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Vortex generators are fabricated on the fin surface of a fin-tube heat exchanger to augment
the convective heat transfer. In addition to horseshoe vortices formed naturally around the tube
of the fin—tube heat exchanger, longitudinal vortices are artificially created on the fin surface by
vortex generators. The purpose of this study is to investigate the local heat transfer phenomena
in the fin-tube heat exchangers with and without vortex generators, and to evaluate the effect of
vortices on the heat transfer enhancement. Naphthalene sublimation technique is employed to
measure local mass transfer coefficients, then analogy equation between heat and mass transfer
is used to calculate heat transfer coefficients. Experiments are performed for the model of fin
~circular tube heat exchangers with and without vortex generators, and of fin-flat tube heat
exchangers with and without vortex generators. Average heat transfer coefficients of fin-flat tube
heat exchanger without vortex generator are much lower than those of fin-circular tube heat
exchanger. On the other hand, fin-flat tube heat exchanger with vortex generators has much
higher heat transfer value than conventional fin-circular tube heat exchanger. At the same time,
pressure losses for four types of heat exchanger is measured and compared.
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1. Introduction

For energy conservation and the protection of
environment, it becomes increasingly important
to adopt heat transfer enhancement technique in
the design of heat exchangers used in process
industries for heating, cooling, air-conditioning
and refrigeration. There are two enhancement
technologies of convective heat transfer for com-
pact heat exchangers. One is to extend heat
transfer surface area like a fin, the other is to
increase heat transfer coefficients between solid
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surface and fluid. Vortex generator is the one that
can be used for heat transfer enhancement in fin-
tube and plate-fin heat exchangers. Fiebig and
Chen(1998) have summarized their systematic
study on the characteristics of heat transfer sur-
face with vortex generators. According to their
research, the fin heat exchanger surface may be
reduced with vortex generators by more than 50 %
compared to a plain fin for identical heat duty
and pressure loss. Zhu et al. (1995) have studied
numerically the effect of vortex generator on the
flow and heat transfer in a rib-roughened
channel. Yoo(1997) have developed fin-flat tube
heat exchanger with vortex generators, and show-
ed that vortex generators increase heat transfer
rates on the fin surface almost twice.

When the
convection from fin-tube heat exchanger with

heat is transferred by forced

vortex generators, complex flow phenomena
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- such as stagnation, separation, vortex formation
or wake - affect the heat transfer characteristics.
In a complicated flow situation, it is very difficult
to measure local heat transfer coefficients by con-
ventional methods of heat transfer measurement.
Goldstein et al. (1990) showed that mass transfer

experiments using naphthalene sublimation tech- -

nique is the effective way for measuring the local
heat transfer distribution in a complex, three-
dimensional flow region. In the present study,
naphthalene sublimation technique is employed
to measure local mass transfer from fin-tube heat
exchanger with vortex generators. Then, mass
transfer data are converted to their counterpart of
heat transfer process using heat/mass transfer
analogy. Automated sublimation depth measu-
rement system is used to measure the distribution
of local mass transfer.

The purpose of this study is to investigate the
effect of vortex generators on heat transfer
enhancement of fin—tube heat
Experiments are performed for the fin-circular
tube heat exchanger and the fin-flat tube heat
exchanger with and without vortex generators,

exchangers.

respectively. At the same time, friction loss for
four types of heat exchanger is also measured and
compared.

2. Experimental Apparatus and
Procedure

2.1 Experimental apparatus

The experimental apparatus comprises a wind
tunnel, a naphthalene casting facility and a sub-
limation depth measurement system. The open-
circuit blowing type wind tunnel, which has
square test section of 300 mm X46 mm, is used.
The air speed is controlled by inverter and the
freestream turbulence intensity is less than 1.0 %
over the entire range of speed.

The naphthalene casting facility has the mold,
heating plate, hot air gun, mold separating device
and suction hood. Automated sublimation depth
measurement system is used to measure local mass
transfer coefficient. The depth measurement sys-
tem consists of a depth gage, a signal conditioner,
two stepper motor—-driven traversing table, a data

acquisition board and a personal computer. The
depth gagz used to measure the naphthalene sur-
face profile is a linear variable differential
transformer (LVDT) which has £0.254 mm (0.01
in) linear range and £25.4 nm(1 g-in) resolu-
tion. It is connected to a signal conditioner, which
supplies LVDT and
amplifies the output signal from LVDT.

excitation voltage to

2.2 Experimental procedure

A new naphthalene casting is made for each test
run. The testpiece is clamped to a highly polished
mold, and molten naphthalene is then poured into
the mold. After the naphthalene solidifies, the
mold is separated from the testpiece by applying
a shear force. The cast testpiece is placed and
clamped on the sublimation depth measurement
table. Initial readings of the naphthalene surface
elevation are taken at predetermined locations
depth
measurement then
installed in the wind tunnel and exposed to the air
stream for about one hour. During a test run, the

using the automated sublimation

system. The testpiece is

naphthalene surface temperature, tunnel air tem-
perature and pressure, and freestream velocity are
measured. The testpiece is then removed and a
second se: of surface elevation is obtained at the
same locations as before. Finally, data reduction
program calculates Sherwood numbers and
Nusselt numbers from the measured sublimation

depth anc other related data.

2.3 Data reduction
The mess transfer coefficient is defined by

M) A= hn(0v,0— Poo) (n

where  is mass transfer rate, A is naphthalene
sublimation area, /.n is mass transfer coefficient,
Ouv,w is naphthalene vapor density on the surface,
and O~ is naphthalene vapor density in the
freestream, which is ignored in this study. The
empirical equation of Ambrose et al. (1975) is
used to determine the naphthalene vapor pressure
and then, from the ideal gas law, naphthalene
vapor density on the surface is evaluated.

The local mass transfer rate can be determined
from
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m/A=psAt/dr (2)

where o5 is the density of the solid naphthalene,
At is the net sublimation depth, and dris the total
exposure time in the wind Total
naphthalene sublimation depth is calculated from

tunnel.
the variation in measured surface elevations
before and after the exposure, and the excess
sublimation due to natural convection during the
sublimation period s
subtracted from the total sublimation to calculate

depth measurement

net sublimation.
Combining Egs. (1) and (2) gives

" Pov,w
The Sherwood number can be expressed as
Sh=hnH /Dy, (4)

where H is the characteristic length, fin spacing in
this study. The mass diffusion coefficient of
naphthalene in air, Dy is calculated from Cho’s
(1989) correlation. The measured mass transfer
coefficients or Sherwood numbers are converted
to their counterpart of heat transfer using the
following analogy relation.

Nu/Sh=(hH/k)/(hnH/Dys) =(Pr/Sc)" (5)

where 1/3 is used for exponent % in the present
study.

3. Results and Discussion

3.1 Fin-circular tube heat exchanger

Schematic of the fin-tube heat exchanger model
with circular tubes in a staggered arrangement is
shown in Fig. 1. The heat exchanger models
consist of five parallel plate representing the fins
and three rows of tubes. Fins are made of 0.8 mm
thick stainless-steel and tubes are made of acryl.
Vortex generators, 7 mm X7 mm, made of acryl
are mounted vertically on the fins, and fin spacing
is the same as the height of vortex generator. The
bottom plate of the wind tunnel is cast with
naphthalene and heat model is
mounted on it. Results obtained with the inlet air
velocity of 7 m/s are presented.

Distribution of the local heat
coefficients for fin-circular tube heat exchanger

exchanger

transfer
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Fig. 2 Distribution of local Nusselt number for fin
—circular tube heat exchanger without vortex

generators

without vortex generator is shown in Fig. 2.
When the boundary layer flow meet the
protruding object, tube in the study, flow is
slowdown and dynamic pressure converted to
static pressure. A pressure gradient across the
boundary layer is, created. This
pressure gradient causes the flow to move toward

therefore,

the fin and reverse flow at the region nearest to
the fin. This reverse flow of the boundary layer
produces the horseshoe vortex, which is then
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Distribution of local Nusselt number for fin
—circular tube heat exchanger with vortex
generators

carried around the tube by the main flow. This
horseshoe vortex enhances the convective heat
transfer dramatically. Horseshoe-like peak,
starting in front of the tube and continuing
around the tube, corresponds to the trail of
horseshoe vortex. Meanwhile, the heat transfer
coefficient behind the circular tube is found to be
very low. The reason is that wide wake zone is
formed behind the tube, so the fluid in this region
is scarcely mixed with the main flow.

Figure 3 shows the distribution of the local
heat transfer coefficients for fin-circular tube heat
exchanger with vortex generators. Heat transfer
enhancement by the horseshoe vortices is similar
to that without vortex generator. In addition to
this enhancement, another peak trail is found in
the downstream of each vortex generator.
Longitudinal vortices are generated by flow sepa-
ration due to the pressure difference between
upstream and downstream side of vortex
generator. These vortices turn the flow field
perpendicular to the main flow direction. They
enhance the mixing of the fluids close to and far
from the fin and, thereby, the fin heat transfer.

In the Fig. 4, average Nusselt numbers are
compared on the fin surface of the fin-circular
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Fig. 4 Comparison of spanwise-averaged heat

transfer for fin-circular tube heat exchanger

tube heat exchanger with and without vortex
generators. Average Nusselt number is calculated
by integrating the local Nusselt numbers along
the spanwise-direction. In case of a heat
exchanger without vortex generator, three local
maximum is found at x/H=6, x/H=~16 and x/
H =26, which is caused by the horseshoe vortices
formed in front of tubes located in the first,
second and third row, respectively. Second and
third peaks are relatively higher than first peak,
because blockage due to the first tube increases
the velocity and produces stronger horseshoe
vortices in front of second tube. In case of a heat
exchanger with vortex generators on the other
hand, threz additional peaks appear at x/H=11,
x/H=21 and x/H=31, which correspond to the
location of vortex generators. The magnitude of
enhancement by vortex generators are almost
same regardless of location, and longitudinal
vortices does not influence horseshoe vortices.
The overall average heat transfer coefficient on
the whole fin surface of the fin-circular tube heat
exchanger with vortex generators found to be
35 % higher than that of the fin-circular tube heat
exchanger without vortex generator.

3.2 Fin-flat tube heat exchanger

Figure 5 shows the schematic of the fin-tube
heat exchanger of model with flat tube. The cross
sectional area and tube spacing of flat tubes are
equal to those of circular tubes. The same vortex
generators as is used in the fin-circular tube heat
exchanger. are mounted in the upstream side of
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Fig. 5 Schematic of fin-flat tube heat exchanger
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Fig. 6 Distribution of local Nusselt number for fin
-flat tube heat exchanger without vortex
generators

flat tube. Fin-flat tube heat exchangers are often
adopted in air-conditioning and gas-boiler sys-
tem instead of fin-circular tube heat exchangers,
to reduce the pressure loss, consequently pumping
cost. But it is well known that heat transfer
efficiency of the fin-flat tube heat exchanger is
much lower than that of circular type. Yoo{1997)
have reported that dual effects, the enhancement
of heat transfer and the reduction of pressure loss,
could be accomplished by implementing vortex

Fig. 7 Distribution of local Nusselt number for fin
-flat tube heat

generators

exchanger with vortex

generators on the fin surface.

Figure 6 shows the distributions of local heat
transfer coefficients in the fin-flat tube heat
exchanger without vortex generator. Heat transfer
enhancement by horseshoe vortices found in front
of tubes, as in fin-circular tube heat exchanger,
but their magnitude is much less than that of fin-
circular tube. Blockage area of flat tube is smaller
than circular tube, so intensity of horseshoe
vortices formed around flat tubes are weaker.
This
exchanger has lower heat transfer efficiency than

is the reason why fin-flat tube heat

fin-circular tube.

Distribution of local heat transfer coefficients
in the fin-flat tube heat exchanger with vortex
generators is shown in Fig. 7. In addition to heat
transfer enhancement by horseshoe vortices,
longitudinal vortices created by vortex generators
are found to augment heat transfer drastically.

Effect of vortex generators on the heat transfer
enhancement in the fin—flat tube heat exchanger is
shown in Fig. 8. Because vortex generators are
installed nearby upstream side of flat tube, heat
transfer enhancement caused by horseshoe
vortices and by longitudinal vortices are coupled.

The increase in Nusselt number by vortex
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Fig. 8 Comparison of spanwise-averaged heat

transfer for fin-flat tube heat exchanger

generators is found to be much higher in the fin-
flat tube heat exchanger than fin-circular tube.
Overall average heat transfer coefficient of fin-flat
tube heat exchanger with vortex generators is
increased by 75 % compared to that of the fin—flat
tube without vortex generator, and is increased by
45 % compared to that of the fin-circular tube
heat exchanger without vortex generator.

3.3 Pressure loss
Pressure loss in the fin-tube heat exchangers
are measured using a micro-manometer, and the
apparent friction factor f is calculated from the

following expression:
__4r_H ©

pV%2 L

where H is fin spacing, the distance between fins
and L is the distance between pressure measuring
points. Figure 9 shows the apparent friction factor
against Reynolds number, based on fin spacing,
for circular and flat tube heat exchangers with
and without vortex generators. Friction factors
decrease as the Reynolds number increase, and
vortex generators increase pressure drop in both
cases. Friction factors for fin-circular tube heat
exchanger are much higher than that of flat tube
because of relatively larger blockage area.
Pressure drop of the fin-flat tube heat exchanger
with vortex generators is increased by 80 %
compared to that of the fin—flat tube without
vortex generator, but is decreased by 50 %
compared to that of the fin—circular tube heat

Table 1 (Comparison of Nusselt numbers, apparent
friction factors and their ratios based on

equivalent fan power

Heat Exchanger Type J]VVZC Lc ({VVZ) / (%)1/3
Fin-circular tube 1.00 { 1.00 1.00
Fin-circular tube with V.G. | 1.37 { 1.17 1.30
Fin-flat tube 0.8210.29 1.24
Fin-flat tube with V.G. |1.45]0.53 1.79

05
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—a— Flat with V.G.

—6— Circular without V.G,
—&— Circular with V.G.
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Fig. 9 Comparison of apparent friction factors for
four types of heat exchanger

exchanger without vortex generator.

Comparison of Nusselt numbers, friction facto-
rs and their ratios based on equivalent fan power
at air velocity of 7 m/s for four types of heat
exchanger are given in Table 1. Figures in the
table indicate the ratio to the values of fin-circu-
lar tube heat exchanger without vortex generator.
Consequently, fin—flat tube heat exchanger with
vortex generators has higher heat
efficiency and lower pressure loss than conven-
tional fin-circular tube heat exchanger

transfer

4. Conclusions

Heat transfer and pressure loss for fin-circular
tube and fin-flat tube heat exchangers with and
without vortex generators are measured and
compared. Summary of major results are as
follows.

(1) Horseshoe vortices formed around the tube
enhance the heat transfer dramatically, and their
effect is relatively weaker in the flat tube.

(2) In case of fin-tube heat exchanger with
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vortex generators, longitudinal vortices augment
heat transfer in addition to horseshoe vortices.
(3) Overall average heat transfer coefficient of
fin-flat tube heat with
generators is increased by 75 % compared to that
of the fin-flat tube without vortex generator, and
is increased by 45 % compared to that of the fin
-circular tube heat exchanger without vortex

exchanger vortex

generator.

(4) Fin-flat tube heat exchanger with vortex
generators has higher heat transfer efficiency and
lower pressure loss than conventional fin-circular
tube heat exchanger.
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