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An Experimental Study on Heat Transfer Characteristics with
Turbulent Swirling Flow Using Uniform Heat Flux in
a Cylindrical Annuli
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An experimental study was performed to investigate heat transfer characteristics of turbulent

swirling flow in an axisymmetric annuli. The static pressure, the local flow temperature, and the

wall temperature with decaying swirl were measured by using tangential inlet conditions and the
friction factor and the local Nusselt number were calculated for Re=30000~70000. The local
Nusselt number was compared with that obtained from the Dittus-Boelter equation with swirl
and without swirl. The results showed that the swirl enhances the heat transfer at the inlet and

the outlet of the test tube.
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Nomenclature
A . Cross section area of the test tube (m?)
cp . Specific heat at constant pressure (kJ/kgK)

 (do—d;) (mm)

. Annulus concave diameter (mm)

. Annulus convex diameter (mm)

D
do
d;
/  Friction factor for fully-developed flow
fs . Friction factor for swirling flow

k. Heat ransfer coefficient (W/m?K)

% . Thermal conductivity (kW/mK)

L Length of the swril chamber (m)

Nu : Nusselt number

Nus . Nusselt number for swirling flow

P Fluid pressure (Pa)

Py | Awmosperic pressure (Pa)

P, [ Prandtl number
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Ps  Static pressure (Pa)
P, ' Total pressure (Pa)
UD

Re  Reynolds number,

R; ' Reynolds of the convex tube (mm)

R, : Radius of the concave tube (mm)

T  Local air temperature (C)

7T:  Wall temperature on the convex tube (C)
T+  Room air temperature (C)

Tw» : Wall temperature (C)

U . Averaged axial velocity (m/s)

X . Axial coordinates (mm)

v Radial position (mm)

Greek Letters

o . Density (kg/m®

v Kinetic viscosity {(m?%/s)
7w . Wall shear stress (N/m?)
6  Swirl angle (°)

1. Introduction

The flow in a cylindrical annuli, which has
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been widely utilized in the boiler feed water
heater, heat exchanger between sea water and
cooling water, tubular type heat exchangers,
cyclotron separator, and rotor cooler, and stator
of motor and generator, has been much studied.
One of the first to attempt in the study of this
field was Rothfus (1948), who considered the
friction coefficient and velocity profiles of air
flow in the tube. Next year, he formulated concepts
on turbulent intensity and the Reynolds stress.
Using a Pitot tube and hot wire anemometer,
Bringhton et al.(1964)
velocity, turbulent intensity, and Reynolds stress
of water in the range of Re=46000 to 327000.
Alan(1967) measured the friction coefficient

investigated the mean

and velocity profile of water flow in Re=6000 to
9000 through the tube for the ratio of R,/R:;=
2.88 to 9.37. Other important works on turbulent
flow with heat transfer were carried out by Kay et
al. in 1963.

Additionally, Tuft et al.(1982) investigated the
Nusselt number of water flow through a cylin-
drical annuli in Re=41~465 by the finite differ
ence and experimental methods, and Molki et
al.(1990) measured the Nusselt number of air
flow through an inner helical convex tube in
Re=500~ 1250 by the naphthalene sublimation
method. In the beginning of the 2Ist century,
Garimella et al.(1995) reported that they inves-
tigated the tube friction coefficient of water for
Re=310~1000 in a scroll annuli with a groove
and also the Nusselts number by making use of
the LMTD(Log Mean Temperature Difference)
method. The tube friction coefficient of the tur-
bulent flow was 10 times greater than that of
laminar flow and the Nusselts number was 4~20
times greater than that of the flow.

In the early investigations into the influence of
swirl on fluid flow, Chigier et al.(1964), Scott et
al.(1973), Milar (1979), and Clayton et al.(1985)
studied about the swirl flow through a cylindrical
annuli by measuring velocity profiles and pre-
ssure losses and applied the numerical analysis
method.

Recently, Chang et al (2001) measured the
velocity profiles and Reynolds stress in the hori-
zontal cylindrical tube by using the Particle Im-
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age Velocimetry method. Other significant works
on turbulent flow were carried out by Kim et al.
and Ahn et al.(1993, 1994, 1995, 1999), who
found that the surface roughness improved the
heat
investigating the characteristics of the turbulent

efficiency of the overall transfer after
flow mechanism and heat transfer in a rectangular
annuli of Pr=0.72.

These studies, however, were not clear on how
the fluid was heated along the test tube. Further-
more, only few papers have dealt with the
description of the local temperature distribution
and outer wall temperature in fluid flow in an
annuli. Moreover, there is no data for the region
where the Nusselts numbers are not fully
developed.

The heat transfer coefficient of several heat
exchangers has been increased by enlarging the
area of heat transfer, introducing artificial
illuminators and coils or by protruding fins or
making grooves in the tube.

Thus, this study was performed to investigate
the characteristics of swirl flow with heat transfer
in the horizontal annuli having a radius ratio of
Ro/R:=3.0, to measure the static pressure, the
local flow temperature and the tube wall temper
ature of swirl and non-swirl flow of Re=30000~
80000 under a uniform heat flux, and to find out
the Nusselts number and contribute to the com-

pact and economical design of heat exchangers.

2. Experimental Apparatus for Heat
Transfer

Fig. | shows the layout of the experimental
apparatus used in this study with swirl and with-
out swirl.

A concave tube, with an inner diameter of 150
mm, and a length of 3000 mm, and a copper
tube, with the outer part uniformly wound at the
space of 12 mm with a heating coil (Pyrotenax
Ltd.) of 2.6 kW. 240 V, were fabricated to uni-
formly transfer heat to the fluid. The entrance
flange of the test tube was made of bakelite, but
the exit flange, taking thermal expansion into
consideration, was made of Teflon. Sixty-four
thermocouples were installed at a space of 90° in
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Fig. 1 Experimental Apparatus for Heat Transfer
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Fig. 2 Schematic Diagram of the Test Tube

16 test tube sections, that is, four thermocouples
in a section. In order to measure the inside flow
temperature of the test tube, 16 thermocouple
ports were installed onto the surface of the test
tube, which was wrapped with a glass wool blan-
ket of more than 50 mm thickness.

A voltage regulator was manufactured to adjust
the requirement of a 240 V heating coil. A trans-
former was prepared to measure voltage and
current to find heat flux value. Meanwhile, a
multi-Pitot tube was installed at the end of tube
to identify the Reynolds number of air, from
which the fluid velocity was to be determined.
The rpm of the fan motor was controlled. The
local flow and wall temperature of the tube were
measured by thermocouples to determine the heat
applied to the fluid.

The swirling generator was fabricated by using
an acryl tube with an outer diameter of 166.0 mm.
The tube was drilled, with holes having a diame-
ter 3.2 mm at a space of 45° from the outer to
inner tangential direction in eight locations. To

Fig. 3 Cross-section of the swirl generator

adjust the swirling intensity, the swirling genera-
tor was designed so that it could move in the
swirl chamber. Fig. 2 shows the schematic ar-
rangement of the test tube, swirl generator, and
the multi-Pitot tube schematically.

3. Procedure for Heat Transfer
Measurements

The manufacturer (Taurus Controls Ltd.) of
the multi-Pitot tube certified it only for non-
swirling, so before performing the test, it had to be
calibrated for non-swirling flow of Re=10000~
95000 and for swirling flow of Re=15000~
80000.

The thermocouple used in this experiment was
a K-type thermocouple with a diameter of 0.5
mm. After finding the average velocity and exit
pressure of air to experiment on the calibration
curve chart of the multi-Pitot tube, the air pres-
sure was raised to a specified pressure by adjus-
ting the rpm of the turbo fan motor suction the
indoor air. In the air pressure equilibrium state,
electric power (240 V, 2.6 kW) was supplied to
the heating coil, and then the temperatures of
the wall and local fluid in thermal equilibrium
were measured and recorded by the thermocouples
and the temperature recorder. The temperature
recorder (Yokogawa, Model HR 2300) recorded
the wall and fluid temperature at 2 minute in-
tervals. The experiments continued until the tem-
perature stopped changing. Equilibrium state of
the fluid could be attained after about 30 minutes
after the test began. Thermocouples were installed



An Experimental Study on Heat Transfer Characteristics with Turbulent Swirling Flow Using ---

in 14 locations at X/D=0.5, 1, 1.5, 2, 3, 4.5, 8, 12,
16, 20, 24, 28, 29, 29.5, and the wall and local
fluid temperatures were measured at these loca-
tions.

The wall temperatures were decided as an
arithmetic mean temperature because 4 thermo-
couples in a section were installed at 90° intervals
of the circumference. The local fluid temperatures
were measured at | mm intervals by the thermo-
couple feed mechanism. In this case, there were 14
measurement locations ; they were measured in
the same way as the wall temperatures were. The
non-swirling flow temperatures were measured
according to the Reynolds number, but for the
swirling flow, Reynolds number and the swirl
intensity, L/D were used.

4. Experimental
Results and Discussion

4.1 Static pressure distributions

The static pressures for Re=40000 to 75000 at
the 14 locations X/D=0.5, 0.8, 1.5, 2.0, 4.0, 5.0,
6.1, 7.3, 8.0, 10.2, 14, 18, 24, 26.5 were measured
at the concave and convex tube by inclined Ma-
nometer (Air flow, MKS5) before performing the
heat transfer experiment.

Furthermore, 14 numbers of 2 mm static pres-
sure holes were drilled into the concave tube.
Then, 2 mm tubes were installed and connected to
the Manometer, which could measure the static
pressure of the fluid. Two mm static pressure
holes were pierced and one end of the 2 mm
copper tubes was connected to the inclined mano-
meter, and the static pressure of air was mea-
sured.

At this moment, y-direction locations between
the concave and convex tubes were being pre-
pared to be precisely coincide with a transmitter
so that the experiment could be performed.

Figure 4 and Fig. 5 show the static pressures of
the fluid for Re=40000~ 75000, which was flown
through the concave and convex tubes. The static
pressure of the wall was high at the test tube
entrance, but gradually decreased along the tubes
(increased in the Fig. 4 and Fig. 5). This
appeared to be high at the test tube entrance by
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Fig. 4 Distributions of the static pressure along the
test tube with swirl for Re=40000
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Fig. 5 Distributions of the static pressure along the
test tube with swirl for Re=75000

the tangential velocity component of the swirling
flow, and the static pressure also increased. This
static pressure gradually decreased as the swirling
flow decreased along the tube.

But for the convex tube wall, the static pressure
was low at the tube entrance but gradually
increased along the tube (decreased in Figure).

Near the tube entrance, the negative velocity
zone usually formed in the direction of the convex
wall due to the swirl intensity. It was unusual that
there was a cross point of two static pressures (as
they were swirl-decayed). In Re=40000, it was at
about at X/D=20, but in Re=75000, it was at
about X/D=27. This result implied that when
the Reynolds number increases, the point moves
away from the entrance of the annuli. This was
thought to have come from that the swirl intensity
was a function of the Reynolds number.

4.2 Friction factor

Using equation (1), the tube friction factor of
the swirl and non-swirl flow was drived. In the
fully developed zone, the friction coefficient was
applied as the Blasius® equation.
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The friction factors of the concave and convex
tubes, respectively, were calculated from informa-
tion in the static pressure distribution chart of
Figs. 3 and 4. Figure 5 compares the friction
factor (fs) of the swirl flow for Re=40000 in the
concave tube with that derived for the horizontal
short tube by Sparrow et al.(1984).

In the annuli, fs/f of the concave tube was
about 10 times higher than that of the non-
swirling flow. It is likely that in the swirling flow,
this result came from the tangential velocity com-
ponent. The result was compared with that from
the Sparrow’s work (1984). His Reynolds number
was 43500 with swirling flow of the horizontal
single tube. The value in the entrance of the test
tube was shown to be 1.7 times higher than that of
the annuli, and in the end of the tube it was 6.3
times higher. The comparison of the fs/f of the
annuli for Re=75000 with that of Medwell et al.
(1989) are given in Fig. 7. Medwell’s results also
appeared to be about 2 times higher in the tube
entrance and 5.2 times higher in the tube end than
in the annuli. As it were, the fs/f in the swirling
flow was shown to be 1.7~2.0 times higher in the
test tube entrance and 5.2~6.3 higher in the tube
end than in the annuli. This phenomenon is
thought to have occurred due to the swirling flow
in the annuli to accelerate the nullification of the

w  Concave Tube
¢ Single Tube (Sparrow)

.

Fig. 6 Comparisons of the friction factor on the
concave tube and the single tube with swirl
for Re=40000
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swirling flow from the friction of the concave and
the convex tube. The friction coefficient of the
concave and convex tube along the test tube are
given for the Reynolds number 40000, as shown
in Fig. 8 and 9.
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Fig. 7 Comparisons of the friction factor along the
test tube with swirl for Re=75000
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Fig. 8 Distributions of the friction factor along the
test tube with swirl for Re=40000
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In the tube entrance, fs/f of the concave tube is
shown to be about 9.6, but in the convex tube
about 5.0. In Re=75000, it is 5.3 in the concave
tube and 2.6 in the convex tube. In the convex
tube, fs/f increased from 2.6 to 5.0 and then
decreased, but in the concave tube, fi/f increased
from 5.3 to 9.6 and then decreased along the test
tube. When the Reynolds number increased, a
flow reversal zone near the convex tube enlarged.
Therefore, this caused fs/f to decrease. Further-
more, these tube friction coefficients had their
result cross each other. Namely, they crossed at
X/D=10.5 in Re=40000 and X/D=11.0 in the
75000. These results were considered as recircula-
ting zones appearing at the test tube entrance
when having a strong swirling flow like the static
pressure distribution.

4.3 Local air temperature distributions

Figure 10~Fig. 12 include the local fluid tem-
perature (T/7T,) of the non-swirling flow at
Re=30000, 50000 and 70000 respectively. For
the non-swirling flow, the air temperature at
Re=30000 was consistent when X/D=0.5~4.5,
y/ (Ro— R:) =0.7, but as X/D increased, 7/ 7>
gradually increased. Near the concave tube wall,
the air temperature sharply increased and ap-
peared to increase further as the Reynolds number
decreased. Meanwhile the local temperature dis-
tribution of Re=30000 near the convex tube was
1.0~2.3 at y/(Ro,— R;) =0.325 but smaller when
the Reynolds number increased, and at Re=
70000, the local temperature distribution ap-
peared as y/(Ro,— R;) =1.1~1.7. It was thought
that as the Reynolds number decreased, the tem-
perature distribution near the convex tube would
vary, but as the Reynolds number increased, the
temperature distribution decreased due to the
axial velocity increment. The fluid temperature
decreased, regardless of the change of the Rey-
nolds number. But, the dimensionless temperature
(T/T,) was decreased at X/D=29.0~29.5, with
no relation with the change of the Reynolds
number. The effect of the tube end may have
decreased T/ Tr. This phenomenon also appeared
to have no relation with the change of Reynolds
number.
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Fig. 10 Distributions of Tempeture Profile without
Swirl across the Test Tube for Re=30000
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Fig. 11 Distributions of Tempeture Profile without
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Fig. 12 Distributions of Tempeture Profile without
Swirl across the Test Tube for Re=70000
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805 —e~1

445 —4—3
12 -e-16
I 2 —e-2

£
= X X " . il - "ﬁ
2{ ¢—9 o 4 —o—0—0 g
S AU  r— AW KRk R poi 2%
S o S " S Sy - - = g

Ny .msamzm-

0 L Il 1 1 1 1 i

03 04 05 06 07 08 08 10

Y(R-R)

Fig. 15 Distributions of Tempeture Profiles with
Swirl across the Test Tube for Re=70000

15 show the local fluid tem-
perature (T/T,) of the air with swirling flow,
and it appears to be consistent to y/(R,— R;) =
0.325~0.9 for Re=230000 but the local fluid tem-
perature is different that of the non-swirling flow.

Figure 13~Fig.

Except for the near tube wall, the temperature in
the y-direction of the test tube appeared to be
consistent even though X/D increased.

The temperature gradient near the tube wall
sharply increased in the small range compared
with non-swirling flow. The tangential velocity
component of the swirling flow was regarded to
transfer more energy from the tube wall to the
fluid than that of the non-swirl flow. In addition,
when the Reynolds number increased, the local
temperature near the convex tube decreased, and
the temperature range apparently decreased
compared with non-swirling flow so that at Re=
30000, the range was 1.2~3.65 at y/(Ro—R:) =
0.325 but at Re=70000, 1,0~2.3. The energy
from the heated wall was transferred to the near
convex tube wall with the fluid mixture because
of the tangential velocity of the swirl flow. At
the end of test tube, the effect of the tube end
appeared to be similar to that of the non-swirling
flow, but the range of the temperature gradient
was smaller than that of the non-swirling flow.

4.4 Wall temperature and dimensionless

Temperature

Figure 16 depicts the relation between the
Reynolds number and the wall temperature ( 75/
T.) of the non-swirling flow. At the tube en-
trance the wall temperature distribution sharply
increases, but after X/D=10, and up to 24 it
gradually increases. Namely, this range is regard-
ed as the thermally full developed region in the
annuli, but after X/D=25, this region decreases
along the test tube. This temperature distribution
in such phenomena is the same as the local fluid
temperature distribution of the tube end regarded
as the effect of the tube end. The wall temperature
distribution decreased as the Reynolds number
increased, this decrease means that as more energy
from the wall was transferred to the fluid, the
average velocity increased according to the
Reynolds number.
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Figure 17 also includes the wall temperature
in the swirling flow. T,/ 7T: of the test tube
entrance, which was 2.5~4.6 in the non-swirling
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Fig. 19 Comparisons of (7w/T)/(Tw/ T:) with
swirl and without swirl at X/D=12

flow, was much lower in the swirling flow, 1.3~
2.0. Furthermore, the maximum temperature,
which was 8.8 in the non-swirling flow, was very
low, 5.2, in the swirling flow. This low number
means that the swirl flow transferred more energy
from the heated tube wall to the fluid than the
non-swirling flow did. But this phenomenon is
consistent with the local fluid temperature varia-
tion.

Figure 18 shows the radial dimensionless tem-
perature distributions ( 7/ T) /{ T/ T%) for non-
swirl flow. Here, wall and local air temperatures
have been taken from earlier plot.

This diagram serves to emphasize the main
feature of a developing thermal boundary layer.
Figure 19 shows the comparisons of the dimen-
sionless temperature distributions of swirl and
without swirl flow at X/D=12. The ‘squareness’
of the temperature profiles of swirl flow is more
*flat’ than that of non-swirl flow.

4.5 Comparisons of nusselt number with
swirl and without swirl flow

The fundamental bulk temperature could be
calculated from equation (2}, but because it was
found out after measuring the local fluid temper-
ature and the axial velocity, the bulk temperature
of each zone was calculated by equation (3), and
the local Nusselts number was done by equations
(4), (5) and (6).
ture from the local fluid temperatures of Fig.

Finding out the bulk tempera-
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10~ Fig.
transfer coefficient of the fluid. Nusselt number

15, and the specific heat and heat
was calculated for swirl flow and non-swirl.

To
/0‘ 2o dr uc,T
Tw= 7o (2)
/0. 2rodr ucy

_ b ,

Tv=— [ TdA (3)

dg=mcpd Te (4)
71Zde Tb

h= 27 dx ( Tw_ Tb) mean
Nu=hD/k (6)

The calculated Nusselts number was compared
with the results, which were calculated from the
Dittus & Boelter equation. Here, Pr is the Prandtl
number.

Nua=0.0023Re®8Pr™* (7)

Detailed Nusselt number distributions are given
for Re=230000~80000 for without swirl flow in
Fig. 20. In this result, Nus/Nua at the tube
entrance was 1.5~ 1.7, but at the exit, 1.4~2.05.
Nus/Nug of the tube entrance gradually de-
creased along the test tube. The thermally full
developed region was initiated and maintained
from about X/D=10 to 22.25 and then increased
again at the end of the tube. This behavior
continued regardless of the Reynolds Number.
When the air flew along the test tube, and this
air flow was heated, thus, the region increased.
Moreover, in the fully developed region, the
Nusselt number was shown to be lower than that
of Dittus & Boelter equation. This difference was
probably due to the heat loss in the convex tube.

Figure 21 shows the dimensionless Nusselts
number (Nus/Nug) of the swirling flow accord-
ing to the Reynolds Number. The Nusselts num-
ber for the swirling flow changed according to
Reynolds number, and was influenced by the
effects at the tube entrance, and exit. At the
entrance, Nus/Nuqa was 3.6~5, and at the exit, to
be higher than 4.5~6.

a0

254 - - 000]

20

o
=
3
&
]
L]
]

Fig. 20 Comparison of Nussults Number without
Swirling Flow for Re=30000, 40000, 50000,
60000, 70000 and 80000
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Fig. 21 Comparison of Nussults Number with Swirl
for Re=30000, 40000, 50000, 60000, 70000
and 80000

A particular phenomenon was that in the
swirling flow there was no fully developed region.
This result coincides with investigation results
that have been so far published in the single
horizontal tube.

This figure
results of Sparrow et al. (1984). He employed an

includes comparison with the

Ohmic heating method to utilize the electric
resistance of the tube material itself, which was
made of a single piece of stainless steel. Nusselts
number at the entrance was almost the same but
gradually decreased and at the end of the tube,
decreased to 2. 41 without the effect of the tube
end.
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Fig. 22 Comparison of Nusselts number with Swirl

and without swirl for Re=30000, 40000,

50000, 60000, 70000 and 80000

Figure 22 also includes the comparisons be-
tween Nusselts number over the Reynolds number
range of Re=30000~80000 with swirling and
without swirling flow. Nusslts number of swirling
flow was observed to be 2.0~2.5 times bigger
than the one for the non-swirling flow at X/D=
10~25. Tt also was observed to be 2.3~3.3 times
bigger at the tube entrance and 3—~4 times bigger
at the end of the tube. It is thought that the
swirling flow could transfer more heat by fluid
mixing due to tangential velocity.

It means that the Reynolds Number is a func-
tion of swirl intensity. If the Reynolds Number is
increased, the tangential velocity is increased and
the heat transfer from the heated wall is also
increased.

5. Conclusions

The following conclusion were derived from
heat transfer experiments where the swirling and
non-swirling flow moved through a horizontal
annuli of air fluid.

(1) There was a region where the static pres-
sure and the tube friction factor could cross in the
concave and the convex tube.

(2) The friction factor in the concave tube of
the annuli was 1.7~2.0 times lower at the tube
entrance and 5.2~6.3 times lower at the exit than
that of the single test tube.

(3) The fluid temperature distribution from

the convex to concave tube in the swirling flow
was consistent up to y/(Ro.—R: =0.9. This
phenomenon continued as the Reynolds number
increased.

{4) The Nusselts number of the swirling flow
was observed to be 2.0~ 2.5 times higher than one
in the fully developed regions of the non—swirling
flow. It was regarded as a phenomenon that
owing to the tangential velocity component of the
fluid, caused more energy to be transferred from
the heated wall in the swirling flow to the fluid
than in the non-swirl flow.

(5) In the fully developed zone without swirl
flow, the Nusselt number was lower than that of
Dittus & Boelter equation. However, the swirling
flow has no fully developed region.
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