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Abstract

Flow and heat transfer in a plate fins/circular tube assembly is examined using naphthalene sublimation technique.
The examined parameters are the gap (J) to tube diameter (D) ratio J/D, the Reynolds number Rep and the tube

location /D for a single tube.

A preliminary flow visualization shows large recirculating twin vortices and a weak downstream oscillatory streak-
line. The local heat/mass transfer coefficient is large at the leading edge of the plate and also in front of the tube. It is
relatively small behind the tube and it approaches the fully developed asymptotic value far downstream. The high heat/
mass transfer coefficient in front of the tube is considered to be due to the so-called horseshoe vortex. When the
Reynolds number is as large as 2660, a smaller subsidiary horseshoe vortex is attached to the upstream of the main one.
The positive effect of the horseshoe vortices is prominent when the tube is placed in the downstream region. In this case,
the total heat/mass transfer rate increases up to 25%. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Plate fins/circular tube assembly is used in a wide
variety of thermal engineering applications, for example,
in air conditioning units, process gas heaters and cool-
ers, compressor inter- and after-coolers, etc. Because of
its wide use and simple geometry, many research groups
have examined the performance.

Saboya and Sparrow [1,2] use the naphthalene mass
transfer method to measure the local coefficients for one-
row and two-row plate-fin and tube heat exchangers for
0/D = 0.193. They report that the transfer rate is high on
the forward part of the fins due to developing boundary
layers as well as in front of the tube due to a vortex
system there. However, no extensive search for optimal
tube location is made. Jang et al. [3] compare the stag-
gered arrangement of tubes with aligned one using ex-
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perimental and numerical methods. Their study shows
that the staggered arrangement gives greater heat trans-
fer rate at the expense of increased pressure drop. Tsai
and Sheu [4] study the complicated vortex systems in a
two-row fin tube heat exchanger by using a three-
dimensional numerical code. They give a highly detailed
view of the physical processes. Onishi et al. [5,6] compute
numerically a three-dimensional steady flow and conju-
gate heat transfer for one-row and two-row plate-fin tube
heat exchangers. They report the effect of fin spacing, fin
thickness, fin length, tube spacing and tube arrangement
and the heat transfer performance though not completely
extensive. Romero-Mendez et al. [7] study the effect of fin
spacing over the overall heat transfer rate using flow vi-
sualization and numerical analysis, and report that the
heat transfer can be increased by the increase of fin
spacing at a fixed fluid velocity.

Until now, however, only minor attention is paid on
the optimal configuration of the fin/tube assembly. To
find out the optimal tube location, for instance, is as much
important as to examine the microscopic thermophysical
processes. In the present research, flow and heat transfer
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Nomenclature

disk diameter

diffusion coefficient of naphthalene vapor in
air

friction factor (= 2Apd/p,i VL)

mass transfer coefficient

thermal conductivity

length of test section

x-coordinates of disk center location
sublimation mass flux

total mass flow rate of sublimated naph-
thalene

volume flow rate of air

the Reynolds number (= UD/v)

Shp the Sherwood number (= h,D/Dx)

Sl
Z

SN

=]

S

=
m
S

U bulk velocity of air

w span of test section

b coordinates along the airflow

y coordinates transverse to the airflow
z vertical coordinates

Greek symbols

0 gap size between two plates

T naphthalene sublimation depth

v kinematic viscosity of air

Pair density of air

Dy density of solid naphthalene

Dsat saturation density of naphthalene vapor

Dbulk bulk density of naphthalene vapor

in a plate fins/circular tube assembly is examined using
the naphthalene sublimation technique. It is intended to
scrutinize the microscopic flow and heat transfer phe-
nomena and also to evaluate the overall performance to
find out the optimal tube location.

2. Preliminary flow visualization

To find the overall flow field around the circular tube
between two parallel plates, flow visualization is made
using water. The plates are simulated by two glass
plates. One glass plate is clear for observation and the
other is backed with black paper to contrast with the
white milk injected in front of the tube. The milk line
reveals the streaklines. Two gap (0) to tube diameter (D)
ratios are arbitrarily tried, i.e., 0.06 and 0.11.

When the Reynolds number based on D is less than
about 200, no appreciable wake behind the tube is ob-
served for both of the d/D ratios (see Fig. 1(a)). As the
Reynolds number is increased, a pair of twin vortices
appears behind the tube (see Fig. 1(b)).

When it is further increased (see Fig. 1(c)), the size of
the twin vortices increases up to the tube diameter and
the trailing streakline begins to oscillate. The Reynolds
number at which this oscillation begins depends heavily
on 6/D, i.e., it is about 1000 when 6/D = 0.06 and 600
when 6/D = 0.11. Note that Romero-Mendez et al. [7]
report further evolution of twin vortices into oscillatory
alternating vortices when Rep, = 420 and 6/D = 0.265. It
is obvious that the parallel plates suppress instability of
the flow so that the evolution is suspended to greater Rep
when ¢/D becomes smaller.

It is of interest that, for typical configurations in
practical fin/tube assemblies, the flow field is neither
turbulent nor Hele-Shaw. Mostly, it is almost steady
accompanied by large twin vortices behind the tube.

(@) (b) (©)

Fig. 1. Evolution of flow field behind the tube with increasing
Reynolds number for /D = 0.06, (a) Rep = 114, (b) Rep = 425,
(¢) Rep = 1270.

This flow pattern is also well described by Tsai and Sheu
[4] for Rep <1000 and 6/D = 0.19. Note that the mi-
croscopic flow field ahead of the tube is not well visu-
alized. Naphthalene sublimation experiment to be
explained next will further reveal other aspects.

3. Experimental method using naphthalene sublimation
technique

3.1. Test section

Fig. 2 is a schematic of the test section. The naph-
thalene plate is 130 x 130 x 10(¢) mm?, and made of
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Fig. 2. Schematic of the test section.

stainless steel. The surface is polished and naphthalene is
molded into a cavity. The molded naphthalene size is
100(W) x 120(L) x 2(¢) mm*. The circular Plexiglas
disk to simulate the tube is 20 mm in diameter. It thus
corresponds to a heat transfer problem where the fin
efficiency is 100% while the heat transfer from the tube is
not very important. The gap size (d) is controlled by the
thickness of the spacer made of Teflon and placed be-
tween the plates. The examined gap sizes are 4 and 6
mm. Actually, the flow at the inlet of test section is
forward-facing step flow. However comparing the re-
sults of numerical simulations of two inlet conditions,
forward-facing step flow and uniform flow, difference
between the two cases almost disappears in the region
behind 5 mm from the entrance where the naphthalene
layer starts. Therefore, the inlet flow can be treated as
uniform flow. And there are negligible effects of the
spacer on the overall flow except nearby the spacer itself
where wall effects in the order of the gap size ¢ are found
to be evident (the numerical results are not shown here
due to space limitation). In the experiments, the test
section is completely sealed and immersed in water bath.
The water in the bath is vigorously agitated and it is

connected to a constant temperature water circulator to
maintain uniform temperature.

3.2. Apparatus

Fig. 3 shows a schematic diagram of the experimental
apparatus. This apparatus consists of two parts, one is
for measurement and control of the volume flow rate of
air and the other is for control of the water temperature.
Dry air is supplied from an air bomb through two
pressure regulators. Room air is not used to avoid hy-
dration effect. The volume flow rate of air is measured
with micro-manometer (max. 200 Pa) by measuring the
pressure drop across a laminar-flow meter. This flow
meter is made using 12 tubes of 4 mm inner diameter
and 500 mm long. Airflow inside the tubes is perfectly
laminar so that the theoretical Hagen—Poiseuille flow
rate is almost identical with actual calibration using a
bubble meter.

The vapor pressure of naphthalene is very sensitive to
temperature. Pure naphthalene shows sublimation vapor
pressure as [8]

3
TlogP = 0.5a0+ZaSES(x), (1)

s=1
where

ay = 301.6247,a, = 791.4937,

a, = —8.2536,a; = 0.4043,

x= (2T — 574)/114, )
E\(x) = x,Ey(x) = 2x* — 1, E3(x) = 4x* — 3x,

PinPa and T in K.

At room temperature, it varies about 10% per °C.
Therefore the test section temperature is accurately
maintained within 30 + 0.1 °C by using the aforemen-
tioned water bath and circulator.

The schematic diagram of the sublimated naphtha-
lene depth measurement system is shown in Fig. 4. It

micro-manometer

AP air T

regulators

test section

dry air

oo

—

ball needle
valve valve

laminar flow meter

water bath

Fig. 3. Schematic diagram of the experimental apparatus.
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Fig. 4. Schematic diagram of the sublimated depth measure-
ment system.

consists of a two-axis auto-traverse system, a depth
gauge (LVDT) along with a data acquisition card and a
personal computer for data storage and reduction. The
two-axis auto-traverse system has step motors with a
resolution of 1.8° per step (0.02 mm in linear direction).
The depth gauge has range +0.508 mm and linearity
error of 0.170%. The total resolution of the LVDT and
the analog-to-digital card is 0.25 pm and the sublima-
tion depth uncertainty of the entire measurement system
is 2 um.

3.3. Procedure

Reagent grade (99% pure) naphthalene crystals are
melted in a clean Pyrex glass beaker on a hot plate. The
test section and the cover mold are cleaned with ethyl
alcohol and pre-heated to prevent rapid solidification
and subsequent clogging while pouring the molten
naphthalene. The pouring speed and the naphthalene
temperature are carefully controlled also. The cast plates
are then separated from the cover mold by gentle ham-
mering from the side to apply shear stress.

Before blowing air over the naphthalene plates, they
are scanned by the depth measurement system. The
scanning area is 100(x) x 60(y) mm? and scanned points
are 1 mm apart in both of the longitudinal and trans-
verse directions. The total scanning time is about 1 h.

Then the plates are assembled and the whole assem-
bly is immersed in the water bath, and the air flows over
the naphthalene plates. The total blowing time is varied
from 90 to 150 min depending on the rate of volume
flow and the sublimation depth. Long blowing time
gives greater sublimation depth. It thus improves the
relative accuracy of the sublimation depth measurement.
However, excessively long time changes ¢ significantly.
In this experiment, the maximum distortion of geometry
(do/9) is 0.038.

The local naphthalene sublimation depth is calcu-
lated from the local change of two surface elevation of

before and after blowing. Difference in the mounting
forces on the depth measuring system before and after
blowing causes different overall warping of the plate.
Thus, a reference surface is generated to compensate the
warping. It is formed by measuring the elevation of eight
points on the plate and smoothly connecting them.

3.4. Data processing
The local mass flux " at each location is calculated
from the following expression:

t(x,p)
At (3)

' (x,y) = p;

where p, is the density of solid naphthalene, 7 is the local
sublimation depth, and At is the blowing time. The
thermophysical properties of naphthalene, as well as the
saturation vapor pressure, are obtained from Goldstein
and Cho [8]. The local mass transfer coefficient 4, can
then be calculated as follows:

" (x,y) @)

hin (x, ) = ;
( Psat — Poulk (X)

where pg, is the saturation vapor density of naphthalene
and represents the density of naphthalene vapor at the
wall, and py is the bulk density of naphthalene vapor
in the local airflow passing through the cross-section
x = const. The saturation vapor density can be evalu-
ated from the saturation vapor pressure and the perfect
gas law, and the bulk density can be evaluated as

M(x)
Q
where Q is the volume flow rate passing through the test
section and M is the rate of mass transfer from both of
the plates between 0 to x in x-direction and 0 to W
(span) in y-direction. Since p,,(0) =0 and M at x is
given by (note that we have two naphthalene surfaces,
up and down),

Proulk (X) = Poui (0) + ) (%)

i =2 [ [ "l (e )y, (6)

the local mass transfer coefficient 4y, is finally expressed
as

i’ (x, y)
2 (W ’ (7)
Psat _5 j;) f() m (x,y)dydx

The local Sherwood number S/, based on tube diameter
D is then calculated by
hnD

S/’lD = D—N7 (8)

/’lm(X,y) =

where Dy is the binary diffusion coefficient for naph-
thalene vapor in air. In this study, both local and span-
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averaged results are compared. Span-averaging is per-
formed as a simple arithmetic mean of the central 31
data points at 1 mm interval in y-direction.

3.5. Uncertainty analysis

Neglecting the measurement error of D in Eq. (8), the
uncertainty in the local Sherwood number can be eval-
uated from,

, ([ 0Shp 2 [dShp 2
(dShp) _< Do dDy ) + e dhy | . 9)

Or using Eq. (8),

dShy\* _ (DN (i \® (10)
Shy )\ Dn hw )
In this experiment, the uncertainty in diffusion coeffi-
cient Dy is 4.1%. Considering the complicated expres-

sion of A, in Eq. (7), the uncertainty dhi, can be
expressed as,

s (O N\ [(Ohw 2\
= (49 + (350

oh 2 oh 2
+ —mdpsa) + (_mdps) s 11
<©pw ' dp, (1
or

2 2 2\ 2
(L) o (&) (om0
I T Psat — Pouik O
2
+ (A %)
Psat — Poulk  Psat
p dp,\’
+ <7b”‘k —) . (12)
Psat — Pouik  Ps
In the far downstream region, the above uncertainty
reaches a maximum since py,, approaches p, indefi-
nitely. By using the data of that region, the uncertainties
in 1, O, p, and p, are 4%, 4.5%, 3.9% and 1.1%, re-
spectively. The magnification factors ppyu/(Psat — Poulk)
and pg/(Psi — Pou) are then 0.77 and 1.77, respec-

tively. Comprising all these uncertainties, the net un-
certainty in Sy is found to be 9.7%.

4. Results and discussion

The following parameters are taken in the experi-
ments. The span to diameter ratio W/D is fixed to 5.0
and the length to span ratio L/W is fixed to 1.2. For the
varied parameters, 6/D is taken as 0.2 and 0.3, Rep is
taken as 950 and 2660 for 6/D=0.2 and 1770 for
0/D = 0.3, and finally //D is extensively varied as 0.75,
1.0, 1.5, 2.5 and 3.5. These are taken to be as much re-

Re,=2,660, §=4mm, D=20mm, [=50mm

[ww] ydap uopewiqns

Fig. 5. A typical 3-D plot of the sublimation depth.

alistic as possible, and they give a reasonable air-side
effectiveness of around 0.2 to 0.6.

First of all, a qualitative evaluation of the micro-
scopic phenomena is provided. Fig. 5 shows a three-
dimensional plot of sublimation depth with Rep = 2660
(corresponding to U = 2.1 m/s), I/D =2.5 and 6/D =
0.2. It is obtained after 90 min of air blowing. It is large
at the leading edge of the plate and also in front of the
tube. It is relatively small behind the tube and it de-
creases asymptotically to the fully developed value far
downstream.

The high mass transfer rate at the leading edge is due
to the thin boundary layer beginning to develop. It is
almost identical with the case of a flat plate in infinite
stream. The mass transfer rate decreases rapidly along
the downstream. The local Sherwood number ap-
proaches asymptotically to the fully developed value
(7.54 times D/20) in the far downstream. The entrance
or developing length is greater for greater air velocity
and gap size. Greater entrance length means thinner
boundary layer on the fin resulting in the increase in the
total heat transfer rate, as also has been depicted by
Romero-Mendez et al. [7].

When the boundary layer is developed fully in the
gap, the mass transfer coefficient becomes a constant
while the bulk flow is being saturated with naphthalene
vapor. Consequently, the mass transfer rate in the
downstream is further reduced, approaching zero even-
tually.

Flow around the tube is typified by the existence of
trailing twin vortices and a leading horseshoe vortex.
The former is very detrimental to mass transfer. Air
velocity is very low in the recirculating twin vortices
and it is almost saturated with naphthalene vapor. The
mass transfer rate thus becomes very small, and for this
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reason, Onishi et al. [5] assert that the recirculating twin
vortices region behind the tube may well be eliminated
for more efficient heat transfer.

Saboya and Sparrow [1] clearly show that a horse-
shoe vortex exists ahead of the tube and it is larger for
larger Reynolds number. In their experiments, Rep is
from 496 to 2950 based on the tube diameter. The ex-
perimental results of this research confirm their finding:
there exists a horseshoe vortex in front of the tube ro-
tating in a clockwise direction above the bottom side
plate in the x—z plane. It wraps around the tube and
extends its trail along the side of the tube. The upper
plate has a mirror-image horseshoe vortex rotating in
the opposite direction. Its existence is clearly marked by
a deep U-shaped groove around the tube, shown in Fig.
5 as the high wall ahead and beside the tube. Though not
shown here due to limited space, the mass transfer co-
efficient along the frontal line of the groove is very small
since the flow is separated there.

When Rep, is as large as 2660 for /D = 0.2, another
small horseshoe vortex appears ahead of the main
horseshoe vortex, in contrast to the only appreciable
main one for Rep = 950. Though the overall size is
small, it leaves a smaller groove ahead of the main
groove. Saboya and Sparrow’s experiments [1] also show
a clear evidence of the subsidiary horseshoe vortex for
Rep = 2950. Fig. 6 gives an illustration of the two pairs
of horseshoe vortices for better understanding.

The span-averaged local Shp with various locations
of the tube is shown in Fig. 7. The Sherwood number is
greatest at the leading edge of the plate and then in front
of the tube as shown previously. The effect of the loca-
tion of the tube is clearly shown in this figure. As the
tube is placed in the downstream region, the positive
effect of the horseshoe vortex on mass transfer rate is
prominent and the negative effect of the recirculating
twin vortices behind the tube is diminished. Therefore, it
is better to place the tube in downstream position for
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Fig. 6. Illustration of the main and the subsidiary horseshoe
vortices around the tube.

enhanced heat transfer. Another evaluation of this judg-
ment comes from the fact that magnitude of the local
mass transfer coefficient around the horseshoe vortex is
almost independent of the tube location. When the tube
is located close to the leading edge the mass transfer
coefficient in front of the tube is not increased appre-
ciably since it is already very high there. To the contrary,
placing the tube in the downstream region greatly
increases the total mass transfer rate. Fig. 8 concisely
shows the effect of the positioning of the tube. Proper
positioning of the tube in the view point of heat/mass
transfer is estimated to increase the total mass transfer
rate by about 25%, compared with the case of //D =
0.75 for any 6/D and Rep.

With respect to Rep, 180% increase of Rep causes
85% increase in the total mass transfer rate (compare the
two cases of 6=4mm with Q=850cm’/s and
300 cm?®/s in Fig. 8). If the total mass transfer rate is
proportional to Rep, then the proper positioning is
equivalent to about 50% increase of Rep. As can be seen
from Fig. 8§ also, the total mass transfer rate is decreased
by 10% by 50% increase of the gap size at a fixed air-
flow rate of 850 cm?/s (compare the two cases of Q =
850 cm3/s with § =4 and 6 mm). It should not be
confused, however, that increase of airflow rate pro-
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Fig. 7. Span-averaged Shj along the longitudinal direction with various tube positioning, (a) Rep = 2660, (b) Rep = 950.
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Fig. 8. Effect of the location of tube center (D =20 mm) on
total mass transfer rate with various Rep and gap size.

portional to the gap size (thus maintaining the same air
velocity in two cases of Rep = 1770 with 6 =4 and 6
mm) increases the total mass transfer rate also [7].

Fig. 9 shows the existence of the subsidiary horseshoe
vortex through the secondary peaks of the curves.
Though the results are not shown here, the size of the
horseshoe vortex is increased with the gap size at the
same airflow rate. However at the same time, the strength
of vortex is reduced, so the total mass transfer rate is
decreased.

The final inquiry is about the pressure drop. Fig. 10
shows the friction factor f defined from

2
PairV L
Ap:fT 5 (13)

where Ap is the total pressure drop from x =0 to L. As
can be found from the graph, the friction factor with
disk is greater than that without disk. Also, the friction
factor is roughly inversely proportional to Rep. How-
ever, it is noteworthy that it is almost insensitive to the

4.5x10°

—— through the disk center line

40x10°4 | L along the side of the disk
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Fig. 9. Local mass transfer rate along the longitudinal direc-
tion, when Q = 850 ¢cm?®/s, § = 4 mm (Rep = 2660).
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Fig. 10. Effect of the location of tube center on friction factor
with various Rep.

disk location. Consequently, all the earlier discussion on
heat transfer augmentation by relocating the disk center
is perfectly valid without any further penalty of in-
creased pressure drops.

5. Conclusion

To investigate the microscopic flow and heat transfer
phenomena and also to evaluate the overall performance
to find out the optimal tube location, the local mass
transfer coefficient on the plate is calculated from the
measurement of sublimated naphthalene depth. The ex-
amined parameters are the gap to tube diameter ratio
d/D, the Reynolds number Rep and the tube location
1/D.

The local mass transfer rate is large at the leading
edge of the plate and also in front of the tube in all
examined cases. The horseshoe vortex formed in front of
the tube gives significant increase in the total heat/mass
transfer rate.

The subsidiary horseshoe vortex is formed when Rep
is increased to as high as about 2660 for §/D = 0.2.

Mass transfer is very inactive in the recirculating twin
vortex and in the far downstream.

The tube is better placed at downstream to increase
the total heat/mass transfer rate at any 6/D and Rep.
Proper positioning of the tube is estimated to increase
the total mass transfer rate up to 25%. Further re-
searches on multiple tube interaction are recommended.
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