depth as well as
corrugation frequency.

3- Nusselt number increases with Graetz
number and pattern depth as well as with the
number of corrugation waves. per tube row,
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while it decreases with both fin spacing and
the number of tube rows in the flow direction.
4- The proposed correlations for the present
plate fin configurations can describe the
friction factor test data within +5 % and the
Nusselt number experimental results within
+ 10 %.

5- The correlations show  satisfactory
agreement with the previously published
correlations for flat fin-and-tube heat
exchangers. Some earlier correlations give
somewhat higher values, while another one
yield close lower values.

Nomenclature

A total heat transfer area, m?

Ay duct cross-section area at the test
section m?2

Ag surface area of fins, m?

Ag minimum free area for air through the
fins, m?2

Ap outer surface area of the tubes

. uncovered by fins, m?

A, discharge area of the sharp edge
orifice, m?

Cq coefficient of discharge for the orifice

: meter,

Cp cific heat at constant pressure,
J/kgK

D tube outer diameter, m

D¢ collar diameter, m

Dp hydraulic diameter, m

G the air mass velocity through the
minimum area, kg/ m?.s

Gz Graetz number,

H total height of the heat exchanger
model, m

h convective heat transfer coefficient,
W/ m? K

j heat transfer factor (Colburn),

k thermal conductivity, W/m.K

Lm depth of heat exchanger in flow
direction, m

Ny number of tubes per row,

Np corrugation frequency (number of
corrugation per tube rdw),
N, number of tube rows,
N¢ total number of tubes in the heat
exchanger,
NTU Number of Transfer Units,
.Nu - Nusselt number;
n total number of fins in the model, m
P4 pattern depth, m
Pr Prandtl number,
AP pressure difference across the orifice
meter, Pa
Req equivalent radius for circular fin, m
Re Reynolds number based on the

hydraulic diameter,
r tube inside radius, m
Sy normal tube pitch, m

Sp parallel tube pitch, m

St Stanton number,

T temperature, K

t fin thickness, m

V air volume flow rate, m3/s

Vq =~ average air velocity inside the duct,
m/s

Vg air velocity through fins, m/s

v specific volume of air, m3/kg

Wy fin spacing, m

Xy geometric parameter, m and

XM geometric parameter, m.

Greek letters

o inclination angle of corrugation for
fins, rad

A difference,

0 logarithmic mean temperature

difference, K

[(Tw,i = Ta,i)f (TW.o g Ta,o)']

0= g
ln[(TW,i = TA,i)/ (Tw,o T Ta,o)]
ng fin efficiency,
Nt total surface efficiency,
n dynamic viscosity of air, kg/m.s
p air density, kg/m3 and
c contraction ratio of the minimum flow
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area to the duct cross-sectional area.

Subscript

éﬂﬂ'c-ugo:sg'—"-:rwo.m

air

duct

fin
hydraulic
inlet
longitudinal
mean
normal
outlet
orifice
tube
parallel
row

total
tube wall

Abbreviations

FPI
FPM

Fins per inch.
Fins per meter.
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