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Flows in a Curved Combustor Inlet with and Without a
Guide Vane

Tong-Miin Liou* and Chin-Chun Liaof
National Tsing Hua University, Hsin-Chu, Taiwan 30043, Republic of China

Laser Doppler velocimetry measurements of the longitudinal, radial, and span wise velocity components are
presented for the three-dimensional flowfield in a 60-deg curved combustor inlet duct with and without a guide
vane. The Reynolds number based on the bulk mean velocity and hydraulic diameter was 2.53 x 104. Quantities
such as mean-velocity vectors, wall static pressure, size of the reversed flow region, number of secondary vortex
pairs, stream wise mean vorticity, turbulence intensity contours, anisotropy, turbulent kinetic energy, and
structure parameters were used to characterize the flow. Comparisons between the flow characteristics within
the curved duct with and without a guide vane were also made. It was found that the presence of a guide vane
partially suppresses formation of the region of flow reversal, provides a more uniform velocity distribution
across the inner passage of the curved duct, and enhances a stronger secondary flow vortex in the cross-stream
section.
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Nomenclature
cross-section radius, and span wise
dimension, mm
pressure coefficient, =(P - Pre^l(^pU2^
hydraulic diameter, mm
turbulent kinetic energy,
= l/2(w2 + v2 + w2), m2/s2

wall static pressure, Pa
reference value of P (XI = -5, R* = 0.5),
Pa
Reynolds number, =Dh Urcf/v
radial, spanwise coordinate, mm
normalized radial coordinate (measurement
plane parallel to longitudinal direction),
fl* - Rh/(Rtt - Ri)/2 = Rh/a/2
normalized radial coordinate (measurement
plane parallel to dump plane),
fl** - Rh/(R(, - /?,-)/2 cos(30 deg)
curved duct inner, outer, and mean radius
(R, = 23.5, Ra = 70.5, Rm = 47), mm
longitudinal, radial, and spanwise mean
velocity, m/s
longitudinal bulk mean velocity, 9.9 m/s
longitudinal, radial, and spanwise fluctuating
velocity, m/s
difference of normal stresses, m2/s2

longitudinal coordinate, mm, deg
normalized longitudinal coordinate
(measurement plane parallel to longitudinal
direction), XI = X,JDh
normalized longitudinal coordinate
(measurement plane parallel to dump
plane), XI = X,JDh
normalized spanwise coordinate,
Z* = Z,J(bl2)
kinematic viscosity, m2/s
air density, kg/m3

stream wise vorticity, s-1
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Subscript
max = maximum value within individual

cross-sectional plane

Introduction

F LUID flows in curved ducts are widely observed in pipe
systems, arterial systems, and aircraft intakes. The cur-

vature of a curved duct induces secondary flows and complex
turbulent characteristics. The secondary flow, driven mainly
by the imbalance between the centrifugal force and the radial
pressure gradient, causes redistribution of the stream wise main
flow, a larger pressure drop, and enhanced rates of heat, mass,
and momentum transfer. A full account of the generation of
the secondary flow can be found in Ward-Smith.1 The char-
acteristic of the flowfield in the curved inlet duct of a side-
dump combustor has a direct effect on the performance of
the succeeding combustor. A clear understanding of the ev-
olution of the flowfields and the effects of the secondary flow
in the curved ducts is therefore important in engineering de-
sign.

In early research, the secondary flow was only qualitatively
understood by means of flow visualization techniques. Eustice2

demonstrated the existence of a secondary flow by injecting
ink into water flowing through a coiled pipe. In 1974, Austin
and Seader3 measured the longitudinal velocity profiles in
coiled circular pipes by means of a hot-film anemometry sys-
tem. Recently, the development of the laser Doppler velo-
cimetry (LDV) technique has given more accurate and de-
tailed velocity measurements. Measurements of the laminar
and turbulent water flow in curved ducts have been reported,
e.g., by Agrawal et al.,4 Humphrey et al.,5*6 and Taylor
et al.7 They found that the boundary-layer thickness at bend
entry influenced the flow development and strength of the
secondary flow. As for the airflow, Holt et al.8 and Liou
et al.9-10 studied the developing turbulent flow in 90-deg curved
square ducts. Liou et al.9J() investigated the effects of the
Reynolds number and the aspect ratio (bla) on the flowfield
in a 90-deg curved square duct, and demonstrated that as the
aspect ratio increased, the strength of the main secondary
flow decreased. Computational analysis of the turbulent flow
in curved square ducts has been conducted by Pratap and
Spalding,11 lacovides et al.,12 and Govindan et al.13 Pratap
and Spalding11 solved the three-dimensional time-averaged
Navier-Stokes equations, incorporating a two-equation tur-
bulence model to study the flow in a curved rectangular duct,
lacovides et al.12 studied the turbulent flow around a square-
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sectioned U-bend by a three-dimensional finite volume solver
employing an algebraic second-moment (ASM) turbulence
model, and compared the results with their own experimental
data obtained by hot-wire anemometry. They suggested that
the secondary flow broke down into multiple vortices on either
side of the midplane. Govindan et al.13 derived generalized
primary/secondary flow equations and computed solutions for
flow in 90-deg bends, which agreed well with the experimental
data compiled by Taylor et al.7 Most of the preceding inves-
tigations were restricted to the topic of curvec) ducts with
circular and rectangular cross sections. As for the curved ducts
with other sections, Dong et al.14 has even conducted study
on the fully developed laminar flow in the curved duct with
an elliptic cross section, revealing that in every computation
there is only one pair of secondary vortices. In addition, Ghia
et al.,15 by solving the Navier-Stokes equations, have inves-
tigated the fully developed flows in curved ducts of rectangular
and polar cross sections. Their results showed that the phe-
nomenon of Dean's instability was observed in ducts of square
cross section, but not in polar cross-section ducts. Some
review articles on the flow and heat transfer in curved
pipes have been presented by Berger et al.,16 Ito,17 and Shah
etal.1 8

Thete are relatively few works on curved ducts installed
with guide vanes. For engineering use, most previous exper-
iments were carried out to provide information on pressure
losses in vaned elbows of rectangular and circular cross sec-
tions.1920 A more recent study21 was performed numerically
for laminar and turbulent flows in a two-dimensional bend
with or without a guide vane. The turbulence model adopted
was the k-e model, and the TEACH-T computer program
was used. However, because the realistic flow in a curved
duct is three dimensional and highly anisotropic, there is still
a need to perform quantitative and three-dimensional mea-
surements of detailed mean velocity field and turbulence pa-
rameters to furnish useful data for this class of flow. The brief
survey presented above reveals the lack of three-dimensional
flow measurements in curved ducts with and without installing
guide vanes. The aim of this article is therefore to investigate
the three-dimensional developing turbulent flow in the 60-
deg rectangular inlet duct with/without a guide vane located
upstream of a side-dump combustor using LDV for three
velocity components (longitudinal, radial, and spanwise) and,
accordingly, to demonstrate the effect of adding a single guide
vane. LDV was chosen for the present work since the flow
reversal and large turbulence fluctuations were expected in
part of the curved duct. Another purpose of this work is to
provide researchers with a useful reference to develop both
turbulence and numerical models for predicting the flowfields
in such a curved inlet duct. In addition, flow measurements
near the dump plane of a side-dump combustor provide a
more realistic inlet boundary condition for combustor flow
modeling.

Experimental Apparatus and Conditions
Experimental System

The flow system and LDV experimental setup in the present
work is similar to that described in Liou and Wu.22 Air was
drawn into the curved side inlet through a settling chamber
and a 10:1 bell-mouth-like contraction by a blower at the
downstream end. The settling chamber contained a flow
straightener and six screens. The air then flowed into the
curved inlet ducts, the combustion chamber, a flow straight-
ener, a flowmeter, a bellows, and was exhausted by the blower.
A dual beam LDV system was set up in a forward or off-axis
scattering configuration. A 300-mW helium-neon laser with
a 632.8-nm (red) line provided the coherent light source. The
approximate probe-volume dimensions were 0.57 mm in length
and 0.18 mm in diam. The LDV system mentioned above was
utilized to measure the longitudinal and radial velocity com-
ponents from the side wall of the curved inlet duct. The span-

wise velocity component was measured from the outer wall
of the curved duct, using a one-component fiber-optic probe
LDV system whose light source was a linearly polarized 300-
mW argon ion laser (514.5-nm wavelength), and whose probe-
volume dimensions were approximately 0.14 x 2.4 mm. The
detailed optical arrangement of this portable backscattering
LDV system was described in Tsai and Liou23 for a study of
flow induced by nonuniform lateral injection. The entire LDV
system was mounted on a milling machine with four vibration
isolation mounts, allowing the probe volume to be positioned
with 0.01-mm resolution. The light scattered from salt par-
ticles with a nominal 0.8 jam was collected into a photomul-
tiplier and subsequently downmixed to the appropriate fre-
quency shift of 2-5 MHz. A counter processor with 1-ns
resolution was used to process the Doppler signal. The Dop-
pler signal was monitored on an oscilloscope, and the digital
output of the counter processor was fed directly to a micro-
computer for storage and analysis.

Curved Duct Model and Test Conditions
The configuration of the curved duct model, coordinate

system, and dimensions for the one-vane case are shown in
Fig. 1. Geometry of the curved inlet duct without a guide
vane is the same as that shown in Fig. 1 except for the lack
of the guide vane. The inlet duct, made of 5-mm Plexiglas®,
consists of an upstream tangent, a 60-deg bend of mean radius
Rm 47 mm, and a downstream tangent. The upstream tangent
is a straight rectangular duct with a length of 370 mm. The
inner and outer radii of the 60-deg bend are 23.5 and 70.5
mm, respectively. The downstream tangent consists of an outer
radius wall of 61.8 mm and an inner radius wall of 34.7 mm
length. The internal dimensions of the cross section are 47 x
35 mm (a x 6), the corresponding hydraulic diameter Dh is
40 mm, and the radius ratio RmIDh is 1.2. The shape of the
guide vane is a circular-arc, from the bend entry plane to the
bend-exit plane. In addition, the guide vane has a straight
extension of 0.25D/, at the leading edge and at the trailing
edge that extends to the dump plane. With a thickness of
0.025D,,, the guide vane is positioned in the middle of the
duct. The two rectangular inlet ducts intersect the combustor
at an inlet angle of 60 deg. The centerlines of both inlet ducts
intersect the combustor at the same axial station and are
located circumferentially at 180 deg to each other. The in-

Phvsical Coordinate 0h=0° Unit : mm

--E3 54.2 -

Dual-Inlet Side-Dump Combustor

Dimensionless Coordinate and Measurement Planes

Static pressure tap

Fig. 1 Sketch of configuration, dimensions, coordinate system, and
measurement planes of curved inlet duct.
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ternal dimensions of the dump plane are 35 x 54.2 mm. There
are three coordinate systems in the present work, each for a
given zone: two separate Cartesian systems, one each for the
straight ducts (negative X* for the upstream tangent and pos-
itive Xf, for the downstream tangent) and a cylindrical system
for the bend.

The longitudinal and radial velocity measurements for the
one-vane and no-vane cases were made at six longitudinal
stations: 0,, = '0 deg, 07| - 30 deg, 0,, - 60 deg, X*h = 0.25,
X** = 0.63, and X** = 1.1. The measurements for the
span wise velocity were made at three longitudinal stations:
0,, = 30 deg, 0/f = 60 deg, and XI = 0.25. There were five
spanwise stations, Z* = 0.89, 0.69, 0.46, 0.23, and 0, for the
measurements of all three components. Note that the X** =
0.63 and Xft* = 1.1 stations were located at 0.5 and 0.1£>/7,
respectively, above the combustor inlet port owing to the
limitation of the inlet flange, and were chosen to be parallel
with the combustor side walls instead of perpendicular to the
duct walls to provide appropriate inlet boundary conditions
for combustor modeling. The measuring positions were cho-
sen to give a clear pattern of the flow field. The bulk mean
velocity, 9.9 m/s, was used as a reference (Uref) to normalize
the results. The Reynolds number based on the bulk mean
velocity and hydraulic diameter was 2.53 x 104, indicating
the flow to be turbulent. The corresponding Dean number
[Re(D,,/2RJ()5] was 1.65 x 104. The guide vane divided the
curved duct into two segments defined as the outer passage
and inner passage, as shown in Fig. 1. The corresponding
hydraulic diameter and Reynolds number for these two seg-
ments were 28 mm and 1.76 x 104, respectively. The mean
radius, radius ratio, and Dean number for the outer passage
were 59 mm, 2.1, and 8.54 x 103, respectively, and 35 mm,
1.3, and 1.11 x 104, respectively, for the inner passage.

Results and Discussion
Data Accuracy

The presented mean velocity and turbulence intensity were
calculated from the probability distribution function of the
measurements. Typically, 2000-4000 realizations were av-
eraged at each measuring location. The corresponding statis-
tical errors in the mean velocity and turbulence intensity were
less than 1.8 and 3.1%, respectively, for a 95% confidence
level. More detailed uncertainty analyses such as velocity gra-
dient broadening, data repeatability, velocity bias correction,
etc., were included in the work of Liou and Kao24 and Liou
et al.25 Verification of the spanwise symmetry of the mean
velocity and turbulence intensity was performed for various
streamwise stations, and the deviations of the mean velocity
and turbulence intensity for three components were found to
be within 0.028 and 0.015£/ref, respectively. Accordingly, in
each of the measuring planes data were collected only in the
symmetrical half. To check the conservation of the mass flow
rate, the mean longitudinal velocities were also integrated
over each cross section. The results showed that the continuity
errors of all the cross-sectional planes were within 3.8 and
3.4% for the no-vane and one-vane case, respectively.

Upstream Tangent
Measurements of the longitudinal mean velocity and tur-

bulence intensity at X* = - 8 and X* =. — 1 in the upstream
tangent were made; only the results at XI = -I are shown
in Fig. 2 for the one-vane case. At X* = — 8, the core fluid
occupies, except near the duct wall, almost the entire cross-
stream plane (about 84%), indicating an essentially uniform
longitudinal mean velocity profile as a result of the acceler-
ation of the 10:1 bell-mouth-like contraction. As the flow
proceeds to XI = — 1, the region of core fluid is narrowed
to 53% of the cross-stream plane, which suggests that the
fluid flowing into the bend entry plane is a hydrodynamically
developing flow. The edges of the boundary layers (defined
at 0.95 of the maximum longitudinal velocity at each longi-

Fig. 2 Distributions of longitudinal mean velocity and turbulence
intensity at Xf = — 1.

0 2 = 60"

0.25

Fig. 3 Streamwise mean flow pattern in terms of velocity vectors at
Z,* = 0 and 0.89 for one-vane and no-vane cases.

tudinal station) at X* = - 8 and X* = - 1 are located at a
distance less than 0.085 and 0.17D,,, respectively, from the
walls. The latter value is comparable to that reported by Tay-
lor et al.7 who measured the boundary-layer thickness of 0.15D/7
at the bend inlet (XI = -0.25) in a 90-deg curved duct
without installing guide vanes and with a Reynolds number
of 4 x 104. The thickness of the boundary layer at the bend
entry plane is important to the evolution and magnitude of
the secondary flow.7 The mean velocity profile in the bound-
ary layer is near the one-seventh-power law profile, and the
shape factor is 1.5 at Xf, = -1. These results suggest that
the boundary layer at X* = -I is turbulent. The correspond-
ing turbulence intensity at X* = — 8 is quite low, except near
the walls, with a value as high as 2% Uref over about 75% of
the cross-stream plane. Figure 2 shows that the turbulence
intensity at station XI = - 1 increases progressively with a
region of 20% of the cross-section plane within a value of 2%

Flowfield in Longitudinal Plane Zh

The streamwise evolution of the longitudinal and radial
mean velocity components along Z* =• 0 and 0.89 planes for
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both one-vane and no-vane cases is depicted in Fig. 3 in terms
of the resultant vector plots. The flow distortion and the sep-
aration adjacent to the inner wall of the inner passage in the
downstream tangent are clearly visible. Note that the sepa-
rated recirculation zone in the one-vane case is smaller than
that in the no-vane case. The streamwise mean velocity dis-
plays an acceleration near the inner wall and a deceleration
near the outer wall for the front part of the duct, but for the
latter part of the bend it is reversed. The aforementioned
phenomenon results from the influence of the longitudinal
pressure gradient and can be seen in most of the curved ducts.
Figure 4 shows the wall static pressure vs streamwise distance
at various Reynolds numbers for the no-vane case. The radial
pressure gradient becomes larger from about X* = -1.5,
indicating that the bend has little effect on the flow 1.5Dh
upstream of the bend inlet. Initially, there is a favorable pres-
sure gradient along the inner wall, accompanied by an adverse
gradient along the outer wall. These pressure distributions
cause the acceleration and deceleration of the fluid observed
near the respective walls, and these trends are reversed after
0,, = 30 deg. The largest pressure difference between the
outer and inner walls is at 0,, = 30-deg plane. Another ob-
servation is that the pressure distributions for different Reyn-
olds numbers have the same tendency except near the latter
part of the bend along the inner wall. For the latter part of
the bend, the radial pressure difference increases with de-
creasing Reynolds number.

Figure 5 depicts the distribution of the longitudinal mean
velocity and turbulence intensity along the inner walls (at a
distance of 1 mm from the inner walls of the no-vane case as
well as of the inner and outer passages of the one-vane case)
at Z* = 0. Along R* — —0.96, the longitudinal mean velocity
decelerates significantly for the latter part of the bend and
becomes negative approximately from 0/f — 57 deg to the exit
plane of the curved inlet duct, and from X* — 0.05 to X* —
0.39 for no-vane and one-vane cases, respectively. The re-
versed longitudinal mean velocity reaches values as high as
— 0.35£/rcf and -O.lt/re, for no-vane and one-vane cases, re-
spectively. The steep longitudinal mean velocity gradient as-
sociated with the significant flow deceleration leads to high
longitudinal turbulence intensities in these regions, with max-
imum turbulence intensities as high as 0.34£/ret at 0h — 57 deg
and 0.37£/rcf at 0/f = 60 deg for no-vane and one-vane cases,
respectively. As for R* — 0.06 of the one-vane case, the lon-
gitudinal mean velocity decelerates all the way in the bend
until Of, = 60 deg, with a minimum velocity of 0.12£/ref and
a corresponding turbulence intensity as high as 0.21£/ret, and
then accelerates downstream without separation. Figure 6 plots
the boundaries of the reversed flow region where the longi-
tudinal component of velocity is negative along the XI =
0.25, Zl = 0, and R% =* -0.96 planes. It is interesting to
note that the reversed flow first starts at the quarter plane,
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P-P,ref
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-1.0

-1.5

Reh (104)

RJM-0 .96

1.29 2.53 3.87 5.16 6.45

O

i i i i i
-6-5-4-3-2-1 0 15°30°45°60° 0.25

Fig. 4 Wall static pressure vs streamwise distance at various Reynolds
numbers for no-vane case.

Uref

1.6

1.2

0.8

0.4

0

-0.4

No Vane

One Vane

R>-0.96

-8 -1

Fig. 5 Longitudinal mean velocity and turbulence intensity distri-
butions along R$ — —0.96 for no-vane case and R% — —0.96 and
/?,* — 0.06 for one-vane case in Zf = 0 plane.

Fig. 6 Boundaries of reversed flow regions for one-vane and no-vane
cases.

not at the central plane of the duct for the no-vane case.
Therefore, the front of the reversed flow region forms an
approximately concave shape (the maximum asymmetry in
the reversed flow region is within 0.15£/ref, based on mea-
surements made in both symmetric halves); sequentially, it
shrinks quickly as the flow proceeds downstream. This phe-
nomenon can be further supported from the profile of the
longitudinal mean velocity at 0,, = 50 deg along the spanwise
direction for the no-vane case shown in the lower part of Fig.
6. The negative velocities occur only in the vicinity of Z* =
±0.46, indicating that the separation occurs at the quarter
plane sooner than it does in the central plane. The separation
in the one-vane case has a similar shape; however, its size is
smaller than that of the no-vane case. The size of the reversed
flow region along the inner wall is found to have an area of
0.32 and 0.08D?, at Rf, =- -0.96, and a maximum height of
0.1 and 0.03D,, at X* = 0.25 for the no-vane and one-vane
cases, respectively. By installing a single guide vane in the
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curve inlet duct, the size of the separated flow region along
the inner wall is narrowed to about 25% of the original size
observed for the case without a guide vane.

Spanwise Mean Flow Structure
Very few investigations have been carried out experimen-

tally to identify the significant effect of the secondary flow on
the flowfield in a curved duct by measuring both radial and
spanwise velocity components. Therefore, a direct measure-
ment of the secondary flow in the curved duct is worthwhile,
and the results of the longitudinal mean velocity contours and
secondary velocity vectors at 9h = 30 deg, Of, = 60 deg, and
XI = 0.25 for one-vane and no-vane cases are shown in Fig.
7. A pair of counter-rotating vortices (hereafter referred to
as the main secondary flow vortices) is generated in the cross
section by the imbalance between the centrifugal force and
the radial pressure gradient. The secondary flow motion dis-
places high-speed fluid towards the outer wall along the region
containing the central plane, and low-speed fluid towards the
inner wall along the side wall. These main secondary flow
vortices are narrow and prevail near the side walls. The main
secondary vortex center, plotted in Fig. 7 as an open circle,
moves progressively towards the inner wall for the no-vane
case, and towards the central plane for the one-vane case. It
is worth noting that, apart from the main secondary flow
vortices, there is a pair of additional secondary flow vortices

adjacent to the inner wall at X* = 0.25 for the no-vane case.
This is because the flow is reversed near the central inner
wall, and consequently, the main secondary flow vortices are
distorted to accommodate the additional secondary flow vor-
tices. In the one-vane case, the additional vortices are not
apparent because of the weaker reversed flow. Due to con-
vective transfer of low-momentum fluid by the side-wall sec-
ondary flow from the outer wall to the inner wall and the
influences of flow separation, the core flow and maximum
longitudinal mean velocity position are displaced progres-
sively from the regions near the inner walls towards the center
of the duct as the fluid flows downstream from 9h = 30 deg
to X* = 0.25. The positive radial mean velocities at 9h = 60
deg are greater than those at Bh = 30 deg and X* = 0.25 due
to the centrifugal force generated by the curvature and dis-
appear in the downstream tangent. Thus, the radial mean
velocity reaches a value as high as 0.68 and 0.43£/ref for the
no-vane and one-vane cases, respectively. It was found that
the negative radial velocities, which are restricted to a small
region adjacent to the side walls, are far smaller than the
positive radial velocities in the region containing the symmetry
plane. This result is contrary to the measurements of Taylor
et al.7 and Liou and Liu9 in a 90-deg square duct, as well as
Chang et al.26 in a square-sectioned U-bend. The difference
is due to the smaller curved angle that induces the weaker
secondary flow in the present work. The maximum negative
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Fig. 9 Turbulent kinetic energy and streamwise mean vorticity con-
tours at three selected cross-sectional planes for one-vane and no-vane
cases.

radial velocities found at XI = 0.25 are about 0.15 and 0.22(/ref
for the no-vane and one-vane cases, respectively, which is
smaller than 0.35£/ref in Liou and Liu,9 and 0.4t/ref in Taylor
et al.7 and Chang et al.26 The longitudinal mean velocity con-
tours reveal that there are negative values near the inner wall
at XI = 0.25, indicating the presence of the additional sec-
ondary vortices mentioned above. The maximum positive
spanwise mean velocities (not shown in Fig. 7) found at 0/7 =
60 deg are about 0.12 and 0.18(/re{ for the no-vane and one-
vane cases, respectively.

Turbulence Level and Isotropy
The transport of the turbulence energy along the side walls

from the outer wall to the inner wall by the motion of sec-
ondary flow results in high levels of turbulence intensity and
the appearance of shear stresses at the side walls. The contour
maps of the longitudinal, radial, and spanwise turbulence in-
tensity components shown in Fig. 8, and the turbulent kinetic
energy shown in Fig. 9, illustrate the aforementioned effects.
All three turbulence intensity components and the turbulent
kinetic energy are higher near the outer wall than near the
inner wall in the first part of the bend; this trend is reversed
in the latter part of the bend and the downstream tangent. It
can also be seen that the maximum turbulence levels

1
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Outer passage
Inner passage

No Vane

Ure,/Dh

0.15
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Fig. 10 Variation of maximum il and k with streamwise distance.

increase with increasing streamwise distance. Figure 10 pro-
vides an example that shows the increase of /cmax with longi-
tudinal distance. At XI = 0.25, the

and /cmax

are 0.41t/rc(, 0.19£/rcf, 0.25£/rcf, 0.12f/2
et for the no-vane case,

and 0.34[/ref, 0.16J7rcf, 0.2*/ref, 0.08(/2
ef for the one-vane case.

The interchange of the turbulence energy between the inner
and outer wall due to the secondary flow motion, and the
redistribution between normal stresses, turbulent diffusion,
and dissipation are responsible for the occurrence of the re-
gions with relatively strong anisotropy in the curved duct. For
example,_at_the exit plane of the bend for the no-vane case,
the ratio u2lv2 is between 3.1-6.23 at the inner wall, and 0.83-
2.3 at the outer wall. This observation indicates that the flow
at the outer wall is more isotropic than that at the in-
ner wall, and is in agreement with the results of Humphrey
et aL/Mvho found 1.6 < u2lv2 < 4.6 at the inner wall and 0.5
< u2lv2 < 1.4 at the outer wall for the turbulent flow in a 90-
deg square duct. Figure 11 depicts the distribution of the
regions of the relative order of

IP, VP, and VvP

as well as the_cpntour map of the structural parameters of u2/
k, irlk, and w2lk at the X* = 0.25 station for the one-vane
case. Note the region where

vLx, Vii>Lx, and kn

u2 > Vv2 >

occupies about_30% area of the cross-sectional plane. The u2/
k, v2lk, and w2lk are typically 0.97, 0.49, and 0.55, respec-
tively, for the plane shear layer.27 These values also exist at
the shear layer near the separated region in the present work.
From the lower _plots of Fig. 11, the highest percentages of
the data of irlk, rf/k, and w^/k lie around values of 0.81, 0.72,
and 0.46, respectively, at the XI = 0.25 station. The differ-
ence between the structural parameters in the present work
and those of Launder et al.27 is attributable to the influence
of the curvature and should provide useful information for
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Fig. 11 Distribution of regions of the order of vu2, v-v2, and
= 0.25 for one-vane case.
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, as well as contour maps and distributions of u2/k, v2lk, and w2/k at Xf,

examining the basic assumptions that are integral in the tur-
bulence modeling of the investigated curved flow.

Vorticity
The streamwise mean vorticity, II = BW/dR,, - dV/dZh, is

a direct manifestation of the secondary flow.28 Figure 9 depicts
(1 distributions for both one-vane and no-vane cases. The
negative vorticity contours are mainly distributed near the
side walls, indicating the existence of the counter-rotating
main secondary flow vortices; moreover, the positive vorticity
contours prevailing near the inner wall at X* = 0.25 reveal
the presence of an additional pair of secondary flow vortices.
Figure 10 shows the variation of ftmax with the streamwise
distance. The comparison of ftmax between the two present
cases reveals that a stronger main secondary flow vortex is
developed within the curved duct with a guide vane than
without a guide vane (9.6UTCl/Dh as opposed to 6.2Ure(/Dh at
0,, = 60 deg). This essential character is consistent with the
previous discussion of the secondary mean velocity.

Based on the streamwise vorticity transport equation, the
difference between the radial and span wise normal stresses,
v2 - w2, is one of the causes for generation of secondary flow
of the second kind,29-30 and is plotted in Fig. 8 in terms of
contours for the one-vane case. It can be seen that the v2 —
w2 contours concentrate near the side walls and inner wall,
and the value of (v2 — w2)/U2

cf is almost zero around the
central part of the curved duct. Moreover, the anisotropy
between v2 and w2 near the inner wall is enhanced by the
reversed flow. These_trends parallel those observed from fl
contours, although (v2 — w2)/U2

cf is two orders of magnitude

smaller than £lD,t/UTe{. It is interesting to note that flDh/Uref
and (v2 - w2)/U2

cf of the present work are about one order
of magnitude larger than those obtained by Yokosawa et al.29

in the smooth and rough square duct using a hot-wire ane-
mometer, but are of the same order as those reported by Liou
et al.30 in a channel with a rib-disturbed wall using LDV.

Flow Distribution near the Dump Plane
Flow measurements at the dump plane can serve as inlet

information for computational simulations of combustor flow-
fields. Due to blockage of the flange that mounts the inlet
duct on the combustor, it is difficult to measure the velocity
at the dump plane. The profiles of the longitudinal mean
velocity at the Xft* = 1.11 station, located at a stage of 0.0875D/,
above the dump plane along the symmetric plane for both
one-vane and no-vane cases, are shown in Fig. 12. The re-
versed flow at the inner wall enhances higher turbulence in-
tensity at the proximity of the inner wall for the no-vane case.
The presence of the guide vane makes the longitudinal mean
velocity distribution across the inner passage of the curved
duct more uniform, and hence, eliminates the flow reversal
near the inner wall at the X** = 1.11 station, even though
the no-slip condition at the guide vane produces a velocity
deficit around the guide vane. It should be pointed out that
the flow distribution near the dump plane is obviously neither
uniform nor similar to one-seventh-power law, which was
often assumed by early researchers in modeling combustor
flow.31-32

The radial mean velocity distributions at X?t* = 0.63 and
1.1 (at a stage of 0.5 and 0.1D/, above the dump plane, re-
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Fig. 12 Longitudinal mean velocity distributions along Zjf = 0 at
Xt* = 1.11 station.
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Fig. 13 Distributions of radial mean velocity and turbulence intensity
at X%* = 0.63 and'*?* = 1.1 for one-vane case.

spectively) are shown in Fig. 13 for the one-vane case. At
X** = 0.63, the secondary flow starts to break down into a
system of three pairs of secondary vortices. Apart from the
main secondary flow vortices, there are now two pairs of
additional secondary flow vortices: one is set up near the
central outer wall due to the instability induced by the im-
balance between the rapidly decreasing centrifugal force and
the inward pressure force; the other prevails near the central
inner wall owing to the relatively sluggish fluid element in the
reversed flow. As the flow moves toX** = 1.1, the six-vortex
structure decays to a single pair of counter-rotating vortices

as a result of the effects of sudden downstream expansion and
impingement of the flow inside the combustor. This evolution
of the vortex structure can be observed in the lower and upper

, ducts of a one-vane case and in the duct of a no-vane case in
addition to what has been found experimentally by Liou and
Liu9 for the developing turbulent flow in a 90-deg square duct
without a downstream combustor and by Cheng et al.33 for
the fully developed laminar flow in 180-deg rectangular chan-
nels using flow visualization. The radial turbulence intensity
is higher at those regions where higher gradients of the radial
mean velocity occur and the maximum radial turbulence in-
tensity is found to be of 0.15£/ref at the inner wall of X** =
0.63.

Influence of a Guide Vane
A consequence of introducing a guide vane into the curved

duct is a significant reduction of the velocity differences be-
tween the inner and outer walls and, hence, a more uniform
distribution of the velocity across the inner passage of the
curved duct, as shown in Fig. 12. Based on the previous dis-
cussion, the main secondary flow vortex is stronger for the
one-vane case, which means a stronger cross-stream convec-
tion of high velocity fluid and, in turn, a reduction in the size
of the reversed flow region. This essential feature corresponds
to the two-dimensional computational presentation of Kotb
et al.,21 which states that the size of the recirculating region
decreased with the increase in aspect ratio. It can also be
observed that the maximum turbulence levels decrease with
the addition of a guide vane (see Fig. 10). Moreover, the
comparison shows that a lower degree of anisotropy is attained
near the inner and outer walls of the one-vane case than at
the corresponding walls of the no-vane case. The stronger
secondary flow vortices and the more uniform velocity profile
in the inner passage can enhance the mixing and impinging
effects on the air-fuel mixture recirculated upstream into the
dome region of the combustor.34 Therefore, it is conceivable
that the inlet curved duct with a guide vane is beneficial to
the successful performance of the combustor.

Summary and Conclusions
The main and secondary flowfields in a 60-deg curved inlet

duct with and without a guide vane upstream of a side-dump
combustor have been characterized using laser-Doppler ve-
locimetry. The main flow is found to separate at Xf2 — 0.05
and 0,, — 57 deg, respectively, along the central inner wall of
the duct with and without a guide vane. As the flow proceeds
through the bend and its immediately downstream tangent
(X* = 0.25), the maximum turbulence level increases with
increasing streamwise distance while the number of vortex
pairs increases from one to two. Further downstream of the
bend, the secondary flow structure evolves even more dras-
tically, with vortex pairs of two, three, and one occurring at
XI = 0.25, Xft* = 0.63, and A^* = 1.1, respectively. Three
significant changes occur through insertion of the guide vane.
The first is suppression of the region of flow reversal; the
area of the reversed flow region is reduced to 25% of the
original size observed for the case without a guide vane. The
reversed flow near the dump plane will lead to a downstream
shift of the impingement of two side-inlet jets in the combustor
and subsequently affect the size of the flameholding recir-
culation flow inside the combustor. The second event is that
the turbulence levels are lowered and more isotropic. The
last is the appearance of a more uniform velocity distribution
across the inner passage of the curved duct and the stronger
main secondary flow vortex. This enhances the mixing and
impinging effects on the air-fuel mixture recirculated up-
stream into the dome region of the combustor, and has a
beneficial effect on the successful performance of the com-
bustor. The present measured three-dimensional flow, e.g.,
the distributions of structure parameters and streamwise mean
velocity, should provide a useful data base to guide and test
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theoretical developments for modeling the developing tur-
bulent flow in curved ducts. Moreover, the mean and tur-
bulence data near the dump plane are provided to serve as
inlet boundary conditions for more realistic numerical mod-
eling of combustor flows.
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