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Experiments on the Turbulent Shear Flow in a Turn-Around

Duct(l) — The Mean Flow Characteristics

Jung-Chul Shin*
(Received March 16, 1994)

The Complex turbulent water flow in a strongly curved turn-around duct has been studied.
The turn-around duct had an aspect ratio of 10: | and the ratio of the channel height to the
mean radius was 1.0. Extensive measurements throughout the curved duct including wall static
pressures and mean velocities were made using Laser Doppler Velocimeter for a Reynolds
number of 210,000 based on the height of the channel and the average velocity. Analytical
calculations of the potential flow were made using Green's function and the Rayleigh-Riiz
method. Based on the turbulence mechanism and stability consideration. a simplified physical
model for the outer layer near the start of the turn along the inner convex wall was hypothesized.
This physical model leads to a system of non-linear equations represented in orthogonal
curvilinear coordinates. These equations were solved numerically using an iteration method.
Comparison of the measured data with the calculated values reveals that the present flow shows
the characteristics of an inertial dominated. developing curved flow. The outer layer in a
quasi-laminar flow was governed by inviscid-rotational motion. The numerical solution for this
region was verified by comparing the calculated and measured flow results. Near the turn exit
along the inner wall, a large flow reversal was observed. Spanwise measurements showed that
the present turn-around duct flow was approximately two-dimensional. The local mean velocity
profiles in the turn for different flow rates were similar when normalized by the average velocity.
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1. Introduction

Turbulent shear flow in a turn-around duct is 4
problem which may be found in & number of flow
fields, such as rocket engines or nuclear reactors
which have complex flow passages. By under-
standing the complex turbulent shear flow in a
curved channel, it may be possible to investigate
the flow structure inside a reactor core as well as
other flow passages in the reactor coolant system.
Compact design for high thrust-to-weight ratio,
liquid rocket engines demands highly curved flow
paths. The present turn-around duct flow is a
simplified model for simulation of the flow pas-
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sage downstream of the turbine in the fuel prebur-
ner inside the Space Shuttle Main Engine.

Only and/or
numerical, for strongly curved two-dimensional

limited studies, experimental
channel flows in which different flow structures
are combined. have been attempted. Curved chan-
nel flow may be divided into two categories ; the
shear dominated, mildly curved flow and the
inertia dominated. strongly curved flow. The flow
characteristics are different for the two cases.
(Hunt et al.. 1979)

The boundary layer on a curved surface is
stable along a convex wall and unstable along a
concave wall according to Rayleigh’s instability
criteria(Rayleigh. 1917). Turbulent fluctuations
decrease along the convex wall and increase along
the concave wall. Accordingly the boundary layer
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growth is slower over convex surfaces and faster
over concave surfaces. Along the inner convex
wall the present flow is influenced by both a
strong favorable pressure gradient and the curva-
ture, which produce a laminarization near the
start of the turn. For the present flow the
streamwise distance is too short to reach a com-
plete laminar state and therefore a quasi-laminar
state is more plausible. Although there were sev-
eral earlier investigators about laminarization.
Launder(1963) was the first to report in detail
about the laminarization. His verification of the
laminarization was obtained by observing the
departure from universality of the law of the wall.
A pressure gradient was imposed on a flat test
plate by a two-dimensional nozzle. Badrinar-
ayanan and Ramjee(1969) observed the laminar-
ization from the reduction of the streamwise fluc-
tuations normalized by the free stream velocity in
the acceleration region. The instability along the
outer concave wall for the turbulent flows can
generate Taylor-Gortler vortices which wander
from side to side due to:the turbulence in the
shear layer, the large scale turbulence or the
non-uniformity in the incoming flow. Some
investigators(Hunt et al.. 1979: So et al.. 1972;
MerDney et al., 1972) reported stationary pat-
terns of Taylor-Gortler vortices while
others{Eskinazi et al.. 1956: Ellis et al., 1974;
Ramaprian et al., 1978; Barlow et al., 1988) have
no evidence of such structures. Patel. et al.(1968)
demonstrated that the boundary layer on a convex
wall was relatively two-dimensional near the
center line for the first 80° of the bend. So and
Mellor(1972) measured a turbulent
layer developed over a flat surface and then

boundary

passed to convex and concave surfaces which
were adjustable to produce either a constant or an
adverse pressure gradient. The mean velocity
calculation was made using Bernoulli’s equation
and by assuming JP/dy = pkU*, where L is the
curvature of the inner wall, #=1/R. The bound-
ary layer thickness changed very little over the
curved region. For the constant pressure gradient
flow, the local skin friction coefficient, (, was
smaller on the convex wall and larger on the
concave wall when compared to the plane wall.

Similar variations of skin friction on curved sur-
face were reported by others(Meroney et al..
1975; Gillis et al., 1983: Muck et al., 1985). The
log-law velocity distribution for fully developed
curved duct flow was valid only in a limited
region. v <200, which agrees with measurements
of Eskinazi and Yeh(1956).

Although some results were reported previous-
ly for the curved channel flow (Wattendorf, 1935:
Wilken. 1930). the detailed experimental investiga-
tion in a strongly curved duct flow has not yet
been reported. While the present experimental
investigations cover the region throughout the
curved duct, this study emphasizes the quasi-
laminar region. The surface shear stress variation
with Reynolds number was measured along the
concave wall.

2. Experimental Works

A special two-dimensional turn-around duct
model was constructed for the present study as
shown in Fig. 1. The side walls of the test section
were made of 2.54 cm thick lucite so that the
Laser doppler velocimeter could be operated.
Lake water from a large reservoir located above
the test facility comes directly into the test section
of the U-turn facility. The density and viscosity of
the test water were measured with a hydrometer
and a Ostwald type viscometer. The density and
viscosity were found not to be difterent from the
tabulated data. The flow rate was controlled by a
0.61 m control valve located about 95 m upstream
from the entrance of the test section. The coordi-
nate system used in the analysis is a curvilinear
coordinate system attached on the inner convex
wall as seen in Fig. 2. A Laser Doppler Veloci-
meter(LDV) was employed to measure the veloc-
ity field. A He-Ne Laser is used as the LDV light
source. In the present study. the forward scatter,
dual beam optical system was employed. A 19
mW He-Ne Laser was used in conjuction with a
counter-type signal processor. The counter mea-
sures the time duration for a given number of
doppler burst cycles and allows the evaluation of
frequencies for discontinuous, unrelated burst
signals. The counter makes it possible to accurate-
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Fig. 1 Measuring stations along the curved channel

ly measure the flow velocity in a situation where
the concentration of seeding particles is refatively
low. A frequency shifter was utilized to measure
the mean velocity inside the separation bubble ; it
allows measurements to be made in a reversed
flow by shifting the doppler frequency at zero

Inner convex wall -

[oner wall curvature K = —';

Fig. 2 Coordinate system and notation for the anal-
ysis of the curved channel flow

velocity. A Bragg Cell installed in the transmit-
ting side shifts the light frequency. A band-pass
filter(3 MHz low-pass filter and 30 KHz high-pass
filter) was used to reduce the noise of the signal
and retain the energy containing frequency range
of the flow. Two-component velocity measure-
ment were made by rotating the two incident
beams by +45° from the plane parallel to the
wall. A sine wave from an oscillator was used to
calibrate the counter. A detailed set of measure-
ments were made emphasizing the quasi-laminar
region near the start of the inner convex wall. The
flow rate was maintained to yield the mean veloc-
ity of {7,~2.82 m/s (Re¢=210,000). Static taps
were located, both on the inner and outer walls,
at selected location along the centerline of the
channel. Diaphragm, inductance type, pressure
transducers were employed to convert the pres-
sure difference to output voltage. The static pres-
sure transducers were calibrated using a water
manometer. A Stanton tube was used to measure
the surface shear stress. The Stanton tube senses
the mean flow velocity very near the surface. It
was calibrated at the location x/j=—1.73 with
the local shear determined using a
Clauser’s fitting of the mean velocity profiles.

surface

3. Flow in a Turn-Around Duct

The time averaged equations for steady, two-
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dimensional turbulent flow are as follows :
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where /] is the viscous stress tensor. The present
measurements indicated that the flow in a turn-
around duct is approximately two-dimenstonal as
seen :n later. The global characteristics of the
flow in a turn-around duct are noted on Fig. 3.
The sudden appearance of a bend connected to
the straight duct upstream produces a positive
aP/ 3y in the flow field in order to balance the
centrifugal force caused by the streamline curva-
ture. Near the start of the turn, therefore. the
velocity must accelerate along the inner convex
wall and decelerate along the outer concave wall
in order to satisfy both the continuity condition
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Fig. 3 Global charactenistics of the flow in a turn-
around duct

across the iwo-dimensional curved duct with
constant height and the Bernoulli’s equation, if
the second order viscous and turbuient effects are
ignored. Consequently, an adverse streamwise
pressure gradient develops along the outer wall
and a favorable streamwise pressure gradient is
formed along the inner wall near the start of the
turn. The present measurements indicated that the
incoming turbulent boundary layers along the
inner and outer walls interacted in the turn before
approximately the 90° station. Therefore the flow
in the upstream part of the turn is developing
toward a fully developed curved duct flow. Due
1o the inertial effect. the flow in the downstream
part of the turn is directed toward the outer wall
as seen in Fig. 4 in which ¢’ is a normalized
stream function. Along the concave wall the
higher momentum fluid moves toward the wall
and thus surface shear becomes greater. Along the
convex wall the higher momentum fluid moves
away from the wall and therefore lower surface
shear is encountered. After approximately 90°
around the turn the present flow approaches the
characteristics of an inertial dominated. fully
developed. curved duct flow.

Near the turn exit along the inner wall the
higher momentum fluid moves away from the
wall due to the inertial effect. In addition an
adverse streamwise pressure gradient develops
along the inner wall, since the static pressure
across the duct tends to be uniform in order to
recover 1o the flat wall flow in the straight duct
flow downstream. according to the potential flow

Fig. 4 Streamlines along the turn-around duct flow.
Re=86,000
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analysis. Consequently the sharp curvature and
strong adverse pressure gradient cause the bound-
ary layer to separate. The flow reverses and forms
a separation bubble along the inner wall at the
turn exit. In an inertial dominated, strongly
curved duct flow a distinct potential flow region
exists across the duct, skewed toward the outer
wall, when it is fully developed (Eskinazi et al.,
1956. Ellis et al., 1974: Wattendorf, 1935). The
present flow in the downstream part of the turn
was in close agreement with the potential flow
analysis results except near the wall as seen in
Fig. 4. In the Taylor-Gortler vortices, inflows and
outflows occur alternatively along the spanwise
direction. At the inflow, the flow directions are
towards the wall. Therefore, the boundary layer
becomes thinner and the skin friction coefficient.
C, becomes greater at the inflow, because higher
momentum fluid moves toward the wall. For the
outflow, the flow directions are away from the
wall and the boundary layer becomes thicker.
Consequently, C, has the smallest value at the
outflow locations.

4. Analytical Evaluation of the Poten-
tial Flow Field

The potential flow solution is necessary to
investigate the mean flow characteristics. The
general solution for the potential flow field for
various turning angles and heights of bends with
constant radius was obtained analytically. A
computer program was developed using the

method of LU decomposition(Press et al., 1986)
and Simpson’s integral rule so that it can be used
for the calculation of flow in bends in conjunc-
tion with straight channels.

The stream function, ¢, in an incompressible,
two-dimensional potential flow satisfies the La-
place equation,

Vi =0 (4)

In order to solve the Laplace equation in a bend,
the bend with arbitrary turning angle, 2¢r(rad),
is divided into two parts as shown in Fig. 5. It is
convenient to use the cartesian coordinate system
in the straight section and the cylindrical coordi-
nate system in the curved section. The static
pressure Co=(P=P.)/(1/2 oUR)
(where P2, is the static pressure far upstream from
the bend) at any point in the irrotational flow

coefficient

field can be obtained from the Bernoulli’s equa-
tion.

The solutton of the elliptic equation, Eq. (4), is
determined by the boundary conditions given on
the surface of the physical domain. By simplifying
the boundary conditions and matching the bound-
ary condition at the junction between the straight
section and the bend. the stream function in the
straight section becomes,

¥ix, y):¥+ S ane" % sin Y- (3)
ll n=1 h
In the cylindrical section, a new variable, Z, is
introduced.

Z=¢—g (6)

Fig. 5 Boundary conditions in physical domain of a bend



Experiments on the Turbulent Shear Flow in a Turn-Around Duct(l)-— The Mean.--- .- 449

Then Eq. (6) becomes the Poisson’s equation.

ViZ= -V (~on< < gn. |< i< 1+])
Z=0o0n S (7)
where
R | Tl 1)
o) = i +§”]/1,,5m 7

[t 1s well known that the Poisson’s equation can
be solved by means of Green's function. For
constructing the Green's function in the given
physical domain, the eigenfunction expansion
method is introduced. The eigenfunctions for the
Laplacian V? in  subject to zero Dirichlet
boundary conditions, are the non-zero solutions
of the following equation,

ViZ=iZ in Q
Z=0 on§ (8)

The Green's function in this region becomes,

i Ll e DLy (o th)

mos 1 Anmn

GO 85 )= (9

where 4,, and 7,, are the eigenvalues and the
normazlized eigenfunctions of Eq. (8) respectively.
In order to obtain the eigenvalues and eigenfunc-
tions in the curved section. a conformal mapping
method is introduced. In conclusion, the stream
function in the curved section is given by.
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m= s i
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The solution can be obtained if the coefficients
‘2’ appearing in Egs. (5) and (10) are known.

Lau(1966) introduced the Rayleigh-Ritz method
to find the coefficients in the series solution.
Mathematically, the Rayleigh-Ritz
requires that the following integral s a minimum

method

if  satisfies the Laplace equation.

,-,,ffw] dA (12)

where ¢4 s an area element. Eq. (12) implies
that the kinetic energy in the area through the
curved bend is a minimum. Therefore the rela-

tion,
< 8{/ ) Jdvdx

+< ,0>])(/0d} (13)

is satisfied. After much algebra the following
linear algebraic equation for the coefficients «, 1S
obtained.
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where /=1, 2, 3, -, .

Equation (14) has the following form,

Bra= (15)

where £ 1s the coefficient matrix and ¢ and C are
column vectors. A system of algebraic linear
equations for 4 was solved by the method of LU

decomposition.
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5. Numerical Calculation of the
Rotational Flow Field

The viscous effect and turbulent fluctuations in
the outer region of the boundary layer along a
convex wall may be ignored in the present turn-
around duct flow. It was found from the experi-
mental results that the pressure force term domi-
nates on the right-hand sides of the momentum
Egs. (2) and (3)(three orders of magnitude larger
than the turbulent stress term). Therefore, the
following momentum equations was hypothesized
in the outer region.

UL v O T
OX oy
I op
T ox (1e)
A1 N1
A TR Ay
0x oV
— g2l (17)

which are the equations of motion for an inviscid
but rotational flow in the curvilinear coordinate
system.

A discretization equation was developed in
order to solve this system of equations numeri-
cally in the curvilinear coordinate for incompress-
ible. two-dimensional flow. The solution proce-
dure wuas revised from Patankar’s(1980) SIM-
PLER procedure using an elliptic pressure field
sweeping from downstream to upstream. If the
pressure is constant across the stream. a parabolic
numerical scheme can be applied. The pressure
varies along the normal direction in the present
flow. such that the flow shows a partially para-
bolic behavior, since an elliptic numerical scheme
was used for the pressure field. Therefore, the
solution 1s obtained by marching the velocity
field from the upstream to the downstream. while
the downstream effects are transmitted to the
upstream by the elliptic pressure field.

The boundary conditions were taken from the
present experimental results. The physical domain
contains from the upstream straight section to the
90° around the turn. The numerical grid(99 x 50)
in the computational domain was composed of an

equally spaced rectangle with x and y increments.
Since the wall curvature changes abruptly from
zero to a finite value in the present flow, the
under-relaxation was necessary. Relaxation of the
quantity @ 1s

D= Puew+ (1 =) Qo (18)
in which ¢ is the relaxation factor. Velocities and
pressures were underrelaxed with ¢=0.9 during
the iteration process. It was observed from the
20~40 iteration is
enough to obtain the converged solution with an

convergence history that

error of less than 0.005% between the last two
iterations.

6. Results and Discussion

6.1 Potential flow field

The comparison between the static pressure
distributions at the wall obtained from the poten-
tial flow calculation and the measured data is
shown in Fig. 6. The static pressure profiles as
well as the potential velocity start to respond to
the curvature approximately one duct height
before the start and after the turn. The higher
pressures than the measured ones around the turn
except the separated region are expected because
the potential flow calculations can not account
for the energy loss through the turn. Along the
inner wall near the start of the turn, the two
distributions are nearly the same since the turbu-
lence was damped due both to flow acceleration
and to stabilizing convex curvature. The static
pressure of the real flow on the outer wall does
not vary greatly around the bend while on the
inner wall the pressure drops rapidly at the start
of the bend and then rises. At the inlet of the
curved section an adverse streamwise pressure
gradient develops along the outer wail and a
favorable pressure gradient is formed along the
inner surface. The inward normal pressure gradi-
ent exists across the channel section due to curva-
ture, higher static pressure on the outer wall and
lower on the inner wall. At about 180° the static
pressure distributions on the outer wall becomes
favorable. whereas an adverse pressure gradient is
formed on the inner wall at about 90°. It is
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Fig. 6 Static pressure distributions at the wall

observed that the measured wall static pressures
in some portion along the inner convex wall after
90° is greater than predicted by the calculated
potential flow. This higher (, is due to the iner-
tial effect of the flow which causes lower momen-
tum fluid near the wall, so that the static pressure
rises. A comparison between the present study
and Monson and Seegmiller(1989) who conduct-
ed a similar experiment in an air flow facility
shows good agreement in Fig. 6.

Figures 7, 8, 9 show measured mean velocity
profiles compared to the calculated potential
velocities. Figure 7 shows that the potential core
region exists for the flow upstream near the onset
of curvature. The actual flow near the convex
wall approaches the potential flow results around
to the 90° Station due to the streamwise favorable
pressure gradient. The actual flow near the con-
cave wall in the downstream part of the turn tends
to be close to the potential flow as the flow
continues. This result indicates that the flow in

the turn approaches the fully developed condition
for curved duct flow. Accordingly the potential
core region tends to be skewed toward the outer
wall, downstream of the 90° Station. Therefore
the potential core region around the curved sec-
tion moves from the inner wall toward the outer
watl, which of
dominated, developing curved flow. The calcu-
lated potential flow at 90° Station ts found to be

is the characteristic inertial

the same as the free vortex flow({’+ ;- ==constant
where r is the radial distance from the axis of the
curvature, =+ v). This agreement indicates
that the present calculations for the potential flow
are reasonable. Beyond the 60° Station the mean
velocity decreases and turbulent boundary layer
separation eventually occurs on the inner convex
wall. Due to the inertial effect and the adverse
streamwise pressure gradient increasing in that
region, the lower momentum fluid near the wall is
encountered. The fluid in the boundary layer does
not possess sufficient mean kinetic energy and
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duct upstream of the turn

finally separates at approximately 165° around
the turn and reattachment occurs at approximate-
ly 0.74 h downstream from the turn exit. Figures
10. 11 show the flow angle variations around the
curved duct. The measured flow angles are rea-
sonably predicted by the potential flow calcula-
tions up to the 30° Station. Due to the inertial
effect, the actual flow is directed toward the inner
wall until 45° around the turn and then is directed
away from the inner convex wall.

6.2 Rotational flow field

The computed results for the streamwise veloc-
ity at several locations along the streamwise
direction are compared with the experimental
data in Fig. 12. The results of the potential flow
calculations are also included for comparison.
The measured velocity data in the center regions
are very close to the calculated inviscid flow, both
ratational and trrotational, which indicates that
the effect of the turbulent shear stress as well as
the viscous shear stress can be neglected in the
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Fig. 8 Mean velocity profiles near the start of the
turn

outer region of boundary layer. These results are
consistent with the observation that the turbu-
lence in the convex curvature region is almost
extinguished. The close agreement between the
calculated rotational and irrotational flows at 45
° around the turn indicates that the present calcu-
lations for both flows are reasonable. The agree-
ment between the measured data and the calcu-
lated values justifies that the present assumption
for the rapid suppression of the turbulent shear
stress along the inner convex wall is reasonable.
However the region very near the wall is influen-
ced by the viscous effect, which are not included
in the present inviscid calculation. As expected,
the rotational flow predicts the actual flow better
than the potential flow. In other words, the flow
has a certain amount of vorticity. The rotational
flow calculations improve the irrotational predic-
tions in the curved section where the maximum
streamwise pressure gradient occurs. An insight

into the quasi-laminar flow region can be
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obtained by observing the behavior of vorticity
along a streamline. Figure 13 demonstrates that
from Station 7 around to Station |5 the boundary
layer edge over the convex wall is almost the same
as the streamline. Since the flow accelerates near
the start along the convex wall, the streamlines
contract and thus are directed toward the wall. In
a rotational flow field, the vorticity must be
constant along the streamline. Therefore. the
boundary layer edge(zero vorticity line theoreti-
cally) must follow the contracting streamline. The
lack of mass flow into the boundary layer is
consistent with the concept that the outer layer of
the quasi-laminar flow region is governed by the
inviscid rotational mechanism. In this study the
boundary layer thickness, §. was determined as
the distance from the wall to the point at which
the velocity is 0.99 times the potential flow veloc-
ity. As seen in Fig. 6 before, it was not too
difficult to decide the approximate value of §.
The vorticity(£2;) distribution along the stream-
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Fig. 10 Flow angle profiles near the start of the turn

line over the convex wall is demonstrated in Fig.
14. The vorticity for the curvilinear coordinate is
given by,

Lol av Uk

1+ /Ay ox ov o T+ky

S boavo o

T+kv o ov T+ky Oy
{(1+ &)U} (19)
Different from the flat wall flow, Jl//ov is
negative except very near the wall in the bound-
ary layer along the convex wall. However (1

U)

+ /v) {7/ 8y is positive throughout the boundary
layer so that the vorticity is negative. At 45°
around the turn the calculated rotational flow
results agree well with the experimental data for
the region v/8,=0.4 or v 2 1.524 ¢cm, as shown in
Fig. 12. Using the streamline coordinate, this
value is equivalent to y’=0.25 at Station 12(45°
around the turn). Figure 14 shows that 0, is
approximately constant for ¢’ greater than 0.25.

This agreement indicates that the calculated
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Fig. 11 Flow angle profiles in the turn

results for rotational flow agree well to the analyt-
ical assumption of constant £, along the stream-
line. The results also are consistent with the
assumption that the flow in this region is
inviscid-rotational. Vorticity increases toward the
wall and deviations from the constant line are
more pronounced very near the wall due to vis-
cous effects.

6.3 Mean velocity profiles

Since the static pressure field in the curved
section changes rapidly, the mean flow in the turn
is greatly influenced by the pressure gradients in
both the streamwise and normal directions.

Figure 15 shows an isometric plot of the mean
velocity vectors throughout the curved channel.
The mean flow in the turn is consistent with the
static pressure results. Along the outer concave
wall the mean flow velocity decreases first, then
stays almost the same between 50° and 130°
around the turn and thereafter increases near the
turn exit. Along the inner convex wall the mean
flow accelerates and then decelerates. At the start
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Fig. 12 Mean velocity profiles near the start of the
turn along the inner wall
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Fig. 13 Streamlines along the inner wall near the
start of the turn

and the exit of the turn, the flow shows a high
deflection toward the inner wall and the outer
wall respectively, showing the inertial effect of the
flow in the turn. Beyond the 60° Station the mean
velocity decreases and turbulent boundary layer
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Fig. 14 Vorticity change along the streamlines

separation eventually occurs on the inner convex
wall. Due to the inertial effect and the adverse
streamwise pressure gradient increasing in that
region. the fluid near the wall becomes to have a
lower momentumn. The fluid in the boundary
layer does not possess sufficient mean kinetic
energy and finally separates at approximately 1635
° around the turn. It was observed that the shear
layer near the turn exit along the outer concave
wall was very thin. This result is due to the fact
that both the favorable pressure gradient growing
in this region and the higher turbulent mixing due

Sta. 3

Scale U/la = 1.0

to destabilizing concave curvature contribute to
diminish the velocity defect in the shear layer. In
addition the inertial effect of the flow causes the
higher momentum fluid in the core region to
move toward the outer wall near the turn exit,
which results in thinning the shear layer down.
This thinner shear layer still continued in the
straight channel downstream.

If the streamlines are parallel to the wall( V=
0}, the potential velocity profiles (/,(x, v) can be
obtained from the vorticity in Eq. (19) since Q,=
0 in the irrotational flow field.
where (7, 1s the potemial velocity at the wall.
The displacement thickness for the curved flow is
defined.

N l
o*' exp )((p

l'-)d_\’}m ] 1)

The momentum thickness for the curved flow
becomes.

o=plin- [Tuw

- )(/\} ~l (22)

(20)

Fig. 15 Mean velocity profile changes through the turn-around duct
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Integral parameters given in Egs. (21) and (22)
are valid only if the potential flow field is re-
presented by Eq. (20). The potential streamlines
for the present flow, however, are not parallel to
the wall near the start of the turn. Therefore the
effective curvature can be introduced in this
region so that the streamlines are almost parallel
to the wall. The effective curvature, k.(x), is
defined as that k(x) satisfying Eq. (20) when the
potential velocity profiles are known. k. (x) was
determined by a least square fit using the calcu-
lated potential velocity profiles. §* and # in the
present study were obtained from Egs. (21) and
(22) using the effective curvature.

The boundary layer growth rate along the
convex wall is dependent on the curvature and the
pressure gradient effect. For a flow without pres-

sure gradient, Meroney and Bradshaw(1975) re-
ported the growth rate was only half of that of an
equivalent plane flow for their curved flow with
8/R =001, while So and Mellor’s experi-
ment(1972) with §/R=0.08 showed almost con-
stant § along the convex wall. For a pressure
Wilken’s measurement(1930)
shows a decreasing § along the convex wall.

Streamwise change of boundary layer parame-
ters are shown in Fig. 16. The boundary layer
thickness was slightly greater on the inner wall
than the outer wall in the straight section up-
stream, Fig. 16(a). Accordingly the mean velocity
profiles of the oncoming flow were slightly asym-
metric between the inner and outer wall with a
maximum difference of +1.5% in the averge
velocity at Station 2. A decreasing boundary layer
thickness in a quasi-laminar region as shown in
Fig. 15(a) agrees well with the previous
study(Wilcken, 1930). The boundary layer thick-
ness increases along the outer wall. The boundary
layer parameters show that rapid changes are
encountered near the onset of curvature. The
Clauser shape factor, (G, is useful to describe the
equilibrium state of the boundary layer. G is
defined by,

- /2 L
=/ (23)

in which H is a shape factor, H=¢0*/8. Accord-

gradient flow,

ing to Clauser(1956) G has a universal value of 6.
8 for a flat wall flow without pressure gradient in
the equilibrium state. Figure 16(e) shows that the
oncoming flow is influenced by the favorable
pressure gradient((; < 6.8). For fully developed
curved flow, the velocity defect along the concave
wall is smaller than the plane flow so that H is
smaller. Exactly the opposite phenomena occur
along the convex wall. Figure 16(d) indicates that
the flow in the downstream part of the turn
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Fig. 16 Change of boudary layer parameters along
the curued duct

approaches the fully developed curved flow. The
straight section downstream and the appearance
of separation hinder further development toward
the fully developed condition. Before approxi-
mately the 90° Station, however, all the boundary
layer parameters show that the mean flow is more
influenced by the streamwise pressure gradient
than by the curvature. The adverse pressure gradi-
ent near the start along the outer wall causes H
and G to be larger, while the favorable pressure
gradient along the inner wall produces smatler
values of H and (.

Mean velocity profiles normalized by (/, along
the curved duct are shown in Fig. 17. For compar-
ison Klebanoff’s result for the flat plate flow
without pressure gradient is also shown. The flow
upstream of the turn(before Station 8), for both
the inner and outer walls, is subject to a slightly
favorable pressure gradient due to boundary layer
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Fig. 17 Stream development of mean velocity profiles
in the turn-aruoud duct

growth. The velocity defect in the boundary layer
becomes smaller for the accelerated flow and
larger for the decelerated flow. For curved flow,
the higher momentum fluid moves toward the
concave wall and away from the convex wall due
to the centrifugal instability. The present flow in
the upstream part of the turn{Stations 9 through
14) is opposite to the characteristics of fully
developed curved flow. The strong favorable
pressure gradient along the convex wall and the
adverse pressure gradient along the concave wall
surpasses the curvature effect in this region.
However the flow in the downstream part of the
turn tends to approach the inertial dominated,
fully developed conditions. Due to the inertial
effect of the flow and concave curvature, the
velocity defect in the shear layer becomes smaller
along the outer wall(Station 15) as shown in Fig.
17(b).
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Fig. 18 Spanwise variations at 90 deg. around the
turn

Figure 18 shows the spanwise variation of the
mean velocities for different heights at 90° around
the turn. Although small variations in the velocity
are observed, the flow was nearly two-
dimensional across the height. During the start-up
of the flow in the facility air bubbles were col-
lected in the upper corners of the outer concave
wall. Fortunately. during this short time period,
these air bubbles could be used for flow visualiza-
tion along the outer concave wall. It was observed
from flow visualization that Taylor-Gortler vor-
tices do not remain stationary in the present
experiment. The longitudinal vortices are highly
time dependent. moving rapidly in the spanwise
direction, randomly appearing and disappearing.
Deviations from two-dimensional flow occur only
in the separated region.

6.4 Surface shear stresses

Surface shear stress variations with Re on the
outer concave wall were measured using a
Stanton tube. In this study the Ludwieg-Tillmann
relation was employed for the approximate esti-
mation of the surface shear stress where the log-

law fitting could not be made.
Cj:0'246( I0~0AGTHHR(,07(LZGN) (24)

Yamaguchi(1987) and Gibson et al.(1984) re-
ported that the Ludwieg-Tillmann relation for C,
agreed well to their experimental results for the
curved boundary layer. The present measurements
on the outer wall aiso shows good agreement with
this relation, Fig. 19. The conclusive result for the
fully developed curved flow that the skin friction

LTEE . e r o ——— S

Fig. 19 Streamwise change of the skin friction cof-
ficients

becomes higher on the concave wall and lower on
the convex wall compared to the flat wall flow
was well documented by the previous investiga-
tors.(Soet al., 1972 Gillis et al., 1983) The results
for 120° around the turn follow the previous
results. In the upstream part on the concave wall,
C, decreases, due to the flow deceleration near
the start of the turn, and then increases. On the
convex wall, however, (, increases first, due to
the flow acceleration, and then decreases.

7. Conclusions

The outer layer in the quasi-laminar region is
governed by an inviscid-rotational mechanism.
Both rotational and irrotational flow calculations
predict the flow except very near the wall. How-
ever the rotational flow predictions were closer to
the measured values. The present turn-around
duct flow shows the characteristics of inertial
dominated, developing curved flow. Until approx-
imately 90° around the turn, the flow is develop-
ing toward the fully developed curved duct flow.
Near the start of the turn, the streamwise pressure
gradient effect on the flow surpasses the curvature
effect. The flow in the downstream part of the
turn is rapidly adjusting to the straight section
downstream, without reaching an equilibrium
state for fully developed curved channel flow. The
use of effective wall curvature along which
streamlines are assumed to be parallel was found
to be reasonable to describe the streamwise mean
velocity.
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