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Flows Characteristics of Developing Turbulent
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Abstract

In this study, the flow characteristics of developing turbulent pulsating flows in a square-sec-
tional 180° curved duct are investigated experimentally. The experimental study of air flow in a
square-sectional curved duct is carried out to measure axial velocity distribution, secondary flow
velocity profiles and wall shear stress distributions by using a Laser Doppler Velocimetry system
with the data acquisition and processing system of Rotating Machinery Resolver (RMR) and
PHASE software, at the entrance region of the duct which is divided into 7 sections from the
inlet(¢=0") to the outlet (¢=180") in 30° intervals.

The results obtained from the study are summarized as follows :

(1) The time-averaged critical Dean number of turbulent pulsating flow (De¢a ) is greater than
75w". It is understood that the critical Dean number and the critical Reynolds number are
related to the dimensionless angular frequency in a curved duct.

(2) Axial velocity profiles of turbulent pulsating flows are of an annular type, similar to those of
turbulent steady flows.

(3) Secondary flows of turbulent pulsating flows are strong and complex at the entrance region.
As velocity amplitudes (A;) become larger, secondary flows become stronger.

(4) Wall shear stress distributions of turbulent pulsating flows in a square-sectional 180° curved
duct are exposed variously in the outer wall and are stabilized in the inner wall without
regard to the phase angle.
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Introduction

With the progress of industrial development,
all sorts of pipe network systems have become
gradually greater and more complex state. In
addition, the design of the pipe network is
closely connected with both the stability and
efficiency of entire plant.

In the 1940’ s, studies were made on con-
straint breach boilers and chemical reactors. In
the 1950’ s, they included studies on flows with
a large bended angle-high Dean Number-relat-
ed to a heat exchanger such as a cooling system
in an atomic power plant. Since the 1970’ s,
studies of unsteady flows have been based on
the development of the analysis and experi-
mental method.

In recent years, the effects of secondary flows
in the bend part of a lung-airway are connected
with the field of bio-medical engineering relat-
ing to the transfer of oxygen and carbonic acid
gas, one of the most important functions in
blood, and gas exchange by convection and dif-
fusion in the lungs.

The history of studies of unsteady flows in
curved ducts is not long, most of the researches
having been conducted since 1970.

Studies of fluid flows in curved ducts started
in the late 19th century. In 1910, Eustice" sug-
gested that the change from a straight-duct
flow to a coiled-duct flow was accompanied by
an increased resistance. In 1927, Dean'? classi-
fied a flow into two different types : the main
flow, which is in the axial direction, and the
secondary flow which is perpendicular to the
axial direction. He suggested that the flow in
the curved duct depends on a specified parame-
ter, that is the Dean number De(=Re Ja/R=Re
VD:/2R).

As for studies of oscillatory flow, Lyne® theo-

rized that the secondary flow is governed by

the Reynolds number, developing asymptotic
theories for both small and large values of this
parameter. Studies on axial velocity have found
that secondary flow is generated from the outer
wall to the inner wall, the so-called Lyne’ s sec-
ondary flow.

Zalosh et.al.* indicate through an experi-
ment that a flow field of small dimensionless
angular frequency (") is similar to a steady
flow configuration of low Dean number, where-
as a flow field of large dimensionless angular
frequency (w") includes a secondary flow direct-
ed towards the center of curvature.

Mullin™ conducted a theoretical and experi-
mental study of oscillatory flow in a curved
duct, in which he identified that the equation
for fully developed laminar flow depends on the
amplitude parameter and the frequency
parameter.

A pulsating flow is one in which steady flow
is supplemented by an oscillatory flow. For pul-
sating flow, Smith® made a theoretical study of
the entrance region, while Singh"”' found that
the pressure distribution is not significantly
influenced by secondary flow during the initial
development of motion. Singh et. al.® suggest-
ed that the increase of the secondary flow
caused by the curvature draws off the slower
moving fluid azimuthally from the outer bend
to the inner bend.

Talbot et. al.” conducted two experiments by
using parameters Re=1/20, 1/7, " =8.0, 12.5,
and De=120, 372 and reporting the flow char-
acteristics. Kita et. al."*! experiment shows that
fluctuation of the boundary layer grows on the
end plate of the duct. Naruse et. al."* measured
the developing pulsating flow in order to deter-
mine the characteristics of blood flow in a
strongly curved duct, that is, the internal
carotid artery called the siphon portion.

In this study, the critical Dean number of
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turbulent pulsating flows is determined in a
square-sectional curved duct. It was found that
the dimensionless angular frequency (w"), the
Dean number (De) and the velocity amplitude
ratio (A;) affected the characteristics of sec-
ondary flow and examined the wall shear
stress distribution.

2. Experimental Procedures

2.1 Experimental Apparatus

In order to conduct the experiment, a square-
sectional 180° curved duct was used. As a duct
of 40 x 40mm, the inlet straight duct had a
length of 4000mm and included a rectify box
and an inlet bell mouth in the entrance of the
duct. The outlet straight duct was equal to the
inlet straight duct.

A pulsating is an oscillatory flow which is
operated by a Scotch-yoke type oscillator super-
imposed on a steady flow made by a blower.

The LDV power source was an Ar-ion laser
with a maximum output of 2Watt and includ-
ing a dual-beam type of 2 colors and 3 beams
and a back-scattered type. The experimental
apparatus was attached to a three-dimensional
traverse which could move and load the LDV
system to measuring the velocity distribution
in the test duct.

The Rotating Machinery Resolver was used

Sarge Orifice . © =
e Eomm=]

Blower

S29 Rubber sleeve

R i e

325 100 ]
Scotch Yoke Oscillator ’

2160

Air ?l;;’
Fig. 1 Schematic diagram of experimental appa-
ratus

Fig. 2 Coordinate system of curved duct appara-
tus

to calculate the axial velocity, secondary flow
and wall shear stress distributions of the turbu-
lent pulsating flow. An encoder was connected
to the rotating axis of a variable-speed motor.
Fig. 1 shows the design drawing and structure
of the Scotch-yoke type oscillator. Fig. 2 shows
the coordinate system of the curved duct appa-

ratus.
2.2 Experimental Method

A pulsating flow is an oscillatory flow which
is operated by a Scotch-yoke type oscillator
superimposed on a steady flow made by a blow-
er. Therefore the velocity control of the steady
flow was attained by a flow rate control valve
set up between the surge tank and the blower.

For oscillatory flows, the frequency (f) was
controlled by the variable motor of the Scotch-
yoke type oscillator, and the piston amplitude
(Ap) was controlled by controlling the positions
of the crank plate.

First the velocity waveforms were recorded
on a photocorder at the center of the 150° of
bend at which are believed to develop at the
flow region.

A signal was received from the sensor of a
hot-wire anemometer which was inserted at

the center region of the curved duct. A signal
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Fig. 3 Schematic diagram of LDV system

Table 1. Experimental conditions of turbulent pul-

sating flow
| Angle | filHz) R(mm)| w' Ap(mm) | Deos | Dew | Ay
0 | 20 | 400 182 50 |705 /20|09
! 990 | 0.7
30° | 20 | 400 |182] 50 {705 |50 09
, O 990 | 0.7
60" | 20 | 400 (182 50 | 705 7801 0.9,
N ) I 990, 0.7
900 | 20 | 400 [182, 50 |705 . 20 [09
R R 1990} 0.7
1200 | 20 | 400 l182] 50 | 705 | 780 09
l_ ] 990 | 0.7
150° | 20 | 400 |182] 50 705 | 20|09
S B 990,07
180° | 2.0 | 400 |182 50 | 705 00| 0.9
(990 | 0.7

was analyzed through the photocorder from
laminar flow to turbulent pulsating flow. An
experiment was conducted at the region where
an initial turbulent burst was about to develop.
When the angular frequency of oscillation
was 2Hz, the piston amplitude was 50mm.
When the oscillatory Dean number was 705,
the time-averaged Dean number changed from
780 to 990 respectively. Scattered particles
formed a mosquito smoke of 0.1~0.3 diameter.

Measurements for the turbulent pulsating

flows were taken over 30°intervals at 0°, 30°,
60°, 90°, 120°, 150°, and 180° in the curved
duct by using the LDV system and LDV traverse
system, and then make flow analysis is made
these measurements of pulsating flow are per-
formed by using the LDV system with an
encoder and RMR.

Measurement positions included 15 in the y*-
direction and 7 in the z*-direction. Experimen-
tal data were obtained through a data acquisi-
tion & processing system. The data were pro-
cessed with PHASE software and plotted with
Origin Graphic software, as shown in Fig. 3.

Table 1 gives the list of the experimental con-
ditions for developing turbulent pulsating

flows.

3. Results and Considerations

3.1 The classification of flow regions

As the turbulent pulsating flow progresses
downstream from the entrance region of the
duct, the boundary layer develops gradually
under viscosity action, becoming a fully devel-
oped flow region. The critical Dean number of
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Fig. 4 Waveforms of pulsating flow in the curved
duct from the hot-wire anemometer

the pulsating flow is calculated by using the
time-averaged cross-sectional mean velocity as

follows :
Deger= (—”’—"%PL) JDW2R (1

The ratio of curvature radius (Rc), time-aver-
aged Dean number (Re., (D:/2R)), dimension-
less angular frequency(w'), and velocity ampli-
tude ratio (A;) have an influence on the flow,
but the characteristics of the pulsating flow
were mainly governed by the time-averaged
Dean number(Re;, v (D#/2R)), dimensionless
angular frequency(w’) and velocity amplitude
ratio (A1) under the conditions of this experi-
ment. Fig. 4 shows the hot-wire anemometer
and velocity waveforms from the photocorder,
which classifies the flow region of turbulent
pulsating flows.

3.2 Axial direction velocity profiles

As in Fig. 5, the dimensionless angular fre-
quency(w’) is 18.2, the time-averaged Dean
number (De:)=990 and the velocity amplitude
ratio(A,) is 0.7. Because of the effect of the
steady ingredient, the axial velocity distribu-

tion shows velocity distribution profiles similar
to those for steady flow.

In the concave phenomenon of the duct cen-
ter, if the Dean number is large, a maximum

value of centrifugal force is generated at the

'second part of the inner wall and outer wall.

However, an additional vortex is extinguished
because the axial velocity distribution is flat
according to the acceleration of the developing
phase and duct center fluid. If the time-aver-
aged Dean number (De;,) increases, the convex
part of the duct center becomes a distribution
type similar to symmetry.

Covering the total phase and passing the
point of the bend angle 30°, the axial velocity
distribution becomes an annular type because
the inertia force increases relatively in compar-
ison with the viscosity force of the wall. The
inner and outer velocity gradient of the curved
duct is comparatively slow and the velocity
change is small. Also, because of the same-size
centrifugal force during one cycle, it becomes a
large axial-velocity type at the outer wall, as
well as becoming a developing flow of the
curved duct.

The velocity distribution of pulsating flow
according to the dimensionless cross section
position of the duct is shown to be a concave
type because the phase delay and |u, 1] distri-
bution are relatively larger at the central
region of the duct than at the inner region. It
shows an annular type from the bend angle
30°. The above statements are known to agree
with the experimental results of Austin.

Some of the important dimensionless vari-
ables-the ratio of curvature radius (Rc), the
time-averaged Dean number (Re;, V(D4/2R)),
the dimensionless angular frequency(w”), the
velocity amplitude ratio (A,), etc-have great
effect on the flow, but the ratio of curvature
radius (Rc) has not effect on the flow. Accord-

(537)



120 @ESTBWEEE, $238 $H43, 1999

i i
L L}
b 4
(b) ¢=30
: ; ‘
B g 1
(c) ¢=60° (d) ¢=90°

(e) ¢=120° (f) 4=150°
wt
| x/6

O 0

@ 3

A 6

v 9

(g) ¢=180"

Fig. 5 Axial velocity distributions along the y* variation in a curved duct for turbulent pulsating flow at

De, =990, w' =18.2, A,=0.7.

ingly, the characteristics of pulsating flow are
mainly governed by the time-averaged Dean
number (Re,, {(D#/2R)), the dimensionless
angular frequency(w'), and the velocity ampli-
tude ratio (A;).

3.3 Secondary flow

Figs 6 and 7 show the result of secondary
flows according to variation along the z*-axis.
The axis of the abscissa indicates a dimension-
less value of the z-axis, and the axis of the ordi-
nate indicates a dimensionless value of V,
!Unn ta, @as shown in Fig. 2.

When the dimensionless angular frequency
(w") is 18.2, secondary flow becomes complex
because of an unsteady influence according to
the increase in dimensionless angular frequency
by the bending effect of the curved duct. Sec-

ondary flow profiles become relatively complex
in the entrance region.

In Fig. 6 (Dey, =780, A;=0.9), the behavior of
the secondary flow becomes complex at the
upper and lower walls of the duct in the
entrance region. When ‘¢ is 30° of the bend,
strong secondary flows are generated at the
center of duct.

Strong secondary flows are generated from
the outer wall to the inner wall at 30° of bend
angle when the phase angle (wt/a/6) is 0 or 6,
but they are generated at 90° of bend angle only
when the phase angle (wt/n/6) is 6.

As shown in Fig. 7, as A; decreases relatively,
the viscosity force increases relative to the
inertia force. Results showed a smaller ampli-
tude than that of Fig. 6. Since the steady flow
component becomes stronger than that of the
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Fig. 8 Secondary flow distributions along the z* variation in a curved duct for turbulent pulsating flow at

De.,=780, @*=18.2, A, =0.9.

oscillatory flow, pulsating flow is similar to
steady flow. A strong secondary flow is generat-
ed at 30° of bend in a turbulent pulsating flow.

3.4 Wall shear stress distribution

Wall shear stress distributions of dimension-

less which any wall shear stress divided by
maximum value of wall shear stress are repre-
sented in accordance with bend angle at 150°
curved duct position. The axis of abscissa (ordi-
nates) indicates a position of dimensionless

value of Tl T mas-
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Fig. 7 Secondary flow distributions along the z* variation in a curved duct for turbulent pulsating flow at

De;y, =990, ' =18.2, A,=0.7.

In Fig. 8, when the dimensionless angular
frequency is small, the axial velocity generates
a secondary flow, making the velocity gradient
larger at the near wall. This indicates that flow
in an oscillatory boundary layer is affected by

secondary flow ; as a result, the velocity gradi-
ent has a gentle slope at the wall.

During one cycle, wall shear stress distribu-
tions become maximum at the outer wall. They
decreased gradually as they moved to the cen-
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Fig. 8 Wall shear stress distributions for turbu-
lent pulsating flow at De;,=780, o' =18.2,
A,=0.9 and De., =990, 0" =18.2, A;=0.7.

ter, where they reached a minimum. As ‘A,
decreases, wall shear stress distributions show
a constant value regardless of phase angle. It is
this reason that the inertia force becomes weak
and the viscous force becomes strong as a

result of their unsteady nature.
4. Conclusions

In a square cross-sectional 180° curved duct,
the conclusion, which is obtained from experi-
mental study by using L.D.V. about transition-
al pulsating flow, is as follows ;

1. In a square-sectional curved duct, the criti-
cal Dean number(De,,.) changes a laminar
pulsating flow into a transitional pulsating
flow and is about 60w’. The critical Dean num-
ber(Dey,, ;) changes a transitional pulsating
flow into a turbulent pulsating flow and is
greater than 750" .

2. The velocity profiles of turbulent pulsat-
ing flow are similar to those of steady flow. If
the velocity of dimensionless angular frequency
increases, the axial velocity profiles do not
change. The maximum velocity shifts to the
outer wall under the influence of the centrifu-
gal force at 30° of bend. Axial velocity energy

and secondary velocity energy are balanced ;
the main flow velocity is offset by the influence
of secondary flow, and then the amplitude
becomes small.

3. The secondary flow of turbulent pulsation
is complex in the entrance region, while past
the entrance secondary flow becomes strong
from 30° of bend. As the velocity amplitude
becomes larger, secondary flow becomes
stronger and is strong in the entrance region.

4. If A, decreases, wall shear stress distribu-
tions show a gradual tendency toward a con-
stant value regardless of phase angle. It is for
this reason that the inertial force becomes a
weak and viscous force becomes a strong by
unsteady characteristics.
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