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Hot-wire measurements of the full mapping of the velocity and Reynolds stress components
are reported for developing turbulent flow in a strongly curved 180 deg pipe and its tangents.
A slanted wire is rotated into 6 orientations and the voltage outputs from wires are combined
to obtain the mean velocity and Reynolds stress components. The strength of secondary flow
reaches up to the 28% of bulk mean velocity. The strong counter-rotating vortex pair induced
by the transverse pressure gradient and centrifugal force imbalance grows up to #=67.5°into the
bend. But the vortex pair breaks down into two cell pattern after §=90° Core vortex formation
and reversal of secondary flow direction along the bend symmetry plane is cleanly found in the
secondary vector plot. At §=67.5° and #=90° into bend a large “trough” develops in the
longitudinal velocity toward the inside of the bend due to the breakdown of secondary flow. In
the bend, the mean longitudinal velocity component changes little after §=90°, but secondary
flow never achieves fully-developed state. Similar behaviors are observed in the radial and
circumferential stresses.

Key Words : Transonic/Supersonic Flows, Air Jet Loom, Backward Facing Step,
Unsteady Flow, Recirculating Flow

Nomenclature Rc¢ : Radius of duct curvature
D Diameter of pipe Re : Reynolds number (= WsDu/v)
D, : Dean number =Re(D/Rc)? u . Circumferential fluctuating velocity
E Instantaneous voltage of hot-wire U . Circumferential mean velocity component
e ' Fluctuating voltage of hot-wire U. ' Effective velocity
ks, . Coefficient of hot-wire orientatation u:u; . Reynolds stress tensor
Kg,s, - Covariance between wires 7 and V' Radial mean velocity component
Ks  Coefficient of hot-wire characteristics v © Radial fluctuating velocity
V: . Resultant velocity vector
* Corresponding Author, W . Stream-wise mean velocity component
E-mail : ydchoi@korea.ac.kr Ws © Stream-wise bulk velocity
TEL : +82—2—3290—3355'; FAX: f82—2—928—1067 . w * Stream-wise fluctuating velocity
Department of Mechanical Engineering, Korea Uni- . . .
versity, Anamdong, Sungpukku, Seoul 136-701, Korea. )5 - Stream-wise coordinate
(Manuscript Received August 14, 2006; Revised De- X : Mean effective velocity
cember 9, 2000) 7 . Radial coordinate
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ve,k, - Correlation coefficient between cooling ve-
locities of adjacent wire orientations

6  : Rotation angle of hot-wire, bend angle
from entrance

. Experimental constant

. Kinetic viscosity

. Angle between V; and a wire

. Density

(5]

Q. O m T X

. Variance of a given quantity

AS)

. Circumferential angle from outer most ra-
dius of bend curvature, circumferential co-
ordinate

Subscripts

[, m : Dummy indices which take the valves 1 to
3

1,2,3,4,5,6 . Refers to the six probe measuring
positions

6  : Rotation angle of hot-wire, bend angle

1. Introduction

Turbulent flows in a curved duct are widely
encountered in the mechanical equipments and
systems, for example, in the flow passages be-
tween turbine and compressor, pipe bends in heat
exchangers, cooling passages inside gas turbine
blade, and blood vessels. In a curved duct, radial
pressure gradients push the slowly moving fluid
near the side walls toward the convex wall while
the fluid near the plane of duct symmetry toward
the concave wall. This viscous-inviscid mecha-
nism creates secondary flow. The secondary flow
can be of the order of 10~40% of the mean stream-
wise velocity (Johnson, 1984). For twenty years,
a large amount of measurements have been con-
ducted for the developing turbulent flows in the
curved ducts of square cross-section (Humphrey,
1981 ; Taylor et al., 1982 ; Chang et al., 1983;
Choi et al., 1990). However, the measurements of
turbulent flow field in the curved pipes appear to
be relatively sparse, although the information on
the flow fields in the curved pipes are more im-
portant in practice. It is partly due to the greater
difficulties associated with the experimental method
(Azzola et al., 1986).

Rowe (1970) obtained the total pressure and

yaw results for the turbulent flow in a 180 deg
bend and the attached downstream tangents. In
Rowe’s experiment Rc/D=12 and Re=236,000,
where Rc is the bend mean radius of curvature, D
its diameter and Re is the Reynolds number based
on the bulk mean velocity. Rowe reported that the
secondary flow is most intense at about 30 deg
into bend. Near this position, the total pressure
gradient induces a stream-wise component of vor-
ticity opposite in sense of rotation to the stream-
wise vorticity produced at the entrance of the
bend. Rowe also reported that the curved pipe
flow is essentially fully developed past §=90 deg.
There is evidence of local reversal in the second-
ary flow direction along the bend symmetry plane
between =90 deg and X/D=+5. But Rowe’s
experimental results were uncertain because of the
effect of the mechanical probe used in the meas-
urement on the flow field could not be removed.
Azzola et al.(1986) investigated the developing
turbulent flow in a strongly curved 180 deg pipe
and its downstream tangents both experimentally
and by the numerical simulation. They measured
the longitudinal and circumferential velocity com-
ponents and three Reynolds stress components by
Laser-Doppler anemometer. In their simulation,
k-e eddy viscosity model was used. Since their
LDV measurements were restricted to vertical
(radial) scan in the surface p=7x/2 in the sym-
metrical upper half of the test section, a full map-
ping of the velocity fields and Reynolds stress dis-
tributions over the entire flow regions could not
be obtained. Choi et al.(1997) reported fine grid
calculations for the Azzola et al’s (1986) flow
conditions using both .- eddy viscosity model
and algebraic second moment closure. Choi et al.’s
simulation using second moment closure gave
much improved results for mean velocities, and
turbulent intensities in compared with k-& eddy
viscosity model.

In the present study, hot-wire measurements of
the full mapping of the velocity and Reynolds
stress components are performed for developing
turbulent flow in a strongly curved 180 deg pipe
and its tangents. A slanted wire is rotated into 6
orientations and the voltage outputs from wires
are combined to obtain the mean velocity and
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Reynolds stress components.

2. Experiment

2.1 Experimental apparatus and methodol-
ogy

The basic components of the test section are
shown schematically in Fig. 1. They comprised
two straight pipes and a 180 deg curved pipe,
constructed from transparent plexiglass. The pipe
cross-section is circular throughout with 88.9+
0.4 mm inner diameter (D), The ratio of mean
curvature of the bend to hydraulic diameter (Rc/
D) is 3.357. The curved pipe section is construct-
ed by fitting together two symmetrical half sec-
tions of plexiglass, each respectively machined on
one of the two flat faces to contain the shape of a
semicircular open channel. This method of con-
struction ensures that when matched at the com-
mon symmetry plane the cross-section of the
resulting curved pipe was accurately circular.

Experiments were performed for Reynolds num-
ber similar to that of Azzola et al.(1986) (Re=
57,400). The Reynolds number is based on the
bulk fluid velocity (Wbs. The associated Dean
number (De=Re(D/Rc)'?) is 31,300. Measure-
ment of the mean flow and turbulent character-
istics were made using a KANOMAX 7224 series
hot-wire anemometer. The hot-wire probe and
probe supporter were fixed with a duralumin case
which was itself firmly bolted to x,y,z tra-
versing and rotating mechanism. The traversing
and rotating mechanism could displaced the hot-
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wire probe 15.0 cm in 0.1 mm increments on the
probe axis by means of four linearly encoded
stepping motors monitored by a personal com-
puter.

Following the symmetry and mass flow confir-
mations, all subsequent measurements were con-
ducted at X/D=—19, —5, —1, +1, +6, +16 in
the straight pipes and #=0, 22.5, 45, 67.5, 90,
112.5, 135, 157.5 and 180 degree in the bend (Fig.
1). Scans were made at the surface at =0, /8,
/4, 37/8 and m/2 (Fig. 2). At each of these
stations 21 (or 11) radial positions were probed,
starting at the first position fixed at 4.45 mm from
the outside pipe wall (#/(D/2)=1) and moving
in increments of 4.0 mm toward the opposite wall
(r/(D/2)=—1).

Fig. 2 illustrates the layout of the domain of
interest of the curved pipe as well as that of the
coordinate system. Upstream and downstream tan-
gents are of length X' =48.2D and 24D, being,
respectively, attached to 0 deg (inlet) and 180 deg
(outlet) planes of the bend by means of flanges.

22 Measurement of mean velocity compo-
nents
If we rotate the S-type hot-wire, which is
inclined 45° from the Y-Z plane as shown in Fig.
3, 6 degree from the reference position, the coor-
dinate of the point A would be

1 o, 1 o 1 .
( 700545 sin 6, 2cos45, 2cos45 s1n6>.

Denoting the resultant velocity vector by

RAT10

ORIFICE

160

401G TAL ANEMOMETER

Fig. 1 Schematic diagram of experimental apparatus
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Vi=Ui+ Vj+ Wk, (4)

the angle £ between resultant velocity vector ¥V,
and position vector A can be obtained by the dot
product of the two vectors as follows :

W cos 0—V—Usin6> (s)
V2 Vi ’

where V} is the magnitude of the resultant veloci-

E=cos‘1<

ty. If a linearized hot-wire anemometer system is
used, then the measured instantaneous voltage is
related to the effective velocity (U):

24,1 D Entrance Length

| 482D Entrance Length

Fig. 2 The test section configuration and definition
of coordinate system

kx

y

Fig. 3 Schematic diagram showing a S type wire

probe rotated @ degree from reference posi-
tion

EGZKSUeﬂ, (6)

where Ks is a proportionality constant and the
subscript & denotes the rotated angle of the probe
from the reference position. Champagne (1967)
suggested a relation between effective and result-
ant velocities,

Uwo= Vi (sin® £+ 2 cos? &)z, (7

where « is an empirical constant. In the present
study, x=0.2 was adopted. Substituting equations
(5) and (7) into (6), one may arrive at

Ks 1.2 2 (12
60— 2_
E ﬁ[liz( sin® 0+ #2sin? 0) + (144 V?

LW (2= cos? 0+ cos? 6) L2 VI (1—) (8)
+2UW cos Osin 0(1— ) —2UV sin §(1- D) ]2,

Replacing the instantaneous values of FEy, U,
V, and W in equation (8) by their mean and
fluctuating components, and expanding them in
a Taylor series (neglecting terms of order higher
than fifth), the following fourth order equation
for the mean effective velocity X, is obtained
(Choi et al., 1990)):

3X4—8E X +6(E5+e%) X3—68,=0, (9)

where
VA KSXB
Xo= 53 (10)
Ss=Et+625E5+4e5Eq+eb. (11)
where
Xﬂ :(keIUZ +k9272 +k03W2 +ko4I7W +ke4
UW ket UV)Y?
kor=2—sin® 0+ % sin®
koe=14+ 1>
kos=2—cos? 0+ 1% cos® 0
ke4:2<1_/(2)

kos=2cos O sin (11—
kos=2sin 6 (1—«?).

If E,, &3, &3, &4 are measured for each probe
angle, X, can be calculated from equation (9) by
rotating the S-type probe into §=60°, 90°, 120°
and 270°, and followed by the I-type probe into
60°, 120°. E,, &2, &3, &4 were measured for each
angle. If the positive roots of equation (9) for the
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corresponding probe angles are denoted by X7,
X//’ X//’ 4//,

neous equations for U, V, and W can be obtain-

2, and X7, many sets of simulta-

ed from equation (8). Among the sets of equa-
tions, we can choose the optimal relation that can
give minimum uncertainty of the mean velocity
calculation due to its diagonal dominance of the
solution matrix. The resulting relations are writ-
ten as

U=[(X)*— (X)2/[VIK:(1— A W] (12)

V=D(X0)*=2(X5)° = (X (XD
[K2(1—i2) W]

W=[(X35)+ (X0)2+ (14 ) (T°+ 72) ]2.(14)

2.3 Measurement of reynolds stress compo-
nents

In the present study, the Janjua et al’s.(1982)

correlation was used to calculate the Reynolds

stress components. The tensor form for the corre-

lation is
B0 e 3 Bk Kee 019
autlias 35 ngE Kes|

where 6%, represents G5 for a given probe angle
and Kz,z,, is the covariance between wire 7 and
wire J.
Jackson and Lilley (1983) used the following
covariance relation in their experimental work :
KEZ.E]»:ViE,-(aﬁi&%)%, (16)
where yz,k, is the correlation coefficient between
wires 7 and j. King (1978) made a certain as-
sumption by calculating the covariance coeffi-
cient. He argued that if two wires are separated by

an angle of 30 degrees, the contribution of the
correlation coefficient would be related by the
cosine of the angle between the wires as follows :

¥e,£,=cos 30°=0.87. (17)

When separation angle #is a multiple of 30°, he
used the following correlation coefficients :

7EZ'E]':0'8 (COS 30°> n. (18>

Choi et al.(1990) extended King’s relation to
angles @, that are not multiples of 30°. Choi’s
correlation coefficient for separation angle =30
n+a is written as

ve,2,=0.8 (cos 30°) " cos a. (19)

If mean voltage E,, square mean fluctuating
voltage component &2, and cubic mean of fluc-
tuating voltage component &5 are measured for
each probe angle, the Reynolds stress correlation
equation (15) can be calculated by using corre-
lation (19).

24 Data uncertainty

Various combinations of the present experi-
mental program are tabulated in Table I.

Uncertainty analysis was performed based on
the method suggested by ASME Performance Test
Codes (1987). It is assumed that the equipment
has been constructed correctly and calibrated pro-
perly to eliminate fixed errors. Thus, the uncer-
tainties of the measured quantities in the present
experiments are assumed to be random with nor-
mal distribution. The uncertainty of the Reynolds
number and digital manometer is estimated as
0.94% and 0.2%, and the uncertainties of hot-wire
for mean and fluctuating velocities are estimat-
ed as 4.4% and 2.9%, respectively. Therefore, the
combined uncertainties of pressure coefficients,
and mean and fluctuating velocities are estimated
as 0.96%, 4.5% and 3.0%, respectively.

Table 1 Experimental program and flow conditions

Scans in the straight pipes (X/D)

—19, =5, —1, +1, +6, +16,

Scans in the bend (6)

0°, 22.5°, 45°, 67.5°, 90°, 112.5°, 135°, 157.5°, 180°

Scans in the cross-sections ()

0, 7/8, /4, 37/8, n/2,

Inter diameter

88.9 mm

Reynolds number

57,400
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3. Results and Discussions

In Fig. 4, present measurements of the longi-
tudinal (W/W,) and circumferential (U/W,) ve-
locity components are compared with Azzola et
al’s (1986) experiment data along the line p=90°
at sequential longitudinal stations in a 180 deg
pipe with straight tangents. The longitudinal and
circumferential mean velocity distributions along
the line =90° show very good agreement with
Azzola et al’s data. Over the initial part of the
bend a strong secondary vortex flow develops due
to the imbalance between cross-stream pressure
gradient and centrifugal force. Cuming (1952)
shows analytically that, for equal radius of curva-
ture to diameter ratio and dimensionless stream-
wise pressure drop, the ratio of the relative inten-
sity of the secondary flow in a duct of square
cross-section to that of circular cross-section is
2.47 at the center line location. However, com-

(W/W,)x100 ¢ =90° (U/W,)x100 ¢ =90°
X =5 XD=5
)
1.0 M’mm&gom 0.0 $ases e eacyOg e
L ]
. 015 :
XD =1 XD=1
1.0 M% 0.0 mwggﬁ)‘““(,;o
+0.15 e
1.0 ¢ c?o?»acwééiii;.% 0.0 E':?c?;aaﬂ)c‘!d‘?&qc.o
— +0.15 e s
e vosewe?®e
1.0 saceamorero®® @y 0.0 #8%00c x
a9, 5 20'15"....%,0-\1" 9
1.0 (’Oﬁadoﬂ'm'g@ 0.0 foooc00tm %o
10159 o o P
[ B 2r B=45" OCOS’\ 0=a5t &
1.0 = :‘-‘3‘&;‘9?{% 0.0 %%9
%@a% 0=0" | T B=0° LS
(% PETEegTa]
10 “we, | 00 fottattrea
| IOWS XD =-1 Y 0.15 XD =1
1.0 d.?\.gc,%o 0.0 $oea Nt e
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0.0 0.5 1.0 0.0 0.5 1.0
r/(DI2) r/(D/2)

Fig. 4 Comparisons of the measured longitudinal
(W/W,) and circumferential (UU/W,) mean
velocity components at sequential longitu-
dinal stations in a 180 deg curved pipe with
straight tangents; @ : present data, O : Az-
zola et al.(1986)

parisons between the present results and corre-
sponding measurements by Chang et al.(1983) in
a curved duct of square cross—section with similar
developing turbulent flow characteristics show
that the secondary motion ratio can be consid-
erably larger than 2.47. In Fig. 4, reversal of
secondary flow direction is found along the bend
symmetry plane between §=135° and X/D=5.
It is caused by the breakdown of counter-rotating
vortex pair into two cellular pattern and thereby
formation of secondary core vortex.

Figure 5 shows that present measurements for
longitudinal and circumferential turbulent inten-
sities are in good agreement with Azzola et al.’s
data except §=90° at which the secondary flow
pattern changes rapidly. Over the initial part of
bend, both (w’/W,) and (#%’/W,) have maxi-
mum values in the wall region, but they decrease
gradually away from the wall. However, after =
90°, local maximums of the turbulent intensities
appear in the core region of the bend. This is

(w'/W, ) %100 © =90°" ( u'/W, )< 100 ¢ =90°
X =5 O.. XM =5
o o000 .
A toeec o
5.0 LY o 5p [c0D fg‘jgo.();{ﬁ IS
XMl L]
[ PSR ge e 5"" _|xm=a -
5.0 LA U 5.0 § 0n e eiacnle s
0= 180" g -
.« _ O e 0=180"
5.0 $0 9“‘3&9.2.' 5.0 L% aaleas ’Cb
(Sa=i L te o luas)
B=135"
. o H=138" OO0
oo “Zot..'c TOrey =0 [ Yonraprevys ate iy
' oo : ' [
-'::O' o= 0(’ n_-_._'%
5.0 .'°2. eec® 5.0 000080®lg%°w
Gmas’| o O O-o..
FTT L B=45" & %5
5.0 $5e39° 5.0 § g0 2% %o
G
0=0"| O O.Q |
rulgeee® B=0" a®
5.0 4 : Q“‘; 5.0 » & 05 ..—1,3"'.“.‘“20003
10.0 XM =-1 =] O.Q 10.0 ’ il
s ] a‘:.qk.fdﬂ" 3 XiD -1 P
5.0 $2** 5.0 o a8 000
0.0 0.5 1.0 0.0 0.5 1.0
r/(D/2) r(D/2)

Fig. 5 Comparisons of the measured longitudinal
(w’/Ws) and circumferential (/W) tur-
bulence intensities at sequential longitudinal
stations in a 180 deg curved pipe with straight
tangents; @ : present data, O : Azzola et al.
(1986)
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caused by the breakdown of counter-rotating vor-
tex into two cellular pattern.

In the present measurements, (w’/ W) have a
little larger values than (z’/ W), but the distri-
butions show nearly same shapes in the whole
region. At the station §=90°, however, Azzola et
al’s (w’/W,) distribution shows too different
trend from that of (2'/ Ws). Therefore, we expect
the possibility of measurement error for the Az-
zola et al.’s data at the station §=90°.

Figure 6 shows the variation of the longitu-
dinal velocity in the sequential cross—sectional
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planes from the inlet to the outlet of the bend. At
the bend entrance (6=0°), W velocity profile of
present measurement shows different shapes with
that of the fully developed flow. Scans made at
X/D=—19 in the upstream tangent show the
W velocity profile of the fully developed flow
measured by Laufer (1954) in a straight pipe.
Some asymmetry in W velocity profile is found
at §=0°. As shown in Fig. 6, from the inlet of
the straight pipe to the entrance region of the
bend, the flow is gradually accelerated in the inner
wall region of the bend (7/(D/2) <0) while de-
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o0, i =
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54 o* 900:1 i ".."...I Oon - 1.0 'c.. e 0000
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Fig. 6 Distribution of the longitudinal mean velocity component at sequential longitudinal stations in a 180

deg curved pipe with straight tangents
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celerated in the outer wall region (7/(D/2) >0).
Low pressure of inside region of the bend in the
entrance region accelerates the longitudinal ve-
locity component and high pressure of the outer
region of the bend decelerates the longitudinal
velocity in that region. At §=67.5° and 6=90°
into the bend a large “trough” develops in the
longitudinal velocity toward the inside of the bend.
The most interesting feature of the 180° bend
flows is the development of a large trough and
thus of double peaks in the longitudinal velocity
profiles (Chang et al., 1983 ; Choi et al., 1989 ;
Azzola et al., 1986). Over the initial part of the
bend the conventional single secondary vortex
carries near-wall fluid to the inside of the bend.

INNER OUTER
WALL WALL
— 1 02W, 0=190°

INNER QUTER
WALL WALL

Due to this accumulation, slow-moving fluid near
the symmetry plane is pushed away from the in-
side wall towards the outside of the bend. How-
ever, because its longitudinal velocity is low it can-
not proceed far against the radial pressure gradi-
ent ; the fluid is deflected at roughly right angles
to the symmetry plane and then turns back on
itself towards the inside of the bend. Thus, in-
teraction of primary and secondary flow leads to
a progressive vortex breakdown. The troughs in
longitudinal velocity near the inside of the bend
at §=67.5° and 0=90° in Fig. 6 are obviously
formed by this breakdown of secondary flow.

A more complete picture of the developing se-
condary flow through the bend is provided in Fig. 7

0=225"

INNER OUTER
WALL WALL

=135

INNER OUTER
WALL WALL

Fig. 7 Vector plot for the secondary flow development in a 180 deg curved pipe with straight tangents
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which shows the secondary vectors. A strong cross-
stream motion induced by the transverse pressure
gradient and centrifugal force imbalance grows
up to §=67.5° forming a counter-rotating vortex
pair. In the Rowe’s experiment, the most intense
secondary flow was found at §=30°, but at §=
67.5° in the present experiment. This may be due
to the difference in Dean numbers of the two
flows, being De=68,000 in Rowe’s bend and
31,300 in the present bend. At §=67.5°, the sec-
ondary flow intensity ((U?+ V*)Y2/W,) near the
wall increases up to 0.28. However, in the last half
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of the bend (6=90° to 180°), the secondary vor-
tex gradually decays and breakdowns into two
cellular pattern. Breakdown of core vortex from
primary vortex and consequent reversal of secon-
dary flow direction along the symmetry plane is
found at #=135° and §=157.5°.

Choi et al.(1997) reported fine grid calcula-
tions for the same flow condition with Azzola et
al’s (1984) experiment using both k- eddy vis-
cosity model and algebraic second moment clo-
sure. In the Choi et al.’s computational results, a
large core vortex is formed at §=135°. The core
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Fig. 8 Distribution of the longitudinal turbulent velocity component at sequential longitudinal stations in a

180 deg curved pipe with straight tangents
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vortex center is located at »/R=0.306 and ¢=90°
for the simulation by Ak-& eddy viscosity model
and at »/R=0.286 and ¢=80° for the simulation
by second moment closure. In the secondary vec-
tors in Fig. 7, the core vortex center is located
at »/R=0.287 and ¢=110°. Regarding to »/R,
Choi et al’s second moment closure predicts the
core vortex center close to the present experiment-
al data. On the other hand, regarding to ¢, k-¢
eddy viscosity model shows better result.

Figure 8 shows the variation of longitudinal
turbulent intensity in the sequential cross-section-
al planes from the inlet to the outlet of the bend.
At the bend entrance (6=0°), w’/ W, profiles from
the present measurement shows nearly the same
shape with that of fully developed profiles of a
straight pipe. However, in the entrance region,
from 0=0° to 6=90°, w’/ W, increases rapidly
according to the development of counter-rotating
vortex. As with the decrease in counter-rotating
vortex in the second half of the bend, w’/ W, grad-
ually decreases. Additional mean strain associat-
ed with the distorted stream-wise velocity profiles
in the inside region of the bend at §=67.5° and
6=90° induces the distortion of w’/ W, in those
regions. The propagation of turbulence generated
in the inner wall region of the bend toward the
core of the bend is also shown in Fig. 8. But it
does not propagate over 7/ (D/2) >0. Streamline
curvature can affect turbulent structures in the
curved duct or pipe flows. However, any evidence
of the effect on turbulence structure can not be
found in the Fig. 8. In the curved duct or pipe
flows, production of turbulence by secondary
flow predominates that by streamline curvature.

Full mapping of circumferential turbulent in-
tensity and Reynolds shear stress distributions
at the station of #=67.5° are shown in Fig. 9.
The distributions of %’/ W, shown in Fig. 9 give
nearly the same shapes as those of w’/ W, in Fig.
8 while having relatively small values. All the
turbulent intensities and Reynolds shear stress
components in the inside region of the bend show
highly curved at §=67.5° effect of mean velocity
distortions. Magnitudes of vw/WZ and wv/W?
distributions are relatively smaller than those of

uw/Ws.
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Fig. 9 Distributions of circumferential turbulent in-
tensity and Reynolds shear stress components
at §=67.5° in a 180 deg curved pipe with

straight tangents
4. Conclusions

In the present paper a complete mapping of
turbulent flow characteristics in a 180 deg bend of
circular cross-section is reported for the condi-
tions corresponding to those for which Azzola et
al. provided detailed data. The following con-
clusions are obtained

(1) The present measurements for longitudi-
nal and circumferential mean velocities and tur-



358 Gun Hyee Lee, Young Don Choi and Seong Ho Han

bulent intensities along the line ¢=90° give very
good agreement with Azzola et al.’s LDV meas-
urement. However, at §=90° where the cross—
stream motion changes the most rapidly, signifi-
cant difference is found in turbulent intensities
at §=90°.

(2) The W velocity profiles along the radial
lines give double peaks after §=90° due to the
breakdown of secondary flow field into two cel-
lular pattern.

(3) The level of the measured secondary flow
intensity in the present measurement is lower than
that of the 180° curved duct of a square cross-
section.

(4) In the entrance region of the bend, Reyn-
olds stress productions are highly enhanced by
the secondary vortex. Additively generated Reyn-
olds stresses in the inner wall region near sym-
metry plane in the first half of the bend propaga-
tes toward the core of the bend.

(5) The present study provides a full mapping
for the distributions of the longitudinal and cir-
cumferential mean velocities and all the Reynolds
stress components over the 180° curved pipe and
its tangents.

These results would help workers who want
to develop the more reliable turbulent models for
the CFD analysis of three dimensional turbulent
flows.
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