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Abstract

The paper presents a detailed study of the performance of fully developed subsonic turbulent
flow in a circular cross-section S-shaped centerline-diffusing duct. A precalibrated 5-hole
pressure probe was used for the measurements. The diffuser cross-section was expanded to
2.25arearatio (Ar) at theexit. The duct wasfabricated by joining two 22.5° bends of curvature
ratio (Br) 11.46 in reverse direction with a centerline offset of 0.2 of the axial length of the
diffuser. The test was carried out with inlet Re:8.4xI05, calculated based on diffuser inlet
diameter. The experimental results indicated the generation of secondary flow in the form of
a pair of counter rotating vorticesin the first half, which changes its senses of rotation in the
second half. The overall static pressure recovery of the diffuser was 40%.

Nomenclature

A, = arearatio

cc = concave or inside wall
CIoitch = pitch coefficient

Cpr = coefficient of pressure recovery

Cyaic = Static pressure coefficient

Ciotg = total pressure recovery

cv = convex or outside wall

Cyaw = yaw coefficient

D = diameter

D,, = hydraulic diameter

D, =Dean number

N = length of the diffuser centerline

O = offset of centerline

P = pressure

Ps = static pressure

Pgy =Wwall static pressure

P;  =tota pressure

R. = Reynolds number

U = velocity component in X-direction

U, =massaveraged mean velocity

o = pitch angle

B =yaw angle

€ = coefficient of pressure loss

AR =angleof turn of the centerline

By = curvature ratio (radius of
curvature/hydraulic diameter)

0 = half of the divergent angle

Subscripts

av =average
i =inlet

e =exit

B =bottom
C =center
L =left

R =right

T =top
Superscript

- =average of any flow properties

I ntroduction

S-shaped diffusing ducts are commonly used as air-
craft intake ductsto re-direct theflow aswell asto achieve
pressure recovery with the requirement of minimum dis-
tortion of the velocity distribution at the compressor face.
Theflow intheseductsis complicated dueto theinflexion
in the curvature aong the direction of flow.

The performance as well asthe flow characteristics of
this type of diffuser is strongly dependent on various
geometrical and dynamic parameters like, arearatio (A,),
divergence angle (260), angle of turn of the centerline (AB),
sendernessratio (N/Di), inlet Reynoldsnumber (Ry), inlet
Mach number (M) and inlet boundary layer blockage
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factor (By) etc. These parameters are defined in Fig. 1 at
theend of thetext section. Therefore, to design an efficient
S-shaped diffuser, even with the available different flow
prediction code, a detailed experimentally obtained high
quality flow datais required.

Studies on constant area S-duct with circular cross-
section have been reported in literature [1], [2], [3]. These
studies showed the development of a pair of counter
rotating vortices within the duct. Development of secon-
dary motion with higher intensity of laminar flow condi-
tions due to the thicker inlet boundary layer at the inlet
within an S-shaped duct of mild curvature has been re-
ported by Taylor et al. [4]. They observed that the magni-
tude of radial velocity reducestowardsthe exit of theduct.
Sometime around eighties of last centuary, researchers
initiated work in S-shaped ducts with varying cross-sec-
tional area, based on the acquired knowledge from the
constant area ducts. Rojas et al. [5] investigated the flow
characteristics in a circular cross-section S-shaped dif-
fuser of A, = 1.5 and AP was fixed at 22.5%22.5°. Devel-
opment of secondary motions similar to those in constant
area ducts [4] has been observed. Guo and Seddon [6]
studied the effect of swirl and offset on two planesin an
S-shaped diffusing duct. They showed that the vertical
offset increases the magnitude of self-generated swirl,
whereas the horizonta offset reduces its magnitude. De-
tailed 3-D turbulent flow characteristics in a circular
cross-section S-shaped diffuser have been carried out
by Whitdaw and Yu [7] with Of = 0.3 and AB =
22.5°/22.5°. They used LDA and refractive index match-
ing techniques with two different boundary layer thick-
nesses. The studies revealed that the larger size of contra
rotating vortices exists at the diffuser exit for thinner
boundary layer as compared to thicker boundary layer. As
a result, the mean exit flow distribution consisted of a
larger pair of counter rotating vortices, which were occu-
pying amost half of the cross-sectional area. Shimizu et
al. [8] reported studies on V-shaped and twisted S-shaped
(snake coil shape) diffusers of circular cross-section for
various area ratios. They observed better performance of
the twisted S-shaped diffuser for distorted inlet velocity
profile. Flow devel opment within an S-shaped diffuser of
rectangular section of A, = 2.0 of strong centerline curva-
ture of AP = 90%90° was studied by Majumder et al. [9].
It has been observed that the generation of secondary
motion within the diffuser is mainly due to the imbalance
of centrifugal forceand radia pressuregradient. They also
observed uniform flow at the exit. However, the pressure
recovery of the diffuser islow in comparison to a straight
diffuser. Similar phenomena were observed by Sullery et
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Fig. 1 Definition of geometrical parameters

al. [10]. They observed that the growth of inner surface
boundary layer has amajor effect on the losses in case of
acurved diffuser. The flow characteristics within an an-
nular S-shaped diffusing duct were studied by Sonoda
[11]. It has been observed that the total pressure loss near
the hub is largely due to instability of flow as compared
with that near the casing and total pressure loss near the
hub is more compared with the case of straight annular
passage. In al those experiments, the studies have been
made to observe the flow characteristics caused by the
effect of the centerline curvature. The present study has
been undertaken to isolate and establish the effect of wall
curvaturein an S-shaped diffusing duct. The geometry of
the diffusing duct was such that there waslittle likelihood
of flow detachment, because the displacement of the cen-
terline was small and the curvature of the centerline was
mild. In thisinvestigation measurements for the flow in a
22.5922.5° diffusing duct have been presented. The diffu-
sion is accomplished by linearly increasing cross-sec-
tional areaand the centerline of the diffuser was chosen as
circular.

Flow Configuration, Instrumentation and
Experimental Procedure

A schematic diagram of the experimental set-up is
shown in Fig.2. The main component of the experimental
set-up comprises an air supply unit, which is capable’ of
delivering 0.6m’/s of air at a pressure of 0.1m of water
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Fig. 2 Schematic layout of the experimental setup

column, a conical diffuser and a settling chamber fitted
with fine mesh nylon screens for straightening the flow.
The air from settling chamber enters into the test diffuser
preceded by a contraction cone and a small entry duct.

The geometry of the test diffuser is shown in Fig.3.
The diffuser was designed as suggested by Fox and
Kline[12] and based on linear arearatio frominlet to exit
distributed normal to the centerline. The test diffuser
was designed based on A,=2.25 with O; = 0.2N and of
circular cross-section. To develop the test diffuser ge-
ometry, astraight diffuser of D; = 50mm with N/D; = 9.0
and A, =2.25wasdrawn. The first half of the centerline
of the straight diffuser was given aturn for 22.5° with
D, =176 x 10°.

The other half was turned through 22.5° in the reverse
direction with the sameradius of curvature. It resultsto an
inflexion point on the curvature and producesthe S-shaped
of the centerline. The total shape of the test diffuser was
made by joining all the points obtained on both sides of
the circular centerline on the basis of linearly increasein
area. The test diffuser was constructed from fiberglass
reinforcement plastic and the diffusing bend was preceded
and followed by straight constant area sections having a
length of twice theinlet diameter. The purpose of provid-
ing constant area duct at exit is to maintain the diffuser
performance undisturbed by reducing the atmospheric

effect at the exit opening. The inlet section was chosen at
oneinlet diameter upstream of the diffuser in the constant
area duct. Measurements of different flow characteristics
likeaxial and radial velocity, static and total pressurewere
made at six sectionsinsidethediffuser alongwith theinlet
section. The measuring sections were chosen at al the
sections at 0°, 45°, 270° and 315° from the vertical axis of
the diffuser. The detailed geometry of the test diffuser
along with the measuring stations and co-ordinate system
isalso shownin Fig.3.

A pre-calibrated 5-hole probe using null technique and
controlled by a microprocessor based dual step motorized
traversing equipment was used to measure the flow pa-
rameters. The pressure on all the 5-holes of the probe was
recorded on a multi-tube manometer of variable inclina
tion. The rotation of the stepper shaft was controlled by a
ALS-08-PC card installedin the port of the computer with
ainterfacing of RS-232 modem. The shaft of the stepper
motor was coupled to a 300mm long lead screw capable
of producing a torque of 0.2950Nm and having a least
count of rotational movement 0.9°. The stem of the five
holes was connected to the lead screw by an arm.

The cdlibration of 5-hole probe in terms of various
coefficients was determined at different pitch angles
(Fig.4). Yaw sensing pressure ports were gpproximately
balanced (within £5°). The probe coefficients are deter-
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Fig. 3 Dimensions of the test diffuser and defination of co-ordinates

mined as afunction of pitch with alowance made for the
possibility of asmall correction dueto slight yaw. At each
pitch angle during the time of calibration the probe was
yawed approximately +5° relative to its null position to
determine the effect of the small yaw misalignment.

The calibration was done in terms of the following
coefficients:
Ps—Pr

Cc. = —
tch _
pitc PC p

Cyaw = =
Pc—P

. _Pe=Pr
tel -0

to PC p

c PP
static PC _ p
where p is the average of the pressure sensed by the two
Sidetubes, i.e.,

p=2 (P +Py

Polynomial least square curvefitting as well as spline
interpolation has been tried in the present investigation to
determinethevariation of these coefficientswith pitchand
yaw plane. However, the polynomia least square curve
fitting has been used as it reduces the complexity of
computation of the velocity vectors.

From the calibration curve Cigy and Cggic Were de-

termined and subsequently the mean velocity at each
measuring point was calculated by using the formulas:

2 _
U= V |:E {(Pc =P Cgatic ~ Crota * 1)}:|

and resolving the velocity vector into its components :

U, = UCosc: Cos (6 + )
Uy =-USina

U, = UCosa Sin (6 +f)
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Fig. 4 Pitch angle and yaw angle definition

The method of calibration was done based on the
method described by McMillan [13]. The procedure of
calibration and measurements by the probe has been dis-
cussed in details by Mullick [14].

The coefficient of static pressure recovery and coeffi-
cient of total pressure loss have been evauated from the
mass averaged values. The contours have been drawnwith
the help of SURFER Software.

Uncertainty analysis has been carried out for different
measured quantities according to Kline [15]. The uncer-
tainty for the mean velocity, static, dynamic and total
pressures are given in Table-1. Besides, while taking the
measurementswith 5-hole probe the sum of the squares of
the residuas is caculated based on the difference of the
value predicted by the polynomial least squarefitted curve
and measured value at all measured points. This sum of

VOL.58, No.1
Table-l
Quantity Estimated Uncertainty
Lower Flow | Higher Flow
Rate Rate
(U<10.0m/s) | (U>10.0m/s)
Mean Velocity + 5.0% +1.0%
Pressure +2.0% +0.2%
(Static and Total)
Dynamic Pressure +2.0% +0.2%
Flow Angle +0.5% + 0.5%
Table-2
Type of Plot Sum of Square of Residuals
Pcvs.a (=07 0.1460
Pcvs. B (a=0°% 0.8050
Psvs.o (B= 00) 2.3960
Prvs.o (= 00) 0.6890
PLvS.B (o= 00) 1.0670
Prvs.P (0= 00) 0.4100
Cpitch VS . 0. (B = 00) 0.0380
Cyaw Vs. B (0= 0° 0.0620
Catatic VS . o (B = 00) 0.0021
Ctotal VS. oL (B = 00) 0.0160

the squares of theresidualsistabulated in Table-2. Similar
methods are also applied for the calibration coefficients.

Results and Discussions

Flow characteristics have been evaluated by measur-
ing mean velocity, radial components of mean velocity,
total pressure, static pressure, dynamic pressure and wall
static pressure. Measured flow quantitiesexcept wall pres-
surearerepresented in contour forms. Flow characteristics
like velocities and pressures were normalized with the
inlet massaveraged vel ocity and dynamic pressurerespec-
tively.

Profiles of normaized stream wise mean velocity
(U/U,) at seven sections measured at four angles along
0°, 45° 270° and 315° in the meridiona plane of the
diffuser length arepresentedin Fig.5. From Fig.5(a) it can
be observed that the flow is uniform at al the sections.
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Fig. 5 Mean velociety profile at different measuring plane

From Fig.5(c) it can beobserved that thehigh vel ocity core
movesfromoutside (cv) toinside (cc) wall and it indicates
the change of rotation of the secondary motion as the
gradient of velocity profile has changed after section 4.
However, continuous decel eration and loss of uniformity
has been observed from the figures which is mainly due
to the development of secondary flow, a common feature
observed for the flow through curved ducts [1], [2], [3].
No flow separation observed throughout the entire length
of the diffuser. To have better understanding of the flow
development inthetest diffuser contours of mean velocity,
contoursof radial velocity have been drawn and are shown
inFig. 6 and 7 respectively. Fig.6(a) indicatesthat theflow
is asymmetric close to the convex wall at inlet section of
the diffuser. The high velocity fluid is accumulated at the
bottom right side of the vertical symmetry plane at inlet,
which is attributed to the downstream curvature effect.
The high velocity fluids divides the entire cross-sectional
area into two parts which indicates the generation of
counter rotating vortical motionsin the form of secondary
motion inside the diffuser, as noticed from Fig. 6(b) to
6(g). In the first half of the bend the high velocity core
moves in clockwise direction from outside wall (cc) to

inside wall (cv). At the inflexion section the acceleration
of flow shifted from inside wall (cv) to outside wall (cc),
which is mainly due to the combined effect of centrifugal
force and change of flow direction in the downstream
section. The Fig.6(e) and 6(f) depicts that low velocity
fluid occupies more or less one quarter of the hydraulic
diameter of the diffuser at the bottom face. The low
velocities at these sections near the top and bottom face
aso clearly divides the bulk flow into two regions, one
part towards the outside wall (cc) of the upper half and
other part towards the inside wall (cv) of the lower half.
Further downstream, Fig.6(g) it can be observed that the
secondary vortical motion, generated at thefirst half of the
bend also persists in the second bend, but the sense of
rotation of the pair of vorticesisoppositeto that of thefirst
half with respect to the curved wall of the diffuser. Here
sense of rotation means that the rotation of the secondary
motion with respect to the solid boundary of the diffuser
wall. The overall diffusion of the flow as well as large
region of non-uniform distribution of contour near the
bottom face is observed at this section.
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Fig. 7 Constant radial velocity contours at different sections along the length of the diffuser
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Figure 7 representsthe normalized radial velocity con-
tours aong the length of the diffuser. It shows the devel-
opment of small secondary motion at inlet and its
attenuation in the first bend and its movement from one
wall to other asalready discussed. Change of flow rotation
of the secondary motion also been observed in the second
bend compared to the previous half and strength of the
counter rotating vorticesincreasesin the downstream sec-
tions of the diffuser. These observations are in line with
Taylor et a. [4], Whitelaw et . [7], Yu [16].

Figure 8 shows the variation of average normalized
mean velocity and average radia velocity along the axis
of the diffuser. The average normalized mean velocity
decreases continuously in the downstream direction up to
30% of the centerlinelength of thediffuser, whichisabout
+15° turn of the first bend, while the average normalized
mean radial velocity increases 50% of the centerline
length and then decreases slightly in the second bend.

Normalized wall static pressure distribution along the
four mutually perpendicular walls is shown in Fig.9. It
indicates an initial decrease in wall static pressure along
inside-outside (cvee) and outside-inside (ccev) walls. This
isduetotheaccel eration of flow within thestraight portion
of the diffuser. However, the pressure gradients along
different regions of the walls are consistent with the ob-
servation made in relation to the measurements of mean
velocity and radial velocity. The average pressure recov-
eriesalong thefour mutually perpendicular wallsare 52%.

Massaveraged static pressurerecovery (Cpg) and total
pressure loss coefficient (€) along the centerline of the
diffuserisshowninFig.10. Thesewereevaluated fromthe
static pressure and total pressure obtained by 5-hole probe
at different measuring sections of the diffuser. It has been
observed that average pressure recovery increases con-
tinuously up to 9°turn of thefirst bend and thereisaslight
decrease of Cpg between +9°turn of first bend and -9°turn
of the second bend, which is mainly due to the pressure
loss caused by the change in curvature. Beyond -9° the
pressure recovery increases and a maximum pressure re-

covery 0.2p Ug\,i has achieved. The pressure recovery
curveissimilar to the distribution seen by Rojaset a. [5].
They obtained a Cpg value of 0.19p Ug\,i for A, = 1.5for
S-shaped diffuser.

The pressureloss coefficient increases continuously to
avalue of approximately 7% up to +15° turn of the first
bend and maximum value of approximately 9% has been
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achieved after -9°turn of the second bend whichisequivar
lent to 0.045p Ui,i. Thislossis mainly due to the genera-
tion of vortical motion within the diffuser.

Conclusions

The following conclusions can be drawn from the
present investigation on an S-shaped diffusing duct.

1. Thesecondary motionintheform of counter rotating
vortices devel oped due to the imbalance of centrifu-
ga force and radial pressure gradient and changes
their sense of rotation in the second half of the bend.

2. The wall pressure along the plane of the curvature
increases continuously along downstream with a
relatively higher rate of increase along outside-inside
(ccev) in the first bend and along inside-outside
(cvec) inthe second bend as compared to that in other
region. The variation along top and bottom faces is
more or less similar to each other.

3. Themovement of the coreflow behavior issimilar to
that observed in rectangular S-shaped and constant
area S-shaped ducts. It moves in an amost straight
path.

4. Mass averaged static pressure recovery is approxi-
mately 40% while total pressure loss coefficient is
about 9%.
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