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1.2 Work in a 180° Curved Passage of Circular Cross-Section

. During the last year of research cons{derab1e effort was expended
on obtaining measurements of turbulent flow in & curved pipe and its
downstream tangent. The maiﬁ objective was to supply Professor Brian Launder
and his team at UMIST with data useful for guiding and testing numerical
models for predicting curved pipe flow.

A detailed description of the experimental system, the measurement
methodology, the results and their discussion is provided in the Appendix.
Listed below are the main finding'of the study and the recommendations
for future work.

Main_Findings

1, Laser—Dobp1er measurements of the longitudinal and circum-
ferential mean ve1oc%ty components and their normal stresses ware

made at various longitud1na1 stations in a 180° curved pipe. Special

attention was given to documenting the fiow in the first five
hydraulic diameters of the downstream tangent. R
2. In the bend, the riean longitudinal velocity component changes §¢ﬁ¢3{
little after a 90° bend angle, but the circumferential companent L ;fi%ﬁﬂ
never achieves a fully-developed state. :

| o 3. Large levels of turbulent stress'anisotropy arise everywhere L:m .
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in the bend and downstream tangent.

4,  Between @ = 90° in the bend and X/D = 5 i1 the downstream

! tangent, the circumferential velouity profiles display a reversal L«ﬁ*##
& ‘ of the pressure-induced secondary vlow. ' 'w
|

: 5. Comparison of present results with corresponding measurements

obtained in a curved duct of square cross-section (for similar flow BT |




1.2 MNork in a 180° Curved Passage of Circular Cross-Section

. During the last year of research considerable effort was expended
on obtaining measurements of turbulent flow in a curved pipe and its
downstream tangent. The maiﬁ objective was to supply Professor Brian Launder
and his team at UMIST with data useful for guiding and testing numerical
models for predicting curved pipe flow.

A detailed description of the experimental system, the measurement
methodology, the results and their discussion is provided in the Appendix.

Listed below are the main finding'of the study and the recommendations

for future work.

Main Findings

1. Laser-Dobp]er measurements of the longitudinal and circum-

ferential mean ve]oc%ty components and their normal stresses were

made at various 1ongitudina1 stations in a 180° curved pipe. Special

attention was given to documenting the flow in the first five

hydraulic diameters of the downstream tangent.

2. In the bend, the mean longitudinal velocity component changes
| little after a 90° bend angle, but the circumferential component

never achieves a fully-developed state.

3. Large levels of turbulent stress'aniéotropy arise everywhere
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4. Between @ = 90° in the bend and X/D = 5 in the downstream

tangent, the circumferential velocity profiles display a reversal

of the pressure-induced secondary flow.

5. Comparison of present results with corresponding measurements
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obtained in a curved duct of sduare cross-section (for similar flow



conditions) shows considerably larger levels of secondary motion in
the duct of square cross-section.

6. A]thdugh the measurements have been limited to a spegific

¢ - plane, they should serve to guide and test theoretical
~developments for modeling developing turbulent flow in curved pipes.

IRecommendations

1.  Further experimentation should be performed to measure the

extent and intensity of the extra pair of counter-rotating vortical
st}uctures present in the core region of a strongly curved pipe

flow. In particular, the relationship between these structures and the
local Tevels of turbulence intensity should be clarified.

2. Additional and more extensive measurements are regquirved to
understand the flow relaxation process taking place in the downstream

“tangent.
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ABSTRACT

Laéer-Dopp]er measurements of the longitudinal and circumferential
velocity components are reported for developing turbulent flow in a
strohg1y curved 180° pipe and its downstream tangent. In the bend, the
mean 1ongiiud1na1 velocity component changes 1ittle after o = 90°, but
the circumferential component néver achfeves a fully-developed state.
Similar behavior is observed in the normal stresses, with large levels of
flow anisotropy arising everywhere in the bend and downstream taﬁgent.
Between 8 = 90° and_X/b s 5, the cjrcumferent1a1 velocity profiles
d1sp1a¥ reversals of the secondary flow which are essentifally independent
of the Reynclds number. Ostensible differences between turbulent flows
through pipes of circular and square cross-sections are revealed by com-
paring present results with the measurements of Chang, et al, [5].
Although 1imited in extent, the data should serve to guide and test
theoretical developments for modeling developing turbulent flows in

curved pipes.
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1, INTRODUCTION
1.1 The Probleﬁ of Inferest and Earlier Work

Over the last ten years, approximately, a substantial amount of
experimental information has been obtained for developing turbulent flows
in curved ducts of rectangular cross-section [1-7], Detailed measure-
ments in these important flow configurations, in particular of the secon-
dary motions and complex turbulent characteristics which they induce,
have been made possible by the non-intrusive laser-Doppler velocimetry
technique,

In contrast to the rectangular duct configuration, turbulent f1oy-
field measurements in curved pipes appear to be relatively sparse {81.
This is surbrising given the practical importance of the curved pipe con-
figuration, The lack of detailed data is partly explained by the greater
difficulty associated with optical alignment of laser béams passing

through curved surfaces separating media of different indices of refrace

tion,

Unfortunately, due to the dominant influence of the flat walls on
the secondary motion in rectangular ducts, data obtained in these con-
figurations cannot be used to interpret accurately the characteristics of ' i;;;:j
flow developing in curved pipes. For example, in the theoretical analy- R
sis by Cuming [9], it is shown that for equal radius of curvature to
diameter ratio and dimensionless streamwise pressure drop, the ratio of iwgimj
the relative intensity of the secondary flow in a duct of square cross=-
section to that in a pipe of circular cross-section is 2.47 at the center
line location. This result is strictly valid only for fully developed L";;;:

laminar flow. Comparisons between present results and corresponding
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‘measurements by Chang, et al, [5] in a curved duct of square cross-
section with similar developing flow characteristics, show that the
secondaéy motion ratio can be considerably larger than 2.47, depending on
the streamwise location. This point will be quantified more precisely in
the section on Results and Discussion,

Among the early measurements of secondary turbulent flow patterns
developing in and downstream of curved pipes are the total pressure and
yaw results obtained by Rowe [10] in a 180° bend, with reference to Fig.
1, the longitudinal stations investigated were 8 = 0°, 30°, 60°, 90°,
120°, 150° and 180° in the hend, and X/D = 1, 5, 29 and 61 in the
downstream tangent. In Rowe's experiment Rc/D = 12 and Re = 2,36 x 105.
where Rc is the bend mean radius of curvature, D its diameter and Re is
the Reynolds number based on the bulk fluid velocity. An upstream
tangent of length X/D = 69 was used to provide a fully developed axisym-
metric turbulent velocity prnfile at the bend inlet plane. Among Rowe's
findings were that: 1) secondary flow is most intense at about ¢ = 30°,
as of which point the total pressure gradient induces a streamwise com-
ponent of vorticity opposite in sense of rotation to the streamwise vor-
ticity produced at the start of the bend; 2) the curved flow {s
essentially fully developed past & = 90°; 3) in the downstream tangenf
there is a gradual reversion to fully developed turbulent straight pipe
flow with the secondary flow persisting past X/D = 29 but being undetec-
table at X/D = 61; 4) there 1s evidence of local reversal in the secon-
dary flow direction along the bend symmetry plane between & = 90° and
X/D = 5; 5) the secondary flow appears to be most con;entrated at the

bend inner radius of curvature; 6) at all longitudinal stations, the
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maximum in the streamwise velocity component was always located between
the bend center line and the outer radius wall,

Because of the nature of the variables measured in Rowe's study, and
because of the influence of the mechanical probes used in the flow, an
accufate deter&ination of the fully developed fiow streamwise location
was not po§s1b1e. A combination of weak secondary motions, undetected by
the yawmeter, with unchanging relatively large total pressurs measure-
ments would certainly have given the impression of fully developed flow.
Due to experimental uncertainty, Rowe was not able %0 define precisely
the magnitude and extent of secondary flow reversal in the vicinity of
the bend symmetry plane. Although valuable for helping to understand the
behavior of the mean flow, particularly in reiat1on to inviscid effects,
the pressure and yaw contours obtained by Rowe shed no light on the tur-
bulent characteristics of the flow.

In the only )aser-ve16c1metry study known to us for developing ture
bulent flow in curved pipes, Enayet, et al. [11] investigated the motion
in a 90° bend with Rc/D = 2,8 and Re = 43,000, In thelr study relatively
thin boundary layers were induced at the bend inlet plane by means of &
smooth contraction. The measurements consisted of longitudinal
(streahwise) components of mean and fluctuating velocities only, supple-
mented by wallepressure measurements. As expected, the measurements
sugdest the development of a strong secondary flow in thn form of a pair
of counter-rotating longitudinal vortices. The secondary flow charac-
teristics were found to depend on the thickness of the inlet boundary
layers. In addition, the relatively flat inlet velocity profile and
small value of Re/D in their experiment enhanced streamwise acceleration

of the flow at the inner radius wall relative to the outer wall., As a
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result, throughout the hend and up to X/D = 6 in the downstream tangent,
the peak in'the streamwise velocity component remained between the bend

center line and the inner radius wall. This finding contrasts stro vy
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with finding (6) of Rowe's study. Because the Dean numbers of these two
flows are very similar, betng De = Re (D/Rc)”2 « 6.8 x 10 in Rowe's
bend and 2.6 x 104 in the bend of Enayet, et al,, the difference in the
maximim velecity location must be due to the different inlet fiow boun-
dary layer thicknesses. A similar finding has been reported in [3] for
the flow through a curved duct of square cross section,

In additfon to the data taken at three Tongitudinal stations in the
curved pipe, {0 = 30°, 60° and 90°), Enayet, et al, [11] made measure-
ments at X/D = 1 and 6 in the downstream tangent. Although the authors
did not measure the cross-stream velocity components at any of these sta:
tions, they reported: “a large secondary Ylow ... now extends over the
entire flow area and persists in the plane six diameters downstream of
the band ..." In the absence of secondary component measurements, the

inference concerning secondary flow in the downstream tangent could only

have been based on the distorted appearance of the streamwise velocity

component contours at X/D = 1 and 6, respectively.

1.2 The Present Contribution

The above, admitiedly brief, review points to a serious deficiency
in the availability of accurate expef1menta1 information for 1!1Qm1nat1ng -
the physics of developing turbulent flow through curved pipes. It is : ffff"ﬁ
also clear that little seems to be known ebout the relaxation process B
undergone by fluid 1eav1ngla curved pipe to entar a straight pipe sec~- g***f%

tion. The situation is especially serious since for this class of



'co$p1ek three-dimensional flows such data is {ndispensable for guiding
the development and testing of theoretical models and calculation proce-
dures. |

.The purpose of this work has been to obtain limited but critical
measuremengs of the longitudinal and circumferential mean velocity com-
ponents and their respective turbulence intensities at selected longitu-
dinal stations in a 180° curved pipe and its downstream tangent. In
addition to its academic significance, this configuration is especially
relevant to heat exchangers and particle-laden flow equipment., In the
study, special emphasis has been placed on documenting the flow between

8 = 177° 1n the bend and X/D = 5§ in the downstream tangent.

2. THE EXPERIMENT

2,1 Flow System and Instrumentation

The experimental system was composed of: a water rig, of which the
most important component was the fiow test section; 2 laser-Doppler velo-
éimeter and its associated electronic instrumentation; and a POP 11/34

V. deiesemsimpe

Digital Equipment Corporation minicomputer.

The basic components of the flow test section are shown schemati-
cally in Fig. 1. They comprised two straight pipes and a 180° curved
pipe, constructed from transparent plexiglass. The pipe cross-section
was c¢ircular throughout with a 4,45 ecmz 0.02 cm inner diameter (D). The
ratio of bend mean radius of curvature (Rc) to pipe diameter was
Re/D = 3,375, Both tangents were of length x = 54,7 D, being respec- .
tively attached to the 0° (inlet) and 180° (outlet) planes of the bend by

means of flanges. Special care was taken to avoid possible mismatches 4

between the component cross-sections which otherwise might disturb the




flow. A stainless steel (20 mesh) screen and a 3.5 cm long flow
strafghtening honeycomb section were placed upstream of the entrance
tangent. They were held in place by a thin plexiglass plate. The plate
was 3,175 mm thick and had 85 holes of 3.175 mm diameter arranged in a
rectangular array spaced 2,495 mm on the centers in each direction, The
purpose of the screen-honeycomb-plate combination was to make uniform the
| - cross-stream p1ine distribution of the flow an. .ccelerate its streamwise
development.
The curved pipe section was constructed by fitting together two sym-
metrical half sections of plexiglass, each respectively machined on one
of 1ts flat faces to contain the shape of a semicircular open channel.

This method of construction ensured that when matched at the common sym-

metry plane the cross-section of the resulting curved pipe was accurately
circular, When assembled, the curvea pipe section had flat outer sur-

{ . faces of thickness d = 1,48+ 0,02 cm (see Fig. 1). The straight pipe

sections had a circumferentially uniform wall thickness of 0,32+ 0,02

cm. The entire test section was supported horizontally by a unistruct

structure, with the bend symmetry plane parallel to the floor.

o The test section was part of a closed loop through which water was ?M7774

" made to flow by gravity from a constant head tank, From this tank the i?i'?ﬁ

flow passed through the test section, and then into a large sump tank : j

' from where it was pumped back to the constant head tank. Flow to the ?jj77%
head tank was controlled by a gate va1ve'and measured using a venturi R

meter connected to a differential mercur& mﬁnometer, The possibility of =

propagating disturbances through the test section was eliminated by hf¥+f%

avoiding the use of valves, sharp bends and metering devices in tha test -

section flow loop., Flow to and from the test section tangents was chan-




nelaed through 2 in (5.08 cm) 1.d. gently bént tygon tube pieces. Baffles
and screens located in the constant head tank served to dampen the
swirling motion of the flow leaving the tank, Residual swirl and weak
secondary motions induced by the mild curvature in the tygon tube
upstream of the test section were eliminated by the flow strafghtening
section,

Measurements of the mean fiow and turbulance characteristics were
made using a DISA 55X modular series laser-Doppler velocimeter in
backscatter mode. The system has already been described in full detail
! in reference [5]. A 2-watt Lexel Argon-lon water-cooled laser was used
as the 1ight source; The laser and velocimeter optics were mounted to
the top of a thick aluminum table which was ftself firmly bolted to an x,
Yy, Z traversing mechanism. The traversing mechanism could displace the

table top 2 7.5 cm in 5 um increments 2long any of the coordinate axes by

means of three linearly encoded stepping motors monitored by the PDP

l 11/34 minticomputer. The minicomputer functioned as the central data
. acquisition and reduction controller of data validated and measured by a h f{{iﬂf

: DISA 55L96 Doppler signal procesor or “counter." Directional ambiguity i

? o in the circumferential (or tangential) velocity component was resolved by F“fr”!

i means of a Bragg cell combined with electronic downmixing.

2.2 Experimental Methodology _ L" r
Prior to an experimental run, water was allowed to flow through the SR
rig until 1t was purged of air bubbles and had attained a steady thermal

state corresponding to about 20°C., Mass flow through the test section

was controlled by setting the constant head overflow condition to a mere

’ trickle and continuously monitoring the pressure drop through the venturi 'fﬁﬂﬁ?
) o
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meter connected to thefhead tank feed line. Experiments were performed
for two values of the bulk average velocity corresponding to

Ub = 1,29+ 0,03 m/s and Ub s 2,47 ¢t 0,04 m/s, respectively. During the
coursé of an experimentai run the fluid temperature rose from 18°C to
22°c, appr6x1mate1y. Values for the Raynolds numbers of these two flows,
based on physical propertias of water at 20°C, are Re = 57,400 and
110,000, respectively. The associated Dean numbers are De = 31.300 and
59,900, '

The velocimeter optical probe volume was formed py the intersection
of two 514.5 nm (green) light beams with a half-angle 1n air of 3.28°;
The measurement volume charateristics were: i diameter of 0,1 mm, a
length of 1.6 rm, and a fringe spacing of 4.50 um with about 18 fringes
contained in the optical prode. In reality spatial filtering and
threshoid settings on tﬁe counter raduced the dimensions of the optical
probe. The probe volume was positioned by fine control of the motorized
traversing table.

At each measurement station initial positioning of the laser beams
with respect to the plexiglass surface was achieved through the use of
reference markers. Paper drawn with precise cross hairs was taped onto
the flat outer surface of the curved pipe section and the beams were
aligned with respect to the marks, checking that no sideways beam.
deviation occurred as the beams were displaced in the vertical direction.
After the paper was removed, symmetrical reflections facilitated vertical
alignment of the optical volume in the cross-stream plane. Alignment of
the beams in the straight pipe sections was perfcrmed in a similar

manner, Special care was taken to ensure that the optical probe fringe

pattern was always aligned normal to the velocity component of interest

i




With a referencg‘pos1tion established, usually on the outer surface
of the.test section, the computer software was activated which controls
signal acquisition and data processing. An initial check on flow sym-
metry was performed at X/0 = -2 in the upstream tangent. Measurements of
the streamwise velocity component and 1ts normal stress at this station
(half profiies are shown in Figs. 2 and 4) are in good agreement with the
data of Laufer t19]. Measurements of the circumferential velocity com-
ponent (not plotted) showed that it was everywhere less than ~ 1.5% of
the bulk average velocity at this station. Calculations of Ub' obtained
by integrating the measured velocity distributions at X/D = -2, yielded
values in good agreement (to within ~ 3%) with the values obtained from
the venturi{ meter pressure drop readings.

Following the symmetry and mass fiow confirmations, all subsequent
measuremaiits wore restricted to vertical (radfal) scans in the plane
¢ ®*x/2 in the symmetrical upper half of the test sect1oﬁ. Scans were
made at X/D = <2, =1, 1, 2, 3, 4 and 5 in the straight pipes and & = 30°,
45°, 90°, 135°, and 177° in the bend, At each of these stations 15
radial positicns were probed, starting at the centerline and moving in
increments of 1.5 mm toward the wall, with a 16th position fixed at 0,73
mm from the inside pipe wall., At each measurement point the mean flow
and turbulence characteristics were statistically determined from popula-
tions of 1 to 3 samples consisting of 1,000 individual measurements each,
More than 20% of all the measurements consisted of at least 2 samples per
point. Each individual measurement was fequired to satisfy the counter
5/8 validation comparison to within a preset talerance of 6%. At every

“validation of a Doppler burst a "data ready" signal was {ssued by the

counter to a logic conversion circuit. This circuit then sent a

L"““—."
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triggering pulse to the computer parallel 1ine interface module which was
checked ‘for data availability by a software loop approximately every 20
us.

Attempts were made to optimize signal quality and particle con-
centration. Corn starch, with particles ranging in size between 1 and 10
um, was found to give a consistently high signal-to-noise ratio in addi-
tion to a low séttling rate. Alternative particle types rejected include
T102. non-dairy creamers, and mother-of-pearl, Data rates varied from
50-1000 Hz, with counter validation levels ranging between 10 and 90%
approximately, Factors {nfluencing these lavels included, in order of
relative importance: optical alignment, thickness of the wall, probe
volume location in the flow field, and seeding concentration,

Although the velocimeter is capable of two-component measurements,
curvature of the test section surfaces precluded dual-channel operation,
Values for the streamwise component of tine mean and fluctuating
velocities, U and u', were derived from measurements obtained with the
probe volume fringes aligned normal to the longitudinal coordinate direc-
tion. Values for the circumferential components, Y and v', were obtained
through a rotation of the optics by 90°, thus placing the fringes normal
to the circumferential component direction.

Because of the large positive magnitudes of the streamwise velocity
component, frequency shifting was unnecessary for measurements of this
componant, By contrast, the circumferential velocity component exhibited
low magniiudes, with signs both positive'and negative. To resolve this
directional ambiguity, a net frequency shift of 500 kHz was imposed using
a DISA SSNIO Bragg cell combined with electronic downmixing. Appendix II

provides an explanation for implementing the frequency shift procedure,

b beatime g
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2.3  Measurement Error

Error souéces affecting the accuracy (systematic error) and preci-
ston (random error) of laser-Doppler measurements have been discussed by,
for example, Durst, et al, [12], Drain [13] and Buchhave [14]. In this
study the most serious potential systematic errors were attributed to
probe volume positioning, velocity gradient broadening and velocity bias,
respectively, The main sources of random error &ffecting the precision
of the measurements were due to: a) statistical sampling uncertainty (due
to the finite size of sample populations); and b) uncertainty in the
determination of the normalizing bulk average velocity, Uy, Estimates of
the fitst uncertainty were derivad from the measurements themselves. For
both mean velocity components, this uncertainty was always less than
t 2-3% (r.m.s. error), while for the turbulence intensities it was always
less than & 2-5%, The error in Ub was + 2% and arose principally from
uncertainities in the manometer pressure readings,

~ The initial probe volume location uncertainty was estimated to be

half the effective probe volume length, or: 0.5 mm approximately. This
error {s altered as the beams traverse the pipe because of index of
refraction and wall curvature effects. To calculate the actual probe
volume location, and to estimate the uncertainty in this location, it is
necessary to know the re1evan£ trigonometric relations. Two of the three
cases of interest here have been analyzed by Bicen [15] and Boadway aﬁd

Karahan [16], respectively. The present authors have found inconsisten-

cies fn the analyses in these referances, as well as between them for

{dentical configurations., For this reason it was consicered prudent to

rederive the trigonometric relations of relevance to this study,

Appendix I presents relations corresponding to flows bounded by: a)
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paraliel flat surfaces; b) concentric cylindrical surfaces; and, ¢) one
flat and one cylindrical surface.

For parallel and concentric cylindrical surfaces, references [15-16]

PR LI

A

obtained:
U = C. U B
f T L
M | e
In this relation Uy is the velocity measurement obtained in, for example, pif,q?
water using a half angle between beams in, for example, air. The factor @f ?:;j
Cy is necessary to “correct" the measurement so that the result repre- E*4=L~“

ey j.—

sents the water velocity. For parallel surfaces, to a small angle

‘approximation it can be shown that:
U = (“’Y)UM "ﬂfuM

whera: o is the beam half angle in air, y is the beam halt angle in
water, and ne is the index of refraction of water relative to air (here
taken as 1,333). Curiously, reference [15] takes Ce = 1 for parallel

surfaces, a result valid only for air as the working fluid. Similarly,

the expression tn [16] for Cf for correcting circumferential velocity
measurements is in error by a factor of nee
Table 1 summarizes the relations derived for the various cases ana-
lyzed in Appendix I, The relations depend on the velocity component of 5

interest and the shape of the surfaces at the measurement statifon in

question, For example, the beam orientation required to measure the

longitudinal velocity component in the plane ¢ =« /2 renders the beams

' ERA

fnsensitive to surface curvature effects. For this component the beams
are crossed such that their bisector 1s normal to the test section Sup-

face and the beams are contained fn the ¢ = n/2 plane, Therefore, for ‘“‘Q-”"~'

en e B
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all practical purposes, both in the curved and straight pipe sections the
beams behave as if they were passing through a pair of parallel-inter-
facesl, By contrast the orientation required to measure the circumferen-
tial velocity component makes it necessary to distinguish between the
stra{ght and curved pipe sections, For this component the beams are
crossed sﬁch that their bisector is normal to the test section surface
and s contained in the ¢ == /2 plane, while the beams themselves are
contained in a plane perpendicular to the ¢ =« /2 plane,

Table 1 shows that in regions of surface curvature, both the probe
volume location and the half angle between the beams in water depend non-
1inearly on the probe volume virtual radial location (the location in
air). Calculations of the error incurred in Y, the half angle of the
beams 1in water, due to a¢ 0.5 mm positioning error in the initial probe
valume location showed that this source of inaccuracy was negiigible,
Similarly, calculations showed that the initial positioning uncertainty
was only significant very near the p1§e walls, in regions with stesp gra-

dients., Thus, astimates of the maximum (absolute) systematic errors in

"the measurerents obtained nearest the walls gave: ~ 4% for U/Ub; ~ 10%

for u'/Ub; ~ 16% for V/Up, and ~ 10% for v'/Uy. In the bulk of the flow
211 these errors were significantly less than~ 2%,
Velocity gradient broadening has been analyzad by Melling [18] who

propused a simple method for estimating {ts magnitude. For the con-

Pe v e e e ok e e e ok ook e e e e o el

]Due to the small angle between the beams, the error incurred in the
bend as a consequence of making this approximation is negligible.

I
i
{
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"ditions of this study, gradient broadening in the measurements was estie

mated to be less than 1% everywhere in the flow,

Va51ous weighting methods have been proposed to correct for the
velocity bias effect [13,14], but none of these i3 entirely satisfactory.
Theylall involve assumptions regarding the statistical distribution of
particles in the flow. In addition, the corrections can be {nfluenced by
the problam of “fncomplete-signal bias." The use of the weighting scheme
proposed by McLaughlin and Tiederman [17], in which the part1c1e_rési-
dence time is taken to be inversely proportional to the modulus of the
measured velocity, was ‘investigated in this study. For thg longitudinal
velocity component, differences between weighted and unweighted aata sets
were relatively small Qess than 1%). For the‘ ¢ircumferential component
the differences were much larger, with the weighted data giving a less
realistic (overdamped) picture of the flow field. The reason for this is
attributed to an overcorrection fn the weighting scheme which, for the

qircumferent1a1 component, amounts to a disproportionate weighting of

slow moving particles, This occurs as a consequence of taking the pare pp—

-1 2 2 2\=1/2
ticle residence time as t. .~ V™" instead of t_ . ~ (US + V& + W) .

The latter, more accurate, weighting could not be performed with the pre-

sent single component measurement system,

For turbulence intensities less than 10% Drain [13] shows that velo-
city bfas corrections of the mean and r.m.s. velocities should not amount
to more than ~ 2%. In this study the measured turbulence intensities
never exceed ~ 12%, As a result, plots of the unweighted data only are

presented here., Appendix IIl contains a 1isting of both the weighted and

unweighted measurements.
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3, RESULTS AND DISCUSSION

Measurements of the longitudinal (U/Ub) and circumferential (V/U,)
velocity components and their respective turbulence intensities (u‘lub,
v'/U;) are shown in Figs., 25 and are tabulated in Appendix III. Except
for relatively small differences, the dimensionless profiles show that
flow development is essentially independeni of Reynolds numbar for
Re » 57,400,

3.1 | The Inlet Flow

The U and u' component measurements at X/0 = «2 ;how good agreemént
with the developed flow measurements obtafned by Laufer [19] in a
straight pipe. At X/D = -2 the V component {s less than (+) 0,015
U, (not plotted). However, at X/D -1 and ¢ « 3°, the V component is
~ (+) 0.04 Uy With reference to the coordinate system in Fig, 1, this
implies that the inlet flow is gradually (but only siightly) accelerated

towards the inner radius of the pipe, a result expected from potential

flow theory and previously observed by others,

3.2 Mean Flow and Turbulence Intensity

In the first half of the bend (8 = 3° to 90°), the U-profiles show
the core of the streamwise flow losing speed while the flow near the wall
accelarates. V-profilas at corresponding stations reveal the development
of a strong secondary flow. This secondary flow 1s induced by the trans-
verse pressure gradient seg up between the outer (ro) and inner (ri) wall
regions of the bend. In the pipe center, it works to overcome and

reverse the sense of the cross-stream motion in the inlet flow. Near the
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wall the original sense of cross-stream hotion is preserved and inten-
sified, with (V/Ub)max ~ 0,30 at ¢ = 45°,

Between 0 = 45° and 135° the V-profiles reveal a striking feature of
the flow. In the fluid core, r/(D/2) < 0.5, the cross-stream flow
undergoes a second reversal in its sense of mnt19n and is redirected
towards the pipe inner radius. As a result, a region of negative cross-
stream flow (dirpcted from Py towards ro) is trapped between the core and
the wall; for example, V/U, ~ -0,06 at 6 = 135°, Between ¢ = 135° in the
bend and X/D = 5 in the downstream tangent, the region of negati?e cross-
stream flow gradually disappears, Notwithstanding, an imprint of its
presence remains 1n all the V=profiles.

The occurrence of a second cross-stream flow reversal past ¢ = 90°
in the bend supports the concept proposed by Rowe [10], that each sym-
metrical half section of the bend develops two counter=rotating vortical
structuras, The more intense of the two, located between the pipe wall
and the core of the flow, preserves the sense of cross-stream motion
{nduced by the transverse pressure gradient at the start of the bend,

The smailer, weaker, structure is majnly confined to the core and s
attributed to the formation of a transvarse pressure gradient opposite in
sign to that at the start of the bend.

The present mean flow measurements place on a firm quantitative
basis the interpretation by Rowa of his total pressure and yaw mgasure-
ments. However, in contrast to Rowe's results, the V-profiles provided
here show that fully developed mean flow conditions are not established
in the bend,

There 1s a qualitative similarity between the présent V-prbfiles and

corresponding laminar flow measurements made by Olson and Snyder [20] in
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300° curved pipes. Iﬁ their experiments two curvature ratios
(Rc./D §-2.33 and 8) Qere investigated for two values of the Reynolds
number (Re = 300 and 1030). The inlet flow was contracted to produce
nearly flat entrance profiles. Measurements of the cross-stream flow
were made at several longitudinal stations with ‘a pulsed-probe anemo-
meter, Between 6 = 40° and 90° the authors found a cross-stream flow
reversal in the center of the pipe similar to the present one.

The longitudinal -variation of the local ratio V/U is plotted in Fig.
6 for two values of r/(D/2) in the present flow., The profiles show
clearly the cross-stream flow reversals which arise in the bend., They
tiso show that, although substantially reduced, sacdndary motion persists
between 8 = 177° and X/D =« 5 {n the downstream tangent, and is stronger
near the pipe center than at the wall, |

Figure 6 also summarizes the most interesting variations of the tur-
bulence components u'/Ub and v‘/Ub in the bend and downstream tangant,
Actually plotted 1s the ratio v'/u', a measure of turbulent flow ani-
sotropy. Because the data are relatively few and restricted to the
¢ = /2 plane shown in Fig. 1, and because the physical processes
governing the generation, redistribution and destruction of the turbulent
stresses are complex, it is not possible to render more than a specula-
tive account of the meaning of our measurements, Bearing this in mind,
ve note that near the wall, r/(D/2) = 0,75, the ratio v'/u' increases
persistently between X/D = -1 and & = 90°. Because this coincides with a
correspondingly large increase in V, we éuspect that the term -« waVhar

contributes strongly to the generation of v'2 (= ;E) near the wall., As

‘of @ = 90° the ratio v'/u' decreases near the wall. The decrease is due

to a gradual reduction in v' (as opposed to an increase in u') as the
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flow evolves; see Figs, 2 and 3, Because aV/3r peaks at about 8 = 45°,
from this pos1t'to'n forvard we argue that -ww aV/3r now contributes

decreasingly to the balance of v'z. This then allows dissipation and

2 near the wall, as

redistribution mechanisms to reduce the level of v
observed, .

The core flow, r/D(2) = 0, experiences a marked decrease in v'/u'
between @ = 45° and 90° in the bend, Between these locations the quan-
tity aV/se is large and positive. Inspection of the data for v obtained
by Chang, et al. [5] in a curved duct of square cross-section suggests
that in the core of the present flow uv is positive., As a result, the
term ;EV'aV/aa should be expected to contribute negatively to the balaﬁce ’
of v'2 (and hence reduce this component) between 8 = 45° and 90°,

The increase in v'/u' between 8 = 90° and X/D = 1 in the core of the
flow is more difficult to explain, It is probébly re1at§d to the convec-
tion of v'Z from the wall periphery (where v'2 4g generated) into the
core.

he ratfo v'/u' in the flow entering the bend at X/D - -1 s in
qualitative agreement with Laufer's [19] pipe flow data, both at
r/(0/2) = 0 and 0,75, 1In the downstream tangent the expected level of
v'/u' {s re-established near the pipe wall within 5 pipe diameters. By
contrast, the turbulence remains strongly anisctropic in the core of the
flow. The persistence of this anisotrooy may be related to the presence
of an extra pair of symmetrical vortical structures, discussed earlier in

relation to cross=straam flow reversal,
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3.3 Effect of Flow Crnss-Section
A comparison was made between some of the present results for

Re = 57,400 and corresponding measurements ubtained by Chang, et al. [5]

in a 180° curved.duct of square cross-section with Re/D = 3,35 and
Re = 56,700, Plots of square(s)-to-round(r) ratios of circumferentfal
mean velocities and corresponding turbulence intensities are shown in
Fig. 7. '

Absolute values of [v/Ub]s/[v/ubJr considerably larger than unity
illustrate clearly the dominant influence exarcised by the flat walls on

most of the flow through a curved square duct. (Negative values in the

plots are due to the cruss-stream flow reversal occurring in the pipe but

not in the duct.) ﬁ
At X/D = =1 the inviscid transverse motion induced through longitu- byﬁﬁ
dinal curvature in the pipe was found to be twice as strong as that in . E;f;

the duct, However, because the Re and Rc/D ratios between the two con-
figurations 1s so close, potential flow theory would predict essentially

equal cross-stream flow. Therefore, we conclude that: a) the more

intense secondary motion subsequently induced in the duct (due to the \ffiﬁ
ftransverse pressure gradient) acts to suppress the inittal inviscid cbm- %75
porent of transverse flow; and, b) this effect recaches further upstream -
into the straight duct than into the straighi pipe.

The circumferenttal turbulence intensity ratios plotted in Fig. 7 e
show larger fluctuation levels near the flat wall of a curved duct than 35?
near the side wall of a curved pipe. This is in keeping with the higher .:
velocities and hence higher rates of shear expected along the flat walls ;fr

of a curved duct. Surprisingly, in the core of the flow the fluctuations

are always larger in the pipe and may be related to the additional patr
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of symmetrical counter=-rotating vortices which develop in the core of the
curved pipe. The relatively large value of [v‘/Ub]s/[v'/Ub]r shown at

|
j X/D = <1, near the wall, is attributed to corner contributions to fluc-
i tuations, present only in the square duct.

4. 'CONCLUSIONS

l This study places on a firm quantitative basis some of the earlier
qualitative interpretations proposed by Rowe [10] for the mean behavior
of turbulent fiow through a 180° curved pipe. Spéc1f1ca11y. the
] existence of two cross-stream flow reversals is confirmed. This supports
the notion of an additional (symmetrical) pair of counter-rotating vor-
tical structures embedded in the core of the flow within the curved pipe
i . and part of the downstream tangent, Fully developed flow conditions are
: never attained in the present bend. |
Interpretation cf our measurements points to strong generation of
| circumferential fluctuations along the pipe periphery due to the main
secondary flow. By contrast, negative contributions to generation dampen
ci~cumferentfal fluctuations in the core., 1t 1s argued that the dam-

pening .is offset by cross-stream convection of v'2 from the bend

. IR ILT.T T e 2
L ]

periphery into the core of the flow.

-A comparison between the cross-stream motions in curved circuiar
i . pipes and curved square ducts shows that the latter have considerably
: higher levels of secondary flow, Cross-stream flow reversals were not

observed in the square duct configuration, It is suggested that the

larger relative levels of cross-stream fluctuations detected in the core
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of a curved pipe flow are probably related to the presence there of an
additional pair of symﬁetrical counter-rotating vortices. ‘
- Continued work should focus on extend1n§ the data base for
clarifying the role of the additional pair of vortical structures 1n
curvéd plpe flow and the re}axation process occurring in the downstream

tangent.
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and turbulence intensity
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Figure 4, Longitudinal components of mean velocity
and turbulence intensity in 180° curved
pipe flow with Re/D = 3,375 and
Re = 110,000; (~==) is Laufer's [19] data
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APPENDIX I

Derivation of Beam Location_and Velocity Correction Formulae

Nomenclature

d  wall thickness

fD Doppler frequency

r real beam intersection location in water (relative to pipe center)

Py virtual beam intersection location in air (relative to pipe center)

R pipe ihner radius

U “corrected" longitudinal (streamwise) velocity; obtained using ¢ =y in
U=t a/(2 siny)

UM measured longitudinal velocity; obtained by using ¢y =a 1in

' UM = fp A/(2 sin v)

V. Peorrected" circumferential (cross-stream) velocity; obtained by using
oy tnVwfha/(2sing)

VM measured circumferential velocity; obtained by using ¢ =a 1in

. Vy = fp A/(2 siny)

a  half angle between 1ight beams in air

Y half angle between 1ight beams in water

ng refractive index of water (relative to air)

"p refractive index of plexiglass (relative to air)

A wavelength of laser 1ight

L bt i b

@ T o i
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I'z.

Longitudinal Velocity Component - Straight and Curved Pipe Sections
(See Figure 1-1)

R ol

L

Assume small zngles throughout such that:

sin (angle) « tan (angle) = angie

F‘, From Snell's Yaw,

$ina ®n_sing .,

P
For small angles a, 8,

. g8 Q,np . (1)
' From the geometry of Fig. I-1,

{ _ a-(R+d-rv)tana-(R'+d-rv)a ’

(’j fsdtana-dé/np .

From Snell's law,

n
siny = '-‘-E sing .

With (1) and a small angle approximation fory,
Y xalg . . (2)

Solving for r from geometry along with the above relations for a, f and y:

*

R-r=fa-f)/tany «aR=-r, +d(l-1hp))ne/a
or,

RersRoer,+d(1-1tnp)dng ,
r=@R Omp-1)+r, -d (1 =-1h)]ne

r

v .3 LR - d - .




1‘3.

Because

Uy ~ o
M~ sTha °
it follows that. .
U =sina Uy/siny « a Uk .
Then from (2):

Umngty . W

a . \al 2. y
1] d
d Y f \\ ' P
p ‘ \
A i
Y .
Y R L
N "
- 4 A —W
XBL BasL341

(
Fig. I-1. Effect of parallel flat surfacc: on beam intersection location and AN
half angle; not to scale. —




Circumferential Velocity Component - Straight Pipe Section (See Figure I-2)

1‘4.

From Snell's Taw and small angle approximations:
61 = B/ﬂp ] '
.62 .“ \'lf/ﬂp )
From the law of sines and small angle approximations:
§0/6 = (R+d/R ,
Y/U = R/"l .

As approximations to a, with small angles:
ae (R+d=~ f‘v) o

and
‘ae R+dj (@=8) .

Equating these expressions yields,

B = "ya/(R*‘d) .
From (5), (6) and (7),
o= (R+d)s/(Rng)

From (9) and (10),

o= f'v u/(“ ﬂf) .

(5)

(6)

(7)
(8)

e o

(9)

(10)

(11)
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-From‘(ai and (11),

r .
vV a
[ QAN ;.. | (12)

ne
We now seek an expression for y/a, the haif ang]e‘correction factor.

From geométrica1 considerations, we my use the following approximations

for e: .
‘ e . = R
a =B =~y +¢ sin 90° ’

Then, from the above two expressions,

c-B-¥+p-%61.

Introducfng (5), (9) and (11),

Pv [+ ] Pv [ ] d ﬂ d rv o .
a = R : a - Y + R nf he R‘ ﬁ'-p- - R‘ Wm—;-' L]
Dividing by a,
) rv - /“ + rv - d rv [N
R+d °Y g~ ¥ TR"7'ET7T;' .
Sglv1ng for ¥ fa:
. d l'v f-v r.v
E" l-g +

WFdrn, " TFd " Fag

or, equivalently,
P
v R+d d
a - R+ d [ R nf - 1 - *Rj;;J + 1 ]

"(12) then becomes

oA T e e T T A I
AR NI I NI ORI PG ST SR WP WP O TR S P T VPV o) PRI M, PN




LN ' d P e
R

W 1} .~ L]

] . —

r r'n
o =g -nta(—,'}-;“-f- 1 --&-;;-)J (13)

Because _
Vs V"' sin ¢‘/s1n—y = a Vufy
we may solve for V,

V. , | (14)
Ty d

be dsestenmmips

PR

4 PR

v L
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ﬂ. Fig. 1-2 Effect of concentric curved surfaces on beam intersection location
and half angle; not te scale.
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Circumferential Velocity Component - Curved Pipe Section (See Figure I-3)

Sneéll's law and small angle approximations yield:
B w et/np ’ - ' (18)

' Vuwng/ng . ' (16)

From the geometry of Fig. I-3 and using (15),

a'(R"'d"f‘v)u ’
Wu"g =q ,
fspbtanpeudtang ndp = d %—-

P
gra~f=[R+d (1~ 1/np) - er a

and with the preceding axpression for g,
o ustn™t gRua [l -rRedR (1-10)] . (17)

From (16) and (17) substituted into the expression for u,

PR R i e S R

O Y LY

weallmg=14r/R-dR(1-1h,)]
or
Ju"a [t‘v/R «(1+dmR) (1 - l/np)] . (18)
"Using (16) and (18),

YOOI .

. 'f‘v n " 1 .
[ v a[(r)i%-(1+d/R) (,T:--n—;)] . (19)




!?. I"g.
” From the geometry of Fig. I-3,
' h=prsing = (R -rcosc) tany .
, Solving for r with small angles o, ¢:

; ruRY/o +o) .
. This becomes, with (17) and (19):
Z";' r, N n
. R [~ ﬁ - (1 + d/R) <,-\-E - 1))

re -

3 L L ERRS SURRUPERUIEF SRR LYEE
0 or
L
B LR (1 +AR) (g L)
i F r Mp/Me = Mg
q _ +1+d/R (1 - Ung + lng = np/nf) * g -np/nfl (20)

| / (1 -np/nf) P+Rnp/nf]
i Here v is ‘deﬂned by
Y=oty

and can be found using (17) and (19).
E S’ince the expression for V is given by ‘
‘ . $in o 4 o o
B Vel sy ¢ Wy cWwery o
y - 1t follows that,
Il_ v
M
\ = . (21)
n, =1 r n, =L n_ =1
.. 1-_E.._+R122.‘1)+§.(P -2 |
' ﬂf f ﬂp g

- ata e 4 L e v NS .
5 S PR S tate el A
Lt Tt ata T et T T
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. Fig. 1-3. Effect of flat-to-curved surfaces on beam intersection location ;
\ and half angle; not to scale.




APPENDIX II

Freguancy Shiftinq Procedure

The electronic downmixer 1s one of two modular units on the DISA 55
N11-16 frequency shifting device, Either one of two channels (A or B) may be
used. The photomuitiplier (PM) output signal cable is attached to the PM IN
port in the rear of the downmixer and another is attached from the MIXER OUT
to the PM SIGNAL IN bort of the DISA counter. The least complicated mode of
operation 1s to set the net electronic shift, f ., greater than the maximum
frequency expected in the flow. For instance, if a maximum center 1ine velo-
city of 5 m/s is expected, with an estimated minimum calibration fringe fzctor
based on the optical parameters and tast section geometry of 10 m/s/MHz, ther
a simple ratio gives a 0.5 MHz upper frequency estimate.

With the shift frequency denoted by fLo and signal frequency by f . we
would then set the shift dial corresponding to fLo < 40 MHz to a value
slightly grezter than 0,5 MHz, say 700 KHz, The signal from the counter,
monitored on the oscilloscupe, now has a net positive mixer frequency shift
imposed., In the computer program for evaluating velocity, the shift value o
fLo must be subtracted from the frequency measured by the counter. In the
present example, we would add -0,7 MHz to each measured Doppler count, Values
6f velocity computed in this mannecr are eifther positive or negative,
depending on the direction in which the fringes.are moving., The fringe move-
ment 1s set by turning tha Bragy cell screw.

A veritication of fringe sense of translation is necessary, A rotating
diffraction yrating, with the laser beams 1ntérspct1ng Just on the grating

surface, can be used to achieve this. Computed values of velocity and their




1.2

signs for prescribed speeds and'sense of grating rotation should agree with
the physically (known) impcsed conditions. Wherever the calculated sign of
velocity is positive the fringes are moving oppostte t¢ the grating direc-

| ‘ tion; the opposite 1s true for negative values of velocity.

It a mirror 1s used to divert the beam path, as in the present case, care

must be taken to note which way the fringes move after beam reflection.
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APPENDIX II1

" DATA TABULATION

The following is a listing of measurements obtained at various longitudi-
~ nal stations 1n the test sectiod, Scans were always performed along the
radial direction, in the plane ¢ =n/2 (see Fig., 1). Both unweighted and
weighted results are tabulated, For weighting the one-dimensional scheme pro=~
posed by McLaughlin and Tiederman [17] was used. Differences between weighted
and unweighted data are discussed in the text where it is concluded that
weighting the circumferential compénents. V and v', ylelds unrealistic

results,




Xx/D w» ~2

Weighted Data .
Re = 87,400 Re = 110,000

r/7(D/RY 1 U/Ub v‘/sub v/Ub visub | UL u’/Ub v/Ub v‘/Ub

S 0.ne7 !
L 0.94% | 0.84 0. 102 ! 0. .83 0. 101
B oe77 1 o9 0. 092 <008 <040 | 0. .90 0. 091 <. 008 < 040
L 0.810 1 0.94 0. 088 ! .98 0. 086
- 0,742 | 0,98 0. 083 1 0,99 0. ogs
0,673 1,02 0. 024 ! 1,01 0. 084
0,607 1 1,04 0. 073 ! 1,04 0.078
T 0.840 1,07 0. 0764 { 1.08 0.074
R O.4v2 1 1,10 0. 068 1 1.08 0. 0&8
10,408 1 112 0. 063 ! 1,10 0. 059
1 o0.@87 ! 1.12 0. 040 | 1,12 0. 056
0,270 1 1,12 0. 061 I 1.14 0. 051
v o.202 1 1.1% 0.088 | 1.18 0. 050
0,138 1 1,16 0. 0%0 t 1.1é 0. D47
0.067 | 1.1& 0, 048 ! .18 0. 043
0.000 | .19 0. 047 { 1,18 0. 043

- - el o s - . : -

Unwaighted Data

Re = 87,400 Re = 110,000

v/(D/2) | U/Ub  w'/Ub W/UD  vi/UB 1 UZUB uf/UB VAUD vesUb

0,947 1 l

. 0.943 | 0.8%  0.102 i o0.86 0.0%8

. 0.877 1! 0.91 0.087 <013 <073 | 0.91 0.092 < 013 <. 07%
0.810 | 0.9% - 0.088 | 0.96  0.083 ]
0.742 | 0.98  0.084 I 1.00  0.079 RE
0.679 1 1,03  0.083 | 1.02 0.077 SR
0.607 1 1.03  0.073 ! 1.0%  0.071 o
0.%0 | 1,08 0. 078 ! 1.07 0. 066 T
0.472 | 1.11 0,067 | 1.09  0.063 k.
0.40% 1| 1,12  0.069 | 1,11 0.03%9 i
0.337 ! 1.183  0.080 | 1.12 0 08 3
0.270 | 1.18  0.081 | 1.14  0.081 v
0,202 | 1.16  0.097 I 1.1% 0. 049 |
0.133 1| 1.16  0.049 I 1.16 0 047 .
0.067 1 1.1&4  0.048 | 1.1@ 0. 043 e .4
0.000 | 1.19 0,044 { 1.18  0.043 L

8 _...A




¥ 4 =.-r ¥ I

1
! ' ' . %/D = =1

1 e A RS S R ) S VL G I W W T W U R O -an -
3

Weighted Data

| Re = 37,400 Re = 110, 000

©w/(D/2) | U/Ub u’/Ub VUL - v'/UD 1 UZUB u’/Ub V/ub v'/Ub

]

i 0.967 | | 0.004 0.034

L 0,948 | mmw- - -t 077 0. 133 0.00&6 0.032

1 0.877 ' 0,79 0. 107 0.012 0.037 | o0.8% 0.113 0.008 0,031

' 0.810 | 0.84 0. 102 0.01% 0,038 t 0.90 0. 094 0.010 0.033
0.742 | 0.89 ' 0.0%97 0.014 0.037 | 0.9% 0. 088 0.012 0.033
0.67% | 0,89 0, 091 0.013 0.034 | 0.98 0. 082 0.012 0,033
0,607 | 0.%3 0. 088 0.019 0,038 | 1.03 0. 084 0.0146 0,039
0.%0 | 0.99 0. 083 0.014 0.036 | 1.06 0.07& 0.019 0,039
0.472 | 1.03 0. 683 0.014 0.03% 1 1.07 0. 073 0.020 0.03&
0.408 | 1,08 0. 084 0.01% 0.032 ! 1.08 0. 0&7 0.018 0,033
0.237 | 1.07 0. 084 0.007 0.029 ! 1.10 0. 063 0.01& 0.032
0.270 | 1.08 0.076 0.010 0,028 1 1.13 0. 044 0.017 0.020
o.202 | 1,11 0. 072 0.019 0,029 1 1.16 0. 067 0.018 0.031
0.13% | 1,12 0. 071 0.018 0.032 | 1.18 0. 040 0.014 0.028
G.087 I 1,16 0. 070 (. 1,18 0. 0351
0.000 | 1.17 0. 044 “ 1 1,19 0. 081

§ Unweighted Data

Re = 87,400 Re = 110,000

r/(D/2) | U/UD v'/7Ub V/Ub vi/Ub | U/ZUD u’/Ub V/Ub v’/Ub B
0.967 | w=w== ———— cem—— ameee | 0.022 0.047 S
0.94% | ==e- - 1 Q.77 0. 132 0.028 0.0&%9 L
0.877 | 0.81 0. 103 0.037 0.063 1| 0. 86 0. 111 0.030 0.040 ERCS
o.@i0 1| 0.89 0. 101 0.043 0.062 | 0.90 0. 094 0.03& 0. 0460 ) i
0.742 I+ Q.90 0. 096 0.038 0.062 ! 0O.%8 0. 088 0.041 0, 058 R
0.67% | 0.%1 0. 091 0.037 0.0%% | 0.98 0. 081 0.040 0.054 R
0.6407 | O, %94 0. 083 0.0 0.0%7 | 1.093 0. 078 0.049 0.033 o
0.%340 | 0.%& 0. 083 0.086 0,037 | 1.06 0. 077 .03 0,034 ° R
0.472 | 1.03 0. 083 0.04% 0.0%% | 1,07 0.073 0.0%7 0.053 B
0.403 | . 1.0% 0. 083 0.040 0.0%3 | 1,09 0. 047 0.0%3 0.049 o
0.837 | 1.0%9 0. 082 0.021 0.0%t ! 1.10 0. 0653 0.049 0. 049 KRR
0.270 | 1.0% 0.07% 0.028 0.047 | 1,13 0. Ob61 0.0446 0.044 S
0.202 1 1.1z 0. 071 0.037 0.043 | 1.17 0. 063 0.04%9 0. 044 i
0.13% 1 1.13 0. 070 5.041 0.0%4 | 1.19 0. 040 0.043 0.041 5
0.067 I 1.1& 0. 048 - - 1 i.18 0.05851  sme—u- N !
0.000 I 1,17 0. 062  wmmme e ! 1.20 0.081  mmmme e L




| Weightad Data

Re = 37,400 Re = 110,000
r/(D/2) | U/sUb u’/sub V/Ub VUL L UV uw*rsub V/Ub v /Ub
. 0.947 | 0.74 0.122 0.024 0.047 | 0.9 0. it 0.017 0,040
- 0.94% { 0.78 0107 0.0228 0.046 { 0.73 0.124 0,015 0,040
0.877 ! 0.8%5 0,09 0.020 0.044 1 0.8  0.104 0.013 0. 038
0.1 { 0.9 0.093 0.018 0.041 | 0.94 0.092 Q018 0.0u3
0.742 | 0.9% 0.088 0.016 0.039 { 097 0.086 0012 0 029
0.67% | 0.98 0.087 .. 016 0.037 { 1,00 0.078  0.012 0.031
, 0607 1 102 0084 0013 0036 ! 1,02 0079 0011 0029
0.%0 ! 1.03 0080 0.014 0.034 | 1,09 0.67&  0.012 0 030
0.472 ! 1.09. 0.080 0.0!% 0.032 ! 1,07 0.071 0.013 0,030
0,408 ! 1,10 0.074 0. 016 90.031 | 1,09 . 0,070 0.014 0.028
0,837 ! 1.i3  0.07i 0.017 ©0.030 | 1.12 0.064 0.012 0,028
0.270 | .16 0.065 0.013 0.029 ! .14  0.061 0.012 0. 028
. 0.202 1 1.19 5,060 0.015 0.028 | i.16 0.0%  0.0i0 0.023
{ 0.18% {.1.20 ©0.085 0.013 0.028 { 1,17 0.0%3 0,011 0 024
0.067 t 1.22  0.051 0.016 0.026 ( 1,19  0.081 0.011  0.024
0.000 ! 1.23 0.04% 0.014 0.02% | 1.20 0.047  0.010 ©.023
Unweightaed Data
4 " Re = 37,400 Re = 110,000 b e
T(DIR) I /UG v’ /Ub V/Ub veiUR L U/UL G /Ub V/Ub v’/Ub RN
0.967 | 0.78 0.143 0.06&6 0.074 ! 0.7i €.114  0.037 0.047 IEAEARNS
0.945 ! 0.80 0.109 0.05% 0.074 ! 0.7%  0.12%  0.0%0 0.069 T
!t o877 , 085 0.09 0.03 0.069 | 0.8& 0.104  0.044 0.040 b
0.810 .t 0.91 0094 0.048 0.0,3 ! 0.94  0.091 0.046 0.0%8 e
0.742 | 0.93 0,088 0.044 0.06% { 0.97 0.08& 0.037 0.051 R
. 0.673 ! 0.98 0.088 0.043 0.G5% ! 1,00 0.078  0.03F 0.0%4 R
. 0.&07 1 1,02 0.083 0.041 0.0%7 ! 1,02 0.077 ©.034 0.039 SR
~ 0.%40 t 1,66 0.C79 0.037 0.0%57 { 1,05 0.073  0.03%5 0.0%4 .
¢ 0.47& ! 1.09 €073 0.033 0.053 ! 107 0,070 0.038 ©.051 L
- 0.40% 1 1,11 ¢.074 0.080 0.046 ! 1.09 0.070  0.037 0,049 RN
' 0.M37 | 1.1¢ 0.070 0.040 0.044 | 1.12  0.064  0.034 0.034 S
6.270 . 5.17 0.04%  0.033 0:033 ! 1.14 €. 060  0.031 0.049 g
022 | 1,19 0.0% G032 0.046 ! 1.16 0.057 0.027 0.048 o
0.138 { 121 0.087 €. 033 0.08% ! 1.17 0.0  0.029 0 041 y
¢ 0.047 ! .22 0.0%  0.033 0.044 ! 1.1%  0.0%0  0.027 . Al s
0.00¢ ! 1.23 0.04&  ©.029 0.034 ! 1.20 '0.046  0.026 ©. 039
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Weighted Data

]
i

.............
........

- S -

Re = 97, 400 Re = 110,000
e/{D/72) 1 YU v’/uUb v/7Ub vi/Ub | UsZUb ¢'/Ub Y/7Ub t/Ub
0. 967 {, Q.88 0. 128 C. 224 0.11% | 0.8% 0. 122 0. 224 0. o%8
0. 943 { Q.89 0.1t . 0.193 ¢.118 | ¢.g9 0. 109 0. 204 Q. 107
0. 877 { 0,98 Q. 099 C. 119 0.108 | 0©0.94 0. 089 0.12¥% Q. 095 ' {
o,ato { O.%98 Q. 098 0. 063 0.074 | 0.%96 0. 084 0. 0985 0. 048 1
Q. 742 { 0,99 0. G2 ©. 027 0.034 | 0,97 U, 080 0. 0ag 0. Q85 “
C. 479 t 1,01 0. uml? 0. 013 0.C41 [ 0.99 081 0.017 0. 041
0. 407 t 1.03 0. 087 - 0.208 .03 | 1,01 . 078 0. 007 Q. 032
0. 840 { 1.08 0. 081 -0, 008 0.036 | 1.02 0. 079 -0, 002 Q. oz%
0. 472 1 1,07 ©. 081 -0. 009 0.084 | 1.04 0. 072 =0, 007 0. 030
0. 405 [ 1.09 | 0.074 0,018 c.038 1 1,06 0. 070 -0, 011 0. 031
0. 337 { 1,11 0. 0&8 -0, OR5 ©.040 { 1.08 0. 0467 -0, 014 0. 034
0. 270 i 1,12 Q. 048 -0. Q31 0.046 | 1,09 0. 042 -0, 027 Q. 039
0. 202 { 1.14 0. 057 -0, 037 0.047 { 1.11 0. 0460 -0, 032 0. 042
0. 138 { 1.18 0. 083 -0. 04é Q.081  1.12 0. 036 -0, 039 0. 046
0. Q&7 i 1.17 0. 049 -0, 061 C.084 t 1.13 0. 051 -0, 084 0. 082
0. Q00 { 1,18 C. 047 ~0. 0&8 0.0 | 1.14 0. 048 =0. 041 Q. Q%4
Uriveighted Data
. Re = 87,400 Re = 110,000
r/(D/RY L UZUL - wtrUb V/Uh vi/ue L Uzub TRI4Y} . v/uh vi/Ub.
0. 967 t Q.87 0. 121 0. 286 0.0% | 0 87 0.119 0. 268 0. 083 for
0. 748 { 0,91 0. 107 0, 261 0.094 { 0. 90 0.103 0. 887 Q. 083 Al
0.877 { 0.%9 0. 093 C. 199 0. 113 { 0.99 0. 087 0. 193 Q. 084 T
0. e10 i, Q.78 0. 093 0. 139 0.090 | 0.98 0. 083 0. 130 0. 080 ..
0. 742 {f 1.60 0. 091 . 080 o.023 { 0.9a8 0. 078 0. 0%9& 0.079 RN
0. 679 t 1,01 3. 08Y% Q. 041 0.074 | 1.00 0. 078 0. 069 0. 674 e
0. 407 I 1,04 0. 084 0.017 0,078 | 1,02 0.077 Q. 028 0. 044
0. %40 I .08 c. o081 -0.014 C.0&s | 1,02 C. 074 =0, 00% 0. 058
G472 { 1.08 0. 080 -0, 023 0.0898 | 1.04 0.071 =0, 022 0. 056 2
0.,408 1,10 0. 072 «~0. 049 0.052¢ | 1.04 0. 049 =0. 037 0. 05& —
0.8:” i 1,12 0. 067 -Q. 057 0.094 | 1.08 0, 084 ~0. 081 0. 082 e
0. @70 {0 1.13 0. 064 -0, 074 0.068 (| 1,09 0. 061 =0. 0664 0. 049
0.-202 ! 1.18 0. 087 =0, 081 0.062 | .1.11 0. 089 -0, Q74 0. 048
Q. 139 { 1,16 0. 061 -0, 093 0.08% | 1.12 0.033 -0, 083 Q. Q%1
0. 047 t 1.17 0. 048 -0. 103 0.082 { 1.12 0. 0351 ~0. 098 0. 041 S
0. 000 { 1.1%9 0. G47 -0. 112 0,057 | 1.14 0. 047 ~0. 106 0. 051 o

TR YT U WY ST




v =9

o s x Mt e Y v e

Weightsd Data

0. 678 i. 11 0. 08U H.002 0.042

{

{

|

{

{

{

{ 1.06 0.066 ~0.003 0,022

0. &07 ! 1,10 0.070 ~-Q.008 0,041

{

{

|

{

{

!

{

1.00 0.066 - ~0.003 0,038

Re = 87,400 o Re = 110,000
L e/CD/@) 1 U/Ub  wl/UB- W/UB  ve/Ub | U/UB  ut/Ub V/Ub  v/Ub
I‘I - Aol . ! o h
1 0,967 0.9 0.167 0.09% 0.104 | 0.98 0,129 0,083 0,086
. 0. 948 1.04 0.133 0.086 O, 094 1.03 0,109 0,063 '0.079
| o.a77 1,13 0.092 0.043 0. 0&9 1.09 0.078 0,031 0,057
I 0.810 1.13 0.084 . 0.022 0.0%5 ! 1.09 0.07¢ 0.0l 0. 043
o742 1,13 0,078 Q.01 0,044 1.08 0.066  ©0.008 0.086

!
!
!
{
:
!
!
1.08 0 C71 -0.00% 0,040 | 1,02 0.066 =0.008 0.034
{
{
|
!
i
!

L 0. %40

, 0472 1.09 G.073 =-0.009 0,039 1.00 0,070 ~0,01f 0,034

] 0.408 1,02 0,082 '=-0.010 0.040 0.98 0.077 ~0,011 0.0a33

] 0.337 0. 9& 0.089 =0.007 0. 037 0. %4 0.093 =0,00%9 ¢, 022
10,270 '0.93 0,100 -0.00% 0,037 . 0. %0 0.1i0 =0,008 0.032

. 0,202 0. 91 0.100° =0, 002 0. 03 0. 86 0.116 =0,003 0,021

S 0,138 0. o8 0.100 . -0.00C 0,036 0. 83 0.119 =0.004 0,082
l 0. 067 0.8%  0.102  0.001 0. 035 ! 0. 81 0.121 ~0,003 0, 031

< 0,000 | 0.8% 0. 098 0.002 0.084 |

0.82 0.123 -0,002 0. 031

T U Vs s e i A D O S . Gy A DD M S A TR SIS S U, 2040 AV S A S et S S P S A G £ 8 6 G S

h Unweighted Data

84 0,121 -0. 019

O A D U D W o T TR R SOy T G Gorh W VO G D CRE 0N G A T (o B Sy T ¥ e 0N e b Gy A S D G WO W W Ok S G et G ¥ o Ui G MY e S U | e R0 Y A - o ot o ——

i Re = 87,400 Re = 110, 000
o _ren/2) 1w/ U’ ’Ub V/Ub vi/UL L U/sUb Ry V/Ub v /UL
i 097 4 1.02 0.1%9 0197 0,101 ! 1.00 0.119 0. 143 0.083
0,945 | 1.09%  0.18%  0.176 0.0 | 1.0¢ 0102  0.14& 0.088
S Q877 { 1.14 ©0.089 0.1i3 0.094 1| 1,09 0. 076  0.100 0. 983
) 0.8i0 ¢! 1,14 0. 082 0.077 0,092 { 1.09 0.072  0.06R 0,079 —
To0.v4R 1 1,14 0076 0,040 0.090 ! 1.08 0.04%  0.03% 0. 071 R
S 0.47% 1 1,12  0.972  0.010 0.083 ! 1.04 0.06& 0,014 0.068 S
1 0.8607 t 1,10 0,066 =-0.017 0.002 ! 1.08 0,046 ~0.008 O, 0&& T
Y 0.340 | 1,08 0,070 ~5.029 0. 073 ! 3.03  0.086 =0,027 0. 063 S
© 0.4YZ | 1,05 0,072 -0.03& 0.074 | 3.0t 0.070 =0,039 0. 069 T
L ©4n% | 1,00 00381 =-0.03& 0.07F | 0.98 0.U76 -0.040 0, 048 o
T 0,37 | 0.98 G087 -0.02@8 0.07% | 0.8  0.089 =0.0346 0.064 AR
. 0.U70 1 0,93 0098 ~0.U24 O0.07R | 0.9 0.104 =0.032 0. 0&7 e
e@e2 0.9t C.0% -0.018 0.04% { .87  0.112 -0.028 0.064 o
L 0,133 | 0.88 0.0 =0.008 0.073 { 0.8% 0. 118 =-0.023 0.047 S
w0 0,067 f 0.87 0.102 -0.007 0.067 { 0.83  0.121 0,017 0,064 :':*1
. 0.000 | 0.87 0.098 -0.003 0.086 | O. 0. 06b .




| 9 = 13%°"

Weighted Data '
Re = 87,400 Re = 110, 000

{0 »/CD/2) 1 U/UD - ut/UBD W/UB wY/UB 1 UZUB ul/Ub V/UD vi/UB
0967 1 1.06 0098  0.052 0.074 | 1,06 0,086 0.044 0,074
- 0.948 1 1,09 0.084 0,040 0,074 | 1,09 0,078 0.013 0.044

. 0,877 1 1,08 0.07% 0.011 0,08 ! (.09 0048 ~-0.006 O.041

0.810 | 1,03 0,080 =0.042 0.0%4 ! 1,06 0.073 ~0.017 G, 047
0.742 | 1.02 O v82 -0.022 0.03 | 1,04 0,077 -0.018 0, 047
0.679 {1 1,01 '0.082 =0.023 0.083 ( 1. 0L 0,073 =0.014 0,043
0.607 | 0,99 o0.081 =0.013 .0.048 | 0,99 0.077 =-0.008 0,028
0.240, 1 0.%8 0.081 -0.009 0.042 | 0.97 0,076 =-0.008 0,033
0.472 | 6.7 0.080 ~-0.003 0.041 { 0.9 0.07%8 0,000 0, 033
0.408 | 0.9 0,081 0.004 0.039 { 0.93 0.076 C.003 0. 038

© 0.337 1 0.9 0,081 0012 0.041 | 0.94 0,077 0.008 0,038

. 0.270 1 0,99 0.081 0.013 0. 041 { 0.94 0,079 0.010 0 039

' 0.202 | 0.5 0,083 0013 0.042 | 0.93 0,082 0.008 0. 040

0,135 | 0.9% 0,082 0.017 0.044 | 0.9 0,080 0.008 0.039 °

. 0.047 | 0.9% 0.084 . 0.014 0.044 | 0,93 0.083  0.007 0.037

! !

0. 000 0. 95 0. o84 0.017 0,046

-

0. 93 0. 079 0.006 0.041

i Unweighted Data
Re = 957,400 Re » 110,000

b vLD/R) 1 UZUb VR4V v/Ub vi/Ub | U/Gh v’ /ub v/uy v/ FUb

. 0. ?467
\ 0. 549

- 1,97 0. 092 0.127 0.09R
1.09 0. 082 0.108 0,110

1. 07 0. 084 0.13% O 098
1.09 0. 077 0.092 Q.cC8%

ERREINE S ite
] s
H

Q. 409 0. %6 0. 081 0.009 0.071 0. P& 0.073 . 013 0:07@

0.877 ,1 1.09 ¢, 074 0.037 0.110 1.0%9 0.068 =~0.030 0.tB8S
0.810 1,06 0.079 =-0.041 0.101 1. 06 0.672 =C.089 0.080 o
L 0,742 1,03 0.081 -0.067 0.089 1. 04 0.078 =0.06% 0.079 ‘i
0. 475 1. 02 0.081 -0.068 0.082 1. 02 0.074 «0.033 0.080 L
0. 407 . su 0.081 -0.0%3 0.080 0. 99 C.076 ~0.036 O0.07& n
. 0.073 =0.009 0.069 o
E 0. u72 0.97 0,084 -0.01® 0.072 0. 97 0.07% -0.00L 0.073 -

{
{
{
!
{
:
0. 540 §] 0,98 0.9079 =0.034 0.076
|
|
1
¢
{
!
|
1

o
3
@

o
0,337 0.9  0.081 0.027 0.071 0.9% 0.077 0.023 0. 072 i
I 0,270 0.9  0.081 0.032 0,068 0.94 0,078 0.027 0. 079 o
B ¢ 202 0.9%  0.083 0.03% 0.069 0.94 0,082 0.926 0.072
0. 13% 0.98 0.082 ©0.038 0,070 0.93 0.080 0.023 ©.07%
0. 047 0.9  0.084  0.036 0.070 0.94 0,083 ©0.020 0.07% v
0. 060 0.9% - 0.081 0.037 0.074 ¢.94  0.079  0.0i8 0.c78




g = 177"

Weighted Data - ' ‘

| Re = $7,400 Re = 110,000

" e/CD/RY L UUE ut/UD W/UB vi/Ub | UZUB ut/Ub V/UB  we/ub
©.967 | 0.98 0.095 0,042 0,067 | 1,02  0.081 0,032 0,040
0,948 { 0.9% 0.081 008 0,088 | 1.02 0.076  0.020 ©.049
0.877 1 1.0 0.067 =-C.002 0.042 | 1.02 0.048 ~0.008 O.040
0.810 | 0.99  0.081 ~0.014 0,034 | 1.00 0.083 =-0.01& 0,037
0.742 | 0.98 0.089 ~-0.011 0.080 ! 1.00 0.061 ~0.010 ©.027
0.678 1| 0.98 0,089 =-0.007 0.028 | 0.99 0.060 =0.004 O.0RS
0.607 1 0.99 0.060 =-0.004 0.028 | 0.99  0.060 =0.001 0.025
0840 | 1.00 0.0 0.001 0,028 ! 1.00 0.060 0,002 O.0C24
0.472 | 1.00 0.068 ©0.002 0,087 ! 1.00 0.040  0.004 O 03
0,403 | 1,00 0.067 0.003 0,029 { 1,00 0,082 0.004 O.026
0.337 | 1.00 ©.046 0.008 0,030 | 1,00 0.043 0.005 O 0R6
¢.270 | 1.0i 0.083 0.003 0,030 | 0.79 0.061  0.008 C.027
0,202 ! 1.0f 0.087 0,008 0.034 | 0.99 0,063 0.004 ©.029
0.138 | 1.02 ©.047 0.004 O0.037 | 099 0.068  0.004 0,030
0.047 | 1.04 0.063 0.007 0.03% | O.78 0.064  0.003 0.031
0.000 | 1.01 0.067 0.006 0,038 { 0.98 0,068 0,006 O, 032

Unweighted Data
Re = 87,400 Re = 110, 000 o

P/CD/RY | UMD u'/US V/UB vi/Ub 1 U/UD uY/Ub V/UB v!/Ub
0.967 1 0.98 0.101  0.113 0.105 | 1,02 - 0.080 0,106 0,087
0.94% 1 (.99 0.081 0.08 0093 | 1.02 0.070 .07 0.086
0.677 ‘I 1.00 0.047 =-0.004 0. 080 | 1.02 0,070 =0.03¢ 0,078
0.610 1 1.00 0.04i ~0.043 0,083 | 1.00 0.064 ~-0,088 O O¥8
0.742 | 0.%9 0.040 -0.032 0,048 | 1.00 0.089 =0.039 0.054
0.67 | 0.99 0.059 ~0.02c 0.047 | 0.99 0,089 =-0,01% 0.080
0.607 | 0.99  0.040 ~0.011 0.049 | 0.99  0.05¢ =-0,009 0,082
0.840 i 1.00 0.063 -0.008 0,048 { 1.60 0.042 -0 002 O. 043
6,472 1 1,01 0.062  0.000 0.049 | 1,00 0.061 0,006 O.0%0
0408 { 1.00 0.067 0,004 0.031 | 1.00 0 041 0008 0. 002 Ped
0337 1 1.01 0.064 0.010 0.049 | 1.00 ©0.0s3 0010 0. 051 R
0.470 1 1.61 0.068 0,008 0.061 | 0.99 0.061 0011 0.0%3 R
0.202 ! 1.00 0.06¥ 0010 0068 { 0.99 0.063 0008 0. 057 L
0.135 | 1.02 0.067 0.004 0.074 | 0.96 0 0646 0.006 O.062 L
0,067 § 1.06  0.066 ©0.01i 0,04 | 0.99 0.0 0011 O 042 g
0.600 ! 1.01 0.067 0.012 0,067 { 0,99 0.062 0012 O 040
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x/D m &}
Weighted Data
Re = 37,400 Re = {10, 000

hq r/(D/2) I UsUb v‘/Ub V/7uUb vi/Ub L UL . wl/UL V/Ub v‘’/Ub
i 0,967 { 0.94 0. 109 0. 028 0.046 | Q.96 0. 138 0. 026 0. 049
e 0,949 { 0.%8 0. 100 0. 024 N.C48 | 0O, 98 0, 084 0. 018 0. 041
i 0. 877 t 1.02 0. 104 0. 0046 0.032 { 0,99 0, 082 0. 004 0. 027
" 0,810 { 1.01 0. 084 0. 0014 0.028 |+ 1,00 0. 0é1 -0, 010 Q. 030
w00 742 { 1.03 0.0647 -0,002 0.026 | 1.00 0. 034 -0.011 0. 028
20,0678 I 1.02 0. 074 =0. 001 0.026 | 0O, %6 0. 084 =0, 903 0. oR1
V. 407 ! 1,03 0. 047 0. 002 0,028 | 0.99 0. 084 =0, 003 0. 021
0,840 t 1.04 0.0%8 0.007 0.027 | 1.00 0. 084 0. 000 Q. 022
-~ 0. 47 { 1,04 0. 089 0. 008 0.02% | 1.0Q0 0. 037 0. 004 0.0R2
lﬁ 0. 408 ! 1,09 0, 042 0. 007 0,031 | 0,99 0. 059 0. 005 0. 023
L 0,337 I 1,09 0. 042 0. 007 0.Q2C | 0,99 0, 0&¢ 0. 008 0, ORs
2y 0,270 I 1.04 0. 042 0. 008 0.030 | 0O.%9 0,061 0. 007 0,027
T 0, R0R ! 1.04 0. 042 0.008 0,031 | 1,00 0. 042 0. 008 0, 029
0,189 { 1.08 0. 044 0. 009 0,081 | 1,00 0. 063 0. 007 0. 028

‘ { |

0. 067 1.09 . 0464 1. 00 0. 062 0.009 0,030
i' 0. ¢00 1 1,03 0,064 wm——— m==—= 1,00 0. 042 0.007 0.030

U ——— — - - - - am o= - - - A
{

. Unweighted Data

H Re = 97,400 Re = 110,000
.!- v/(D/2Y | U/UL w’/Ub v/ub v/'/Ub | UZUb v’/7Ub V/Ub v’/Ub
LQ 0. ?&7 { 0.vw@ 0. 113 0.072  0.072 | 0.98 0.1%0 0. 081 Q.078
o 0.949 I 0.99 0. 130 0.074 0.077 | 1.00 0. 091 0. 0&% 0. 070
- 0,877 {1 1,02 0.119 0.020 0,03 | 1,00 0. 090 0.017 0.Q56 .
w0, 810 i 1,02 0, 094 Q.00 O, 082 | 1.00 0. 041 -0, 083 0, 0%1
0. 742 L, 1,02 - 0.080 -0.008 0.047 | 0.98 0.0%% =-0.03%9 0.043
o 0,478 { 1,02 0.093 «0.007 0.060 1| 0.99 0. 085 =0, 013 Q. 042
o 0.607 I 1.03 0, 081 0.004 0.04% | 0.99 0.083 ~-0.014 Q. 044
e 0, 840 { 1.04 0. 0%5¢ 0. 016 0.083 | 1t.00 0.038 -0, 003 0. 041
i, 00472 { 1,09 0. 099 0. 018 0.0%4 | 1,00 0,036 0.011 0. 042
; 0. 403 { 1.09 0. 061 0. 014 0.063 | 1.00 0. 088 0.014 0.043
Q0,337 t 1.09 0. 062 0.017 0.037 | 0.9% 0. 060 0.018 0.031
Q. @70 { 1,09 0. 061 0, 0ko 0.080 i 0. 99 0. 060 0. 0R1 0. 0%0
0,201 ! 1,09 0, 0462 0. 019 0.08¢ | 1.00 0. 061 0. 023 0. 0%1
. 0.109 1 1.09 0. 044 0. ozl c.o%8 | 1.00 0. 062 0. 021 0. 083
< 0,067 { 1,08 0. 044 ———— ——mwe | 1,00 0. Q&2 0. 024 Q. 034
L 0. 000 { 1,09 0. 063 e e

1. 01 0.062  ©0.029 0,086

.................
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FENPRE AR T T LS WY ST AT T AT FTRTPE T T WSS, 1 O N T PSP WP US S T ATTY 2T W B 4




I M A L M B e Ta i M e M e Lt T Tt e Tel e Te T T Tl T Tl e Ve e T Te s T T e e m Te M e M e mLE WM M T e mmmn me s g e

/D = +2

; Weighted Data

& - " Re = 37,400 , Re = 116,000

1 r/(D/2) | UsUL u'/7ub vrUb vi/UbL 1 U/Ub u‘’’Ub v/ub v‘/Ub
0.967 ! 0.86 0.132 0.020 0.040 | O0.%3 0.103 0.014 0,037
0. 949 t 0,92 0. 0%8 0.0i8 0.0364 | 0.99 0. 082 0.010 0.033

| 0.a77 ! 1,01 0. 046 0.010 0.024 | 1,02 0. 063 0.006 C, 023

( 0.810 i 1.08 0. 082 ©. 008 0.02% I 1.0t 0.087 «0.001 0. 021
0. 742 i Lok o085 ©0.004 0,024 | 0. 99 0.0%2 ~-0,002 0. 020
0.67% | 1.02 0. 049 0.003 0,022 | 0.99 0.0%52 +«0.002 0.021

’ 0. 607 ! 1,02 0. 0%0 6,003 0,024 1| 1,00 0. 088 0. 001 0. 021
0. 840 I 1,02 0. 083 0.008 0,028 1t 1. 01 0. 084 0,003 0,022
0.472 1 1,08 0. 0% 0.007 0,029 | 1.01 0.0%88 0. 003 0. 023
0. 409 I 1.03 0. 088 o.008 0039 | 1,01 0. 040 0.008 0. 028

4 0. 337 { 1.03 0. 040 0,009 0031 t 1.01 0. 060 0.008 0.027

: 0. 270 { 1.08 0. 041 0.010 0,032 ! 1,01 0, 0462 0.00% - 0,080
0. 202 ! 1.04 0. C&2 0. 008 0.030 | 1.02 0, 044 0. 011 0. Q22
0. 139 { 1.04 0. 068 0. 010 0.032 | 1,01 0. 062 0. 010 0. a1
0. C&7 ! 1.08 0. 0463 0.014 0.03¢ | 1.01 0. 062 0.010 0.03%

[ 0. 000 { 1.08 0, 062 0012 0,032 1|

1.01 0, 062 0. 007 0. OR%?

Ll 1 2 ) - - -

Unweighted Date

Re = 87,400 , Re = 110,000
r/(D/2) | U/Ub u’/ub v/ub ARA L TR B V] u’/Ub V/ub v’ /Ub
0.967 { 0.e8 0. 122 0.086 0,063 | 0.94 0. 0%8 0.093 0.044
0. 749 { 0.93 0. 098 0.048 0.0% | 0O.%8 0.078 Q.040 0. 068
0.877 ,1 1,01 0. 066 0.026 0.037 | 1.02 0. 063 0.02% 0.0%0
0. 810 t 1.02 0. 032 0.016 0.043 ( 1.01 0.037 =0.004 0.041
0.742 t 1.02 0.083 0.010 0,041 | 1.00 0,053 =0,007 0.039
0. 673 { 1.02 0. 049 0.006 0.039 | 0O.99 0.0%2 =0.008 0.040
0. 607 I 1.02 0. Q%0 0.008 0.041 | 1.00 0.08Y 0.000 0. 041
0.8940 1 1.02 0. 033 0.012 0.052 (| 1.01 0.08% 0.008 0. 041
0. 472 { 1,02 0. 087 o.01a 0,051 | 1.02 0. 0858 0. 011 0. 041
0. 40% | 1.04 Q. 088 0.020 0.092 ! 1.02 0. 060 0.024 0.046
Q. 337 { 1.04 0. 060 0. 021 0.067 | 1.01 0. 060 0.024  0Q.030
0. 270 { 1.04 Q. 06t 0.024 0.063 | 11.02 0. 062 0.030 0.0%2
0. 202 | 1.04 0. 042 0.019 0.061 | 1.02 0. 0464 0.033 0.0%0
0.13% { 1,04 0. 0&4 0.026 0.054 | 1.02 0. 062 0.032 0. 054
0. 067 { 1.03 0. 043 0.034 0.0% | 1.0% 0. 062 0,032 0.054
0. 000 t 1.08 0. 061 ¢.03% 0.0%2 1 1.02 0, 062 0.026 0.0%4 |
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i x/D = +3
:.“. -'---'--"--'-—------ b -
4 Weighted Data
'] Re = 57,400 Re = 110,000
5 r/CD/2) | UIUL u'/Ub V/Ub v'/Ub | U/Ub v'/ub V/Ub v’ /b
AJ - - -
0,967 | 0.93 0. 076 0.01% 0.039 { 1.00 0.073 0.002 0. 031
] 0.94% t 0.99 0. 049 0.017 0.039 | 1.02 0. 067 0.00% 0.02%
+ 0,877 | 0.8 0.083 0.011 0.030 ! 1,02 0. 087 0.002 0.023
‘ o.810 | 1,00 0. 048 0.008 0.026 | 1,01 0.05% -0.001 0,023
NO0.742 1 1,00 0. 046 0.005 0.024 | 1.02 0.053 =0.001 0.021
0,678 1 1,02 0. 052 0.008 0.028 | 1.03 0. 057 0.000 0, 021
L 0.607 1 1,02 0. 082 0.003 0.024 | 0.002 0.022
1 o.ma0 1 1.02 0. 085 0.004 0.02% | 1.03 0. 036G 0.004 0, 022
i 0.472 | 1,02 0. 087 0.003 0.027 | 0.007 0. 036
) 0.408 ! 1,02 0. 041 0.004 0,027 | 1.04 0. 060 0.00% 0.0x8
S 0,337 1 1,02 0,048 0.0064 0.029 | 1.04 0. 0463 0.011 0.031
5 0,270 1,02 0. 048 0.007 0.030 | 1.04 0. 048 0.012 0.0u1
0,202 ! 1,03 0. 047 0.008 0.031 | 1.04 0. 048 0.013 0.033
4 0.13% 1t 1,02 0. 048 0.008 0.031 | 1.03 0. 0e8 0.013 0.033
TO0.067 4 1,02 0. 048 0.007 0.031 | 1.02 0. 068 0.010 0.032
i 0.000 { 1,02 0. 087 0.008 0.031 | 1.02 c. 071 0.009 0.031
o Unweighted Data
o
& Re = %7, 400 Re = 110,000
l v/(D/2) | Urub /sy /b vi/UE L UZUb u’IUb V/2Ub v’ /Ub
L 0.967 t 0.94 0.074 0.04% 0.044 ! 1,01 0. 072 0.020 0,063 777
0.943 | 0.95% 0. 067 0.048 0.061 | 1,02 C. 069 0.019 0.0%2
0.877 | 0.99 0. 093 0.038 0.049 | 1,02 0. 088 C.002 0.048
. 0.810 { 1,00 0. 048 0.01% 0.04% ! 1.02 0.08 =0.004 0, 048
E 0.742 | 1.00 0.047 0.013 0.041 { 1,02 0.083 -0.004 0©.041
0.47% ' 1.01 0. 049 0.014 0.040 { 1.04 0. 087 0.00C 0.044
S 0.607 1 1,02 0. 082 0.006 0.041 ! 0.007 0.043
0,840 1 1,02 0. 098 0.011 0.044 { 1.04 0. 088 0.014 0. 047
Y0.472 1,02 0.087 0.008 0.047 | 0.023 0.048
\; 0.408 1 1,02 0. 041 0.0i11 0.048 ! 1.04 0. Q&0 0.030 0.0%2
> 0.837 { 1,02 0. 044 0.014 0.0% | 1.04 0. 0&4 0.037 0. 0%4
b o270 1. 02 0. 067 0.018 0.0% t 1.04 0. 048 0.03% 0.0%8
v 0.202 1 1.03 0. &4 g.022 0.0%53 | 1.04 0. 048 0.042 0.034
001389 1 L.03 0. 067 0.022 0.0% | 1.04 0. 048 0.042 ©.059
v 0.067 ! 1,03 0. 066 0.020 ©0.0% | 1.093 0, 068 0.037 0.060 S
0.000 | 1,03 0. 067 0.022 0.0%2 | 1.03 0. 070 0.029 0.060 DO
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Weighted Data

Re = 97, 400 Re = 110, Q00

r/D/2) | UsUL urUb V/Ub v'/Ub | U/ZUb v'/Ub Wb vi/ZUb

STELE T
L N

0. 337
0. &70
0. 202

1,07 0. 071 0. 008 0O O2a
1.07 0. 079 Q.007 0.02%
1.07 G.ove 0.007 0.020

1. 04 0. Q&% 0.004 0,029
1.03 0. 071 0.00& 0.029
1.0¢  0.070 0.008 0.0R7

J—

T 0.987 { 0.93 0. 108 6.010 0.027 | 0.94 0. 084 0.004 0, 029
. ¢.94% | 0.98 . 081 ©0.010 0.03& | 0.98 0. 078 ©.00& 0. 051
! o0.877 1 1,02 0. 071 0.006 0.027 ! 1.01 0. 062 0.003 0©.023
ﬁ 0.810 | 1.0% 0. 0864 0.003 0,028 1 1.01 0. 0&0 0.000 0.020
1 0.742 | 1,04 0. 067 0.002 0.022 | 1,01 0. 083 0.000 0.020
. 0.472 | 1.03 0.087 ~0.001 0.021 { 1. .02 0.0%4 =0.001 0.0R0
© 0,407 1! t,08 0. 087 0.602 ©0.022 { 1,01 0.042 =0.008 0.020
0.%0 t 1.08 0. 041 0.002 0.023 | 1.02 0. 042 0.002 0,022
; 0.472 | 1.06 0. 043 0.003 0.02% | 1.04 0. 069 0. 004 O.023
0,408 ! 1,07 0. 072 0.008 0.027 | 1.09 0. 047 0.000 0.024
" i !
‘ { !
] !
0,133 { 1.06 0. 080 0.007 0.030 | 1,04 0. 079 0.008 0,020
0.0647 | 1.04 0. 080 0.010 0.031 1 1,04 0. 072 0.00% 0.030
0.000 | 1i.06 0. 081 0.010° 0.031 | 1,04 0. 073 0.00% 0,032

Unweighted DRata

Re = 37,400 Re = 110,000

/R L U/Ub v’/ub v/Ub v‘/Ub

kg o T P

u/sub urub \ 74" v’/Ub

0. 9&7 t 0.99 0. 118 0.029 0.048% | 0.9% 0. 083 0. 021 0. €68
0. 2438 I 0,98 Q. 097 0. 031 C.0k& | 0.98 0.07¢ 0.029 Q. 064
0. 877 I, 1.0 - 0,074 Q.C17 0.049 ! 1.01 0. 0463 0.013 0.049
0.810 r 1,09 €. 083 0,009 0.042 | 1.01 0. 062 0.Q08 0.040
0. 742 ! 1,08 0. vel 0.006 0.043 t 1.01 0.0%4 0. 000 0.0a8
0. 67% { 1.04 0.064 -0, 001 0.037 | 1.02 0.084 -0.004 0. 039
0. 607 { 1.0% Q. 037 0.000 0.03% (| 1.02 0.087 =0 002 Q. 040
0. 540 { 1,08 0. 0&1 2.000 0.041 ! 1.03 0. 062 Q. 006 0. 042
. 0.,472 t 1.06 0. 044 0. 002 0.045 t 1.04 0. 062 0.012 0. 044
0. 408 i t.08  0.070 0. 011 0.047 | 1.04 0. 063 0.014 0. 044
0.Q337 { 1.08 0. 070 c.¢12 0.0% | 1.08 0. 0é4 0. 020 0. 047
0.27¢ t .08 Q. 074 0.0l O0.081 t 1.04 0. 070 0. 021 Q. 048
0. 202 { 1.07 0. 074 0.019 0. 032 | 1.04 0.070 0. O3 0, 030
0. 13% { 1.06 Q. 078 0.020 0. 024 { 1.04 0.072 0. 027 Q.0%4
0. 067 i .07 0. 078 QOoRk 0,069 | 1.04 0. 071 0. 031 0. 054
0. 000 i 1.07 0.078 0.027' 0.0%2 ! 1.04 0.072 Q. 038 Q. Qs

- - - - o - o




i ‘ . X/D = 43
A - e -
: Weighted Data
e Re = 37,400 Re = 110,000
woe/(D/2) 1 UsUb u'/ub v/Uh viZub 1 U/UL u’/Ub V/Ub v’ /Ub
) - *
by 0.967 1 0,89 0.131 0.009 0.03% | 0. .89 0. 104 0.003 0.026
i1 0,948 1 0,92 0. 109 0.007 0.032 | 0.93 0. 097 0,002 0. 029
v 0.877 1 1.00 . 087 0.008 0.027 | 1.00 0. 068 0,002 0. 022
. 0.810 1 1,09 0.071 0.008 o0.023 ! 1.01 0. 044 0.000 0.020
i, 0.742 1 1,09 ©. 084 0.003 oO.021 ! 1.02 0. 038 0,001 0.020
0,479 1 1,09 0. 088 0.004 0. 022 | 102 0. 083 0.003 0, 022
v 0.607 1 L, 09 0. 040 0.004 0,023 | 1.03 0. 060 0.002 0,022
Y 0.%40 1 1,06 0: 063 0.003 0.02% { 1.,0@ 0. 044 0,004 0,023
0.472 I 1,06 0. 070 0.006 0.027 | 1.04 0. 066 0,006 0.027
0,408 1 1,07 0. 074 0.008 0.029 (| 1.04 0. 068 0.008 0,028
7 0,337 t 1,07 0. 078 0.011 0,034 | 1.0% 0. 074 0.009 0.028
. 0.270 1 1,07 0. 088 0.008 0.031 | 1,04 0. 077 0.00% 0,030
Too.202 1 1,07 0. 088 . 011 0.033 | 1,09 0. 077 0,011  0.032
- 0.188 1t 1,07 0. 08% 0.012 0.034 | 1,09 0. 080 0.012 0.034
S 0,067 1 1,08 0. 070 0.012 0,033 | 1.0% 0. 062 0.012 0.033
F 0.000 . 1 1,08 0. 0%C 0.013 0.033 | 1,06 0.079 '0.010 0.031
A Unweighted Data
Re = 87,400 Re = 110,000
v/D/2) 1 UsUb TRV v/ub v//Ub | U/Ub u’/ub v/ub v‘/ub
i 0.%67 | 0.89 0. 131 0.028 0.064 | 0.90 0. 100 0.010 0.033
T 0.943 | 0,92 0. 118 0.021 0,088 | 0.94 0. 087 0.009 0. 082
0.877 | 1.0t 0. 102 0.013 0,047 | 1.00 0. 068 0.007 0.044
0.810 | 1.09 0.090 0.012 0.040 | 1.02 0. 064 0.001  0.040
0.742 | 1,08 0. 083 0.008 0,038 ! 1.02 Q. 060 0,001 0.039
0.67% 1’ 1.09 0. 089 0.008 0.038 ! 102 0. 083 o0.0c8 0. 042 D
0.607 | 1,08  0.060 0.007 0.04f | 1.03 0. 099 0.007 0.043 RN
0,840 1 1,07 0, 0564 0.006 0.048 | 1.04 0. 063 0.014 0. 046 L
10,472t 1,07 0. 069 0.013 0.04% | 1,09 0. 068 0.020 0,091 _;hs:}
 0.408 1 1,07 0.074 0.021 0.0%0 | 1.09 0. 048 0.026  0.033 S
0.897 1 '1.08 0. 077 0.030 0.086 | 1.09 0.072 0.028 0,033 ‘ i
02760 | 1,08 0. 0as 0.023 0.0% 1 1.09 0.077 0.034  0.034 T
v 0,202 1 1,08 0. 0864 0.029 0.0% | 1.06 0.075 0.033 0,087 v
;00133 1 1,07 0. 086 0.031 0.,0% | 1.09 0. 079 0.038 0. 067
0.047 1 1,09 0. oas 0.032 0,088 | 1.0& 0. 080 0.03%  0.087
0.000 | 1,09 0. os8 0. 038 I 106 0.077 0.037 0.058

© 0,089
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" FOREWORD

L b,

This technical report prov1deq a summary of the accomplishments
re]ating to Contract Number N00013 80-c 0031 for the prodeft ent1t1ed .

“”urbu1ent Flow.and Heat Transfer in Passage Around 180° Bend - An

SESLLY, ' DA AT SN 5PN N

Experimental and Numev1ca1 Study." The project was funded by the Offiee

R

¢ Naval Research under the supervision of Mr. K. El11ngsworth

- The work at the University of Califurnia, Berkeley.'was performed

RATNEEINRE SRR

in close collaboration with Professor Brian E. Launder and his research
group at the University of Manchester Inst1tute of $c1ence and \echnology. o

Work at UCB emphasized measurements and computqtions in a 180 bend ot

LTSy Ie

square cross-section. Limited measurements were also obta‘ned ih & 180

v -

A

bend of circular cross-section. These new resu1ts are 1ncludae 1n t«e o
present report, Work at UMIST has emphasized neasurements and *omputat*nn» :

in a 180° vend of circular cross-section., In addffion. measurement. wera

GLA0 s 30 2d
o

aiso obtained in a duyct of square cross-section. The woPk at UMIST 1
reported elsewhere by Professor Launder. -

ki While the studies at UCB and at UMIST progressed siong. sepavate . ——n

and distinct routes, efforts were continuousiy focussed on performing
complemesitary research activities and sharing ¥nowlsdge at a1l levels
ﬁ | as scon as it was available. This interaction has strengiheiied and

stimuiated the respective research programs. As a result, considerable

pregrass has been made towards measuring, understanding and making
' predictable the flow through strongly curved passages. Hawever, as this

report will explain, much work remains to be done.
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1. PROJECT SUMMARY

Ze.x

A Br1ef summary 1is prov1déd below of the most significant achievements

-3,

relating to the work performed‘for this contract. The summafy is divided

{nto two parts. -Section 1.1 evaluates the work performed in a curved

péssage of square cross-section, while Section 1.2 evaluates more recent

information obtained in a curved passage of circular cross-section, Where

'ipprdpr1ate. reference 1s mads to publications already available.

1.1  Mork 1n a 180° Curved Passqgg_bf Square Cross-Section
| This work has been reported in complete detail in the Final Annual
Report for Period October 1, 1982 - September 30, 1983 (see reference 2

in Section 2.2 of this report). A'brief summary of the main accomplishments,

findings and recommendations listed in that report is given here.

Main Findings
1. Measurements of mean velocities and their associated turbulent

L R R L e e e R T A S N R v T et S R 3 %

pL

stresses a\ohg the streamwise and radial directions were made at

o several longitudinal stations using the laser-Doppler velocimetry e

technique. One shear stress component was also measured.

2. The mean flow data revealed features which were in qualitative
agreement with results expected from inviscid flow analysis. b
. 3. The turbulent stresses displayed previously undocumented 2
anisotropic characteristics arising from shearing motions induced

v in the core of the flow. ' : | IR

4, Measurements in the downstream tangent showed drastic

reductions in the beﬁd-induced secondary motion taking place in

4
L.

less than five hydraulic diameters.

- S
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5. Numerical predictions of the flow using a semi-elliptic
“procedure and a «-¢ model c+ turbulence yielded results in poor
ag;eément with the ﬁeaSurements. False physical diffusion and
the isotropic chargcter{stics inherent in the model were thought

'to be the causes for the differences observed.
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6. fPred1ctions with'an algebraic stress model also yielded
results in poor agreemenf with the measurements. However, numerical
experimehts showed ‘that thé algebrajc stress modei is cdpable of
resoTving the anisotropy of the turbulence provided that the mean

velocity field is known accurately.
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Among the_recdmmendations evolving from the study of flow thiough
strongly curved passages of square cross-section were the following.

Recommendations o .

SR e

1. More detailed méasurements are required to understand the

process of flow relaxation taking place 1n the tangent downstream

of the bend..

2. Grid refinement techniques and/or higher order schemes should

AN RPN
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be explored to improve spacial resolution of numerical predictions

. of the flow through strongly curved passages.
| 3. While the use of an algebraic stress model is recommended for
g{ predicting anisotropic turbulent flow through bends, the success of
ﬂ, " “this closure approach relies on a good spacial resolution of the
}ﬁ mean flow.
;; 4, It should be es;ab11sﬁed what are appropriate law-of-the-wall
?% . relations for turbulent flows through strongly curved passages of

S square cross-section.




