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ABSTRACT

Flow characteristics in 4R = 2, AS = 2, 180° curved diffuser is investigated experimentally by a 5-hole Pitot
tube. The Pitot tube is calibrated by a special orientation mechanism to get a calibration data file to be processed
by the multi-probe program. Measurements of the three velocity components (5, v, w), total and static pressures
for the inlet and six downstream sections located at 307 intervals from the diffuser inlet, from convex to concave
walls and top to bottom walls, The wall static pressures in the mid-span between the top and bottom walls at
convex and concave walls were measured. Contours of the third velocity component show the secondary motion
clearly induced by the movement of fluid from convex to concave wall and reverse. The maximum transverse
velocity is about 20% of inlet mean velocity as a result of low aspect ratio of the diffuser exit. The overall
pressure recovery achieved was 25.6% of the inlet dynamic pressure due to separation and recirculation occurred
at the convex wall. These measurements can be used for the validation and itnprovement of the turbulence
models that used to simulate the flow inside the curved diffuser. It was found that the models predict a later
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NOMENCLATURE

AR area ratio, Wo/W,

AS aspect ratio, H/W,

C, static pressure recovery coefficient

C,w» wall static pressure recovery
coeflicient

d  hole diameter of five-hole pressure
probe, (m)

D  spherical diameter of five-hole
pressure probe, (m)

Dy hydraulic diameter, [2 W H /
(W1 +H)], (m)

H  depth of the diffuser, (m)

L centerline length of the curved
diffuser, L = nR,, (m)

L,.¢ section measuring levels

L, length of five-hole pressure probe, (m)

P, average static pressure along the
section, (Pa)

P,; average static pressure at the inlet,
(Pa)

pw wall static pressure at a downstream
section, (Pa)

pwi wall static pressure at the inlet, (Pa)

R, radius of the diffuser centerline, (m)

Re Reynolds number, pUH/ 1

U, average inlet velocity, (m/s)

u,v,w Cartesian velocity components

W  width of measured section, (m)

W, width of diffuser at inlet, (m)

W, width of diffuser at exit, (m)

X  transverse distance measured from
convex to concave wall, (m)

y  distance measured from bottom to top

wall, (m)
Greek Letters
a  pitch angle

oy cffective divergence angle, [AR = 1+
2(L/W) tan a o5 ], (deg)

B yaw angle, (deg)

0  cone angle, (deg)

¢ roll angle, (deg)

&  angle of turn, (deg)
P

density of fluid, (kg/m?)

1. INTRODUCTION

In many engineering applications
diffusers are used to convert kinetic energy
into pressure energy. The importance of the
diffuser as a single, useful, fluid-
mechanical element in wind tunnels and
turbo-machinery has been widely known.
Often the flow passages are curved because
of space limitations or the arrangement of
other components. Flow in curved diffusers
is characterized by the presence of vortices
or secondary motion due to curvature
effects including the imbalance between
radial pressure gradient and centrifugal
forces. The objectives in curved diffuser
study are the determination of pressure
recovery; losses and uniformity of flow at
exit, While these performance
characteristics can be obtained directly
from experiments, recently because of the
great enhancement in computer capabilities
these can be determined computationally
using the flow prediction models. However
in the development / validation of these
models detailed flow data is required, thus,
recent experimental studies have therefore
tended to focus on the curved diffuser to
obtain high-quality data and establish the
flow structure.

Fox and Kline {1] indicated the flow
dependence on area ratio, inlet aspect ratio,
centerline to inlet width ratio, Reynolds
number, inlet turbulence intensity and
bending angle. They associated that the
main problem was the prevention of
separation.

McMillan [2] provided high-quality
measurements of the mean flow quantities
for low speed turbulent flow in 40° turn,
L/'Wy=3, AR=132, AS=15 curved
diffuser. He observed two counter-rotating
vertical secondary motions between the
parallel walls, which dominated the flow
behavior.

Rojas et al. [3] generated extensive
data on S- and C-shaped curved diffusers
having an area ratio of 1.5 and rectangular
cross-section. They measured the three
components of velocity, wall pressure
distribution and UV cross-correlation (for
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the turbulent case) along with the pressure
recovery.

Shimizu et al. [4] found that energy
efficiency can be raised by selecting the
correct inlet velocity distribution and
generating separation —suppressing-type
secondary flow inside the U-bend diffuser.

Msajumdar et al. [5) observed the
turbulent flow in a high aspect ratio smail
area ratio 90° curved diffuser using 3-hole
pressure probe. They found that no flow
reversal except for a very small zone near
the exit and the wall static pressure
increased continuously on both convex and
concave walls. They observed that
secondary flows were not strong and
counter rotating vortices were observed
from 30 degree turn of the diffuser. They
indicated that the flow was three
dimensional starting from the initial one-
third of diffuser length.

Yaras [6) described the inlet boundary
layer thickness and turbulence intensity
effects on the three components of
velocity, static pressure, total pressure
distributions, vortices  structure and
secondary flow in a large-scale 90° curved
diffuser.

Majumdar et al. [7] studied the flow
structure in 180° bend diffusing duct. They
showed the formation of vortex motions
and the flow was also seen to shift towards
the outer wall exit plane.

Djebedjian [8] predicted a later
separation position than experiment by
comparing the experimental resuits of
AS=2, AR =12, 180° curved diffuser with
numerical results. He used the time-
averaged Navier-Stokes equations and the
standard and non-equilibrium k-
turbulence models. He achieved an
improvement by modifying the constant C,
but the location of the separation point was
not displaced.

Mohamed 9] investigated
experimentally and numerically the flow in
a two-dimensional 180° curved diffusecr
with a guide vane interposed in the diffuser
in various positions. He compared between
the measurements in the case of the curved

diffuser with and without guide vane. He
showed that the presence of a guide vane
makes the velocity distribution more
uniform and suppresses the region of flow
separation. He indicated that the best
position for the guide vane was towards the
convex wall at B/W; = 0.25 to 0.333, where
B is the transverse distance measured from
convex to concave wall.

Djebedjian et al. [10] predicted the
mean features of the 2D and 3D turbulent
flow in the curved diffuser using numerical
turbulent modeis. They compared the 2D
results with the experimental results of
Djebedjian [8]. They found that the
numerical models predicted later separation
position than the experiment. They
predicted more reliable results at separation
zone by advanced turbulent models.
However the main problem is to improve
the efficiency and the uniformity of flow
inside the diffuser.

Chong et al. [11] improved the
uniformity of the flow in a highly unstable
90° curved diffuser by employing several
passive flow control devices such as vortex
generators, woven wire mesh screens,
honeycombs, and guide vanes to control the
three-dimensional diffusing flow
distribution inside the curved diffuser and
hence the exit flow.

In this study, the 180° curved diffuser
of Djebedjian [8) is used to investigate the
flow inside it. A 5-hole Pitot tube is used
for measuring the three velocity
components {1, v, w), total and static
pressure at the inlet and six downstream
measuring sections located at 30° intervals
from the diffuser inlet. Also, the wall static
pressure in the mid-span between the
parallel walls at convex and concave walls
is measured. These results were compared
with the numerical predictions of
turbulence models by Djebedjian et al.
[10] in order to improve the capabilities of
these models which give much more
facilities in studying alternative designs.
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2. EXPERIMENTAL SETUP

The schematic layout of the
experimental set-up is shown in Fig. 1. A
low turbulence open-type wind tunnel
having a cent-axial fan is used in the
experiments. The wind tunnel has a
variable frequency controller for the motor
and a remote speed control device to
control the air speed at the bend diffuser
inlet using a pre-calibrated curve. The
entrance portion i8 followed by the settling
chamber with honeycomb and graduated
screens. These reduce the free-stream
turbulence to less than 0.5 % at air velocity
of 62 m/s. The area ratio of the contraction
is 12.5 to 1.0. Constant area straight ducts
of lengths 0.3 m and 0.6 m are attached at
the diffuser inlet and exit, respectively, to
get uni-directional flow at the inlet and the
exit. These lengths are 2 times the
corresponding diffuser width.

2.1 Test Diffuser

The test diffuser is made from
galvanized sheet. It consists of two curved
side walls (convex and concave) and
parallel top and bottom walls. It has an area
ratio AR = 2.0 and circular centerline. The
inlet width W, is 0.15 m and the inlet

Test Diffuser Straight Duct Diffuser

’_,/
[

Contraction

(12.5:1 Area Ratio) | Entrance
Straight Duct Honeycomb and
Graduated Screens

Centaxial Fan

height H is 0.3 m, giving an aspect ratio A4S
of 2. The radius of curvature of the diffuser
centerline R, is 0.3 m and its length L is
0.94 m. Therefore, the radius ratio R/D, is
1.5 and length ratio L/W) is 6.27. The
effective total divergence angle, 2 .y, i
9.12 deg. The details of the test diffuser
and location of the measuring sections are
shown in Fig. 2. The inlet flow conditions
to the diffuser are measured in the straight
duct at 4 cm upstream of the diffuser inlet.
The mass averaged inlet velocity U, is
33.7 m/s. The Reynolds number based on
the inlet hydraulic diameter of the diffuser
is 459x10°. The six downstream
measuring sections are located at 30 deg
intervals from the bend diffuser inlet.
Seven static pressure taps exist on each of
the curved walls. Seven slots are shaped at
the top wall of the test diffuser. Each slot
has a width slightly larger than the
diameter of the probe holder and extends
from the convex to concave walls. The
horizontal distance between the probe head
and its stem is taken into consideration
during the experiments. Therefore, the slots
are made parallel to the measuring sections
in the downstream direction.

Acoustic Cylinder

Fig. 1 Experimental setup
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Fig. 2 Diffuser geometry and measuring sections and levels

2.2 Measuring Equipments
2.2,1 Traversing Unit

The calibrated five-hole probe is
fixed on a traversing unit that is put above
each slot and the probe holder is
accommodated in it. It has two axes
traversing mechanism and employed to
position and report the location of the
probe via two precision potentiometers
secured to the drive screws. The voltage
signal from each potentiometer is
transmifted to the digital display in a
cabinet meter. The probe traverse
mechanism traverses the probe in steps of
225mm. The eror in measuring the
transverse distance is + 0.1 mm.

2.2.2 Five-Hole Probe

A five-hole pressure probe, Fig. 3, is
used for the measurements of the mean
velocities, static and total pressures by the
fixed direction method. Its dimensions are:
spherical diameter D=6 mm, length L, =
40 mm, and hole diameter d = 0.25 mm.

— o Lp __‘;x__'"_-l_‘]u

Fig. 3 Spherical straight five-hole pressure
probe

2.2.3 Digital Micro-Manometer

The wall static pressures and the
pressures sensed by the 5-hole probe are
read on a digital micro-manometer. The
error in measurement of pressure is +1%.
The blockage created by sensing head of
the probe at any measuring point was very
small. The measuring circuit was made by
connecting the ports of the 5-hole probe to
the digital pressure gauge by flexible tubes
and ensured that there was no leakage in
the circuit.

3. CALIBRATION AND
MEASUREMENTS

Multi-Probe program [12] is a data
reduction program for S-hole pressure
probes. It can reduce data from probes in
any subsonic flow and predict the flow
velocity, both direction and magnitude with
a high degree of accuracy. It performs two
major functions, processing the calibration
data for a 5-hole probe and uses this data to
find the angles and velocities from port
pressures when the probe is in an unknown
flow field. It uses at least one calibration
file (raw data file) that contains angles and
port pressures from the probe during its
calibration. This file is converted
(preprocessed) to a data file with a standard
format. This file can be used to reduce
probe data which contains the port
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# = 150° and at diffuser exit. Secondary
motion is observed clearly in w contours as
a result of vortices and movement of fluid
from convex to concave wall and vise
versa.

5.2 Pressure

Static and total pressures are
normalized by the inlet dynamic pressure
(0.50U.0).

Figure 10 shows the distribution of
normalized static pressure contours at the
diffuser inlet and the six downstream
sections. It is observed to be nearly
uniform at the first three sections (¢ = 0°,
# =30°, & = 60°) especially at far locations
from convex wall, the values increase in
the direction of concave wall. At §=90°
two small pressure nodes appear near the
convex wall which increase at @ = 120° and
form a pair of vortices that occupy the
whole section at § = 150° and disappear at
the exit.

Figure 11 shows the distribution of
normalized total pressure contours. At the
first three sections (#=0° @&=30°,
& = 60°) it is noticed that the total pressure
increases rapidly near the convex wall,
reaches its maximuwmn value at the center
between the curved walls then decreases
till the concave wall. The total pressure in
the center is higher in comparison to the
pressure close to the parallel walls. At
6 =90°nd & = 120° the pressure increases
till it reaches a constant pressure zone that
extends to the concave wall. At 8= 150°
two pressure nodes are formed near the
convex wall and at @ = 180° the pressure
increases linearly from the convex to the
concave walil.

Figures 12 and 13 illustrate the
contours of normalized wall static pressure
along the concave and convex walls,
respectively.

The static pressure along the concave
wall, Fig. 12, increases continuously up to
6 =90°, it remains approximately constant
up to §=150° and attaining 8 maximum
pressure recovery of 55% of the inlet

dynamic pressure. The pressure then
decreases till the exit of the diffuser. The
pressure in the center is higher in
comparison to the pressure close to the
parallel walls. This pressure difference
would initiate the flow movement from
mid-plane towards the parallel walls. The
oscillating variation of the contour lines
(particularly the contour lines from § = 90°
to =150°) indicates the generation of
vortices like the formation of a vortex at
& = 90° close the top wall of the diffuser.

The static pressure along the convex
wall, Fig. 13, indicates lower wall static
pressure within the straight portion at inlet
of the diffuser. It can be attributed to the
acceleration of flow along this wall due to
strong downstream wall curvature. It is
seen that the pressure recovery is slower in
the first half of the diffuser compared to the
second half. Near the exit of the diffuser it
is noticed the formation of two pressure
nodes, which may be the start of a vortex
pair. The wall static pressure recovery on
this wall is 60%.

The wall static pressure recovery
coefficient G =Dy — pui) / (0.5 p UpY)
along the mid-span of convex and concave
walls is illustrated in Fig. 14, p,, and p,,; are
the static pressures at a downstream section
and at the inlet, respectively. The figure
indicates that the pressure recovery on the
convex wall is small in the first 30 deg.
This is attributed to the strong downstream
curvature, which increases the flow
acceleration at this part. The wall pressure
recovery on the convex wall is 67%
whereas on the concave wall it is 44%. Due
to the presence of the recirculation zone in
the vicinity of the convex wall in the
second half of the diffuser, the bulk
velocity shifis to the concave wall resuiting
in a decrease in the pressure recovery there.

Figure 15 shows the overall pressure
recovery along the curved diffuser where a
25.6% of the inlet velocity is achieved as a
resuit of separation and recirculation
occurred at the convex wall.
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6. CONCLUSIONS

Flow through AR=2, AS5=2, 180°
curved diffuser have been investigated
experimentally. The following conclusions
can be drawn:

1.

The maximwm transverse velocity
measured is about 20% of inlet
mean velocity as-a result of low
aspect ratio of the curved diffuser.
Contours along the convex and
concave walls show pressure
recovery of 67%, 44% respectively,
while overall pressure recovery
along the curved diffuser about
25.6% of the inlet velocity is
achieved as a result of separation
and recirculation occurred at the
convex wall.

The oscillating pressure contours
indicate the formation of vortices
motion near the paralle] walls,
which grow in size and magnitude
till the diffuser exit.

Values of w are almost negative
due to secondary motion from top
to bottom wall. Small positive
values appear near the convex wall
at §=120°till the exit as a result of
recirculation at this part of the
diffuser.

Secondary motion is observed
clearly in w contours as a result of
vortices and movement of fluid
from convex to concave wall and
reverse.

Results were compared with the
numerical predictions of turbulence models
at the mid-span between the parallel walls
for the inlet and the six downstream

M. 35

sections, the following conclusions can be

drawn:
1.

Matching of the longitudinal
velocity profiles is good at the inlet
and the first three sections
downstream these sections
separation and  recirculation
observed experimentally earlier
causes poor matching while a
significant differences between
experimental and numerical
transversal profiles as a result of
secondary motion.

All the models predict a later
separation and  recirculation
position than the experiment, such
that separation zone is indicated at
8 =120° experimentally while the
numerical models predict the
separation at approximately
8= 150°,

Cross flow clearly appear in the
experimental contours in a form of
vortices motion as a result of fluid
moving from concave to convex
walls and reverse along the top and
bottom walls and a recirculation
zone near the convex wall was
appear.

Curvature effect; appears in the
experimental contours; make the
flow non uniform and the boundary
layer growths near the convex wall
while numerical results does not
predict such thick boundary layer.
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(b) Numerical

Fig. 7 Comparison between present experimental and numerical results
of Djebedjian et al. [10] for the longitudinal velocity contours
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(b) Numerical

Fig. 8 Comparison between present experimental and numerical results
of Djebedjian et al. [10] for the transversal velocity contours
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Fig. 11 Normalized total pressure contours
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Fig. 12 Normalized concave wall static pressure




