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An experimental study of the turbulent swirling flow
and heat transfer downstream of an sudden
expansion in a circular pipe with uniform heat flux

Kwon K. R.*
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Summary

Experiments were carried out for the turbulent flow and heat transfer downstream of an abrupt
circular pipe expansion. The uniform heat flux condition was imposed to the downstream of the
abrupt expansion by using an electrically heated pipe.

Experimental data are presented for local heat transfer rates and local axial velocities in the tube
downstream of an abrupt 3 : 1 expansion. Air was used as the working fluid. In the upstream tube,
the Reynolds number was varied from 60,000 to 120,000 and the swirl number range (based on the
swirl chamber geometry, i.e. L/d ratio) in which the experiments were conducted were L/d=0, 8
and 16. A uniform wall heat flux boundary condition was employed, which resuited in wall-to-bulk
temperatures ranging from 24C to 71'C. As swirl strenght increased, the location of peak Nu
numbers was observed to shift from 4 to 1 step heights downstream of the expansion. This up-
stream movement of the maximum nusselt number was accompanied by an increase in its magnitude

from 2.2 to 8.8 times larger than fully developed tube flow values,

u : local velocity
Nomenclature Tb : bulk temperature
u : mean axial velocity in upstream tube
d upstream tube diameter L : distance along the plenum chamber
f friction factor Re : Reynolds number in upstream tube
D downstream tube diameter R : radius of a downstream tube
y distance from the wall k : thermal conductivity of air

x 23U 714283 (Dept. of Mechanical Engineering, Cheju Univ., Cheju-do, 690-756, Korea)
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x : axial distance from expansion face
w : wall temperature

m : mass flow rate

Introduction

Experimental research on the heat transfer
in regions of seperated and reattached flows

inside of pipes and ducts goes back at least

to the work of Boetler et al., in 1948.
They reported maximum heat transfer
coefficients near the point of reattachment

about four times the fully developed flow
values.
Thereafter, without swirl, flow through a

sudden expansion produces mixing rates and
subsequently, heat transfer coefficients which
are substantially higher downstream of the
expansion than those which would be obtained
at the same Reynolds number in the entrance
region of pipe, (Ede et. al.,1956, Krall and
Sparrow, 1966, Zemanick and Dougall, 1970,
al., 1984).

Swirl is also responsible for increased shear

Baughn et.

rates, greater turbulence production, and
lengths for

particle so that the effect of swirl like the

longer path a particular fluid

effect of the sudden expansion, is also to
increase heat transfer rates significantly over
those found in purely axial pipe flow. (Syred
and Beer, 1974, Hay and West, 1975, Sparrow
and Chaboki, 1984, Chang and Kwon, 1988).

al. (1987)

an ambitious investigation of the flowfield and

Regently, Dellenback et reported

related heat transfer behavior for the present
problem, incluiding swirl. (Habib and McEligot,
1982, Sultanian, 1984, Dellenback et. al..1987).
many studies of heat transfer of

However,

the swirling flow or unswirled flow in a

abrupt pipe expansion are widely carried out,

the mechanism is not fully found evidently

due to the instabilities of flow in a sudden
change of the shape, appearance of turbulent
shear layers in a recirculation region and
secondary vortex near the corner.

Thus the purpose of this study is to obtain
new accurate data throughout an experimental
study of the swirling flow and heat transfer
downstream of an abrupt expansion in a cir-

cular pipe with uniform heat flux.

Experimental Apparatus and
Procedure

The entire experimental apparatus is shown
schematically in Fig. 1.

An experimental test-rig was manufactured
to permit a detailed interrogation of all flow
variables. The rig incorporated a specially
designed swirl generator, fitted to the inlet of
pipe,
intensities of swirl flow to be stimulated over

a perspex circular enabling varying
the Reynolds number range of 60-120X10° in
the upstream tube,
pipe, manufactured out of
enabled a constant heat flux to

An identical
copper,
be applied at its outer surface, thereby per-
mitting a corresponding investigation of the

heat transfer phenomena.

1. Pressure and Velocity

measurement The acrylic test section

used for the velocity and pressure
measurements is a plexiglass cylinder of in-
ternal diameter 150mm and thickness of 5mm,
lenght of 3, 000mm.

If X denotes the axial distance along the
test section and d denotes the internal dia-
meter of the test pipe then X/d locates a
station measurement position in non-

dimesniona! form on the test section. The
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J 150

1) Acryl tube(¢ SOuwm)

3) Steel pipe(¢ 150um)

4) Flexible connector

5) Turbo fan{220X 10HP)

6) Motor(220 % 10HP)

7) R.P.M. regulator

8) Multi pitot tube(Tobar 301)
9) Inclined manometer

Fig. 1. Schematic diagram

inlet is located at the outlet
located at X/d=80.

The unheated upstream tube (inside diameter

X/d=0 and

50mm) and the expansion face were the same
plexiglass components used in the flowfield
measurements.

The swirl generator is located upstream of
the test section and is comprised of a plenum
chamber and a swirl generator. The plenum
of outer
length

of 1,500mm. The plenum chamber is attached

chamber is a plexiglass cylinder

diameter 200mm and thickness of 5mm,

to the test section by wooden flanges and the

generator. The section of the swirl generator
is shown on Fig. 2. To create swirl, a swirl
generator is placed within the plenum
chamber. The generator consists of a

165.5mm outside diameter plexiglass cylinder
with a 6émm wall thickness and 240mm length.
The disign of the generator is based on that
used by Chaboki(1983),

perfect axisymmetric swirl.

producing a near

The pressure distrubution along the length
of the test section is obtained by a series of
the test pipe

tappings located on

to a multimanometer

pressure

connected by plastic

2) Copper or Acryl tube(¢ 150ma)

10) Pitot tube

11) Electronic manometer
12) Thermocouple(k type) LI L&EZ
13) Electronic thermometer m
14) Insulation

15) Heating coil{¢ 4mm, space 17, 5mm)
16) Voltage regulator

17) Measurement hole(¢ 2.5ma)

L§e |

of experimental apparatus

( Al} dimensions are in mn )

Fig.2. A cross section of the swirl generator

tubing.

The blower is located downstream of the
test section which produces the air suction.
For friction factor measurement an identical
apparatus is used and the pressure gradients
length of the

section and substituted into the friction factor

are obtained along the test

relation described later.

The static pressure signals were then

conveyed to the multimanometer by plastic
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tubing. Air is drawn through the generator
and through the

resulting in the generator of swirl.

holes,

tangentially cut

Fig. 3. Photograph of the test tube mounted with
heating coil

2. Fluid Flow Measurement

The torbar 301
located between the test section outlet and

pressure gauge is also

the blower. The torbar 301 gauge enables the
to be

to and

correct Reynolds number flow

ascertained by connecting inclined

manometer and obtaining the pressure
difference in mm WG required for a particular
Reynolds mumber flow. The flow is adjusted
by a control valve located on the blower.
The flow rate was measured downstream of
the test section by a self averaging pitot
tube, the torbar 301. A honeycomb mesh was
used to control the flow characteristic at the
inlet of the impact tube.
These flow-measuring devices were

tubing to a

connected via tygon

micromanometer capable of measuring pres-

sure differences.

3. Temperature Measurement

The copper heat transfer test section was
of the same dimensions as the acrylic test

section used for the velocity and pressure

measurements,

The copper electrodes were connected to a
variable transformer in series with a 240V AC
regulator, allowing an adjustable, and stable,
AC voltage to be dialed into the electrodes,
the experiments ranged
to the

gave

Voltages used in
240V AC,
heated tube of 1,750W. This,
heat fluxes of 0.011 W/cm®

The local

measured with

providing a total power

in turn,
tube wall temperatures were
thermocouples (0. 08mm  C-A)
side of the Intrex

There

epoxied to the back
through small holes in the tube wall
located at
Also,

measurement of the radial temperature fields

were 15 calibrated thermocouples

different axial positions along the tube.

could then be accomplished by installing the
probe in the traversing mechanism.
4. Data reduction

The Standard formula for calculating ve-

locity from velocity pressure is

u=1.291Pv ¢)]
The measured pressure distributions were
used to evaluate local apparent friction

factors.
The friction factor was obtained by local

application of its equation of definition
f= (-dp/dx)})D/1/2p &’ )

where pT'= (m/1/4zD%%/p,
local density at the point of interest.
Heat

and p is the

transfer tests were performed in a
horizontal copper tube by passing AC current

in the tube wall.

Local heat transfer coefficients were
evaluated from the basic definition
dg=m Cp dTb 3
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h= m Cp dTb
2rrdx (Tw-Tb) mean 4)

The local heat flux is designated by q, the

local wall temperature by Tw and the local
bulk temperature by Tb.
A dimensionless representation was made in

terms of the local Nusselt number
Nu=—= 5)
Here, D is the downstream tube diameter ,
k is the thermal conductivity of air at the
local bulk temperature.
The
determined by correcting the

local convective heat flux q was

electric power
conduction in the tube wall
through the that
surrounds the test section. The value of Tb

station X was found from an

input for axial

and for losses insulation

at any axial
energy balance on the fluid, using a control
volume which extended from X=0 to X=X
and integrating the aforementioned local gq
values to obtain the heat input to the control
volume. Values of the local wall temperature
Tw were available from the experimental

data.

Results and Discusson

1. Axial velocity distributions

Fig. 4 shows the axial velocity variation with
radial distance along the pipe for no swirl
flow and Re=100, 000. Re=100, 000, it
can be seen that the axial velocity distribution
rise from tube wall to tube centre and as y/
R)0.65 rises rapidly.

Fig. 5 shows the axial
with radial distance along the pipe for swirl
flow and Re=80,000 with a concentric ex-
pansion for L/d=0. At L/d=0 the flow pat-

For

velocity variation

tern resembles that at S=1.23, Re=100, 000
by Dellenback (1987).
distance the

It can be seen that with

increasing axial highest axial

velocities move toward the tube wall
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Fig. 4. Axial velocity profiles for Re=100000 with
a concentric expansion

cile

°C ¢: 02 03 04 05 06 07 08 098 10
y/R

Fig.5. Axial velocity profiles for Re=80000 with
swirling flow at L/d=0

2. Friction factor

Fig. 6-1 shows the friction factor distributions
with axial distance along the pipe as Reyn-
olds number varies from 60,000 to 120,000 in
For all Reynolds number,

friction factor of the
constant value from x/d=20 regardless of the

unswirled flow.

test tube showed a

inlet flow boundary condition.
Fig.6-2 shows the friction factor distributions
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with axial distance along the pipe as Reyn-
olds number varies from 60,000 to 120, 000,
swirling flow at L/d=8, heat flow=1.75kW,
For all Reynolds number, the friction factor
of the test tube decreased rapidly at x/d=4
regardless of the inlet flow boundary condition
in swirled flow. The value of friction factor
showed a slight increase in the entrance region
of pipe when the Reynolds number was larger
than any other Reynolds numbers. It shows a
gradient increase up to x/d=4 but a sharp
decrease between x/d=4 and x/d=15 showing

a constant consistency.

0.05
——
Re=60000
0.04 1
——
Re=80000
—_
0.03 4 Re=100000
—h—
f Re=120000
0.02
0.01
0.00 Y — . v . v
0 s 10 15 20 25 30 35
x/d
Fig.6-1. Friction factor distribution for various
Reynolds numbers with a concentric
expansion
0.3
——
Re=E0000
0.25 1 _
Re=80000
U ol
0.2 Re=10J0CC
——
f Re=126060
g151
0.14
0.05 1
(1]

0 5 10 15 20 25 30 35 40 45 50
x/d

Fig.6-2. Friction factor distribution for various

Reynolds numbers with swirling flow at

L/d=8, Heat flow=1. 75kw

3. Temperature distributions

Fig.7-1 and 8-1 show the wall and fluid
bulk temperature variation with for no swirl
flow as Reynolds number varies from 80, 000
to 120,000. For all Reynolds number, the wall
temperature showed a curve of parabolic
variation at 24<x/d<59. The bulk temperature
showed a minimum value at x/d=6~9, but it
distribution of increase. In
Tb showed a

greater increase at Re=80,000 than any other

showed a linear

addition, the values of Tw,

Reynolds numbers.

200
Re=800C0
+ L
Re=10 0
150 e oee o
> I
Ke=120000 &8
Tw(c) ’
+
1601 . - ; = x ..,*
> -+
s 5|
LT + +
501 x >
S
0 T T
[v] 20 40 60
x/d

Fig. 7-1. Distribution of wall temperature along
the test tube with the abrupt expansion

150
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Ed
a "
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k‘ L/d=0
o .
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-
L/d=16
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¢ 10 20 30 4G 50 66
x/¢

Fig. 7-2. Distribution of wall temperature along
the expansion for Re=60000 with swirl
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Fig.7-2 and Fig.82 show the wall and fluid
bulk temperature variation with axial distance
along the pipe for swirl flow. It shows that the
rises rapidly, then

wall temperature initially

reduces, until the distribution of Tw becomes
linear with axial distance, whereas the fluid
bulk temperature exhibits a linear increase with
axial position virtually from the pipe inlet. The
temperature distributions give some qualitative
suggestions concerning the phenomenon being
studied, ie., heat transfer effectiveness down-

stream of an abrupt expansion.

60

o

Re=80000
501 ot I

bl T
Pe=100000
A i Lo
401 Re=120000 oy,
- >
Tb(t) |° .
) = ‘5
304 1. A
O 0 7 A
i = A
204 Mz x i A
"3
101
0 T v r v v
0 0 20 30 4 50 60

x/d

Fig. 8-1. Distribution of bulk temperature along
the test tube with the abrupt expansion

A {/d=0
. L/d=%
301 oA a
slogd L/e=16

x/d

Fig.8-2. Distribution of bulk temperature along
the test tube expansion for Re=80000
with swirl

Nusselt number is inversely proportional to
the wallto-bulk temperature difference for a
fixed heat flux and constant properties.
the value of Tb

showed a minimum value at the pipe inlet, it

For all Reynolds number,

linear increase with axial
The value of Tb
showed a greater increase at L/d=0 than any
other L/d ratios.

swirl is to increase the Tb.

also exhibited a

distance along the pipe.

It is seen that an effect of

4. Nusselt Number variations

Fig.91 and 9-2 show the measured axial
variations in normalized Nusselt number as a
function of swirl strength for nominal Reyn-
olds of 60,000 and 80,000,

peak Nusselt numbers increase consistently in

respetively. The

magnitude and move upstream with increasing
swirl strength.

This upstream migration of Nu_ is a direct
result of the shortening reattachment length,
The shortening of the

causes shear rates and hence production of

recirculation region
turbulence kinetic energy to increase with

consequently higher heat transfer rates. In
Figs 91 and 9-2, the Nu/Nuy, ratio showed a
greater increase at L/d=0 than any other L/d
ratios. These features are also demonstrated
by Dellenback (1987).

In Figs 91 and 92 the Peak Nu/Nug,
occurred at 1 step height and it showed a

greater increase at Re=60,000 than at Re=

80, 000.
In addition, comparison of the unswirled
flow result from Figs. 91 and 92

demonstrates that larger enhancements in heat
transfer rates over straight pipe flow occur at

lower Reynolds numbers, This feature is

simply rationalized by the observation that

convection heat trasfer behavior in separated
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flow is commonly found to depend on Re?/3
Nuy, ¢ fully developed Nusselt number for

turbulent pipe flow represented by Dittus-

Boelter corelation.
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Fig. 9-1. Distribution of Nu/Nu, along the test
tube abrupt expansion for Re=60000 with

swirl
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Fig. 9-2. Distribution of Nu/Nu, along the test
tube abrupt expansion for Re=80000
with swirl

Conclusions

Experiments were carried out for the

turbulent swirling flow and heat transfer

downstream of an abrupt circular pipe
expansion.

The uniform heat flux condition was
imposed to the downstream of the abrupt
expansion by using an electrically heated
pipe. The following conclusions are drawn
from the test data.

1. The
showed at the point of 1 step height for Re
=60,000, 80,000 in the swirling flow abrupt

it showed at

location of the peak Nu/Nuy,

concentric expansion, whereas
the point of 4 step heights for same Reynolds
number in unswirling flow expansion.

2. Axial velocity increased rapidly at r/R=
0.65 in

turbulent flow

the abrupt concentric expansion
through the test tube in
unswirled flow, whereas it showed that with
increasing axial distance the highest axial
velocities move toward the tube wall in the
case of the swirling flow abrupt expansion.
3. Friction factor of the test tube showed a
constant value at x/d=13 and regardless of
the inlet flow boundary condition in unswirled
flow, whereas it showed a gradient increase
up to x/d=4 but a sharp decrease between x
/d=4 and x/d=15,

consistency.

showing a constant

4.In the turbulent swirling flow abrupt

concentric expansion, the wall temperature
and bulk temperature showed a minimum
value at the pipe inlet, and the bulk

temperature also exhibited a linear increase

with axial distance along the pipe but the

wall temperature initially rises rapidly.
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