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1.2 Work in a 1800 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 main objective was to supply Professor Brian Launder

and his team atVUMIST 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-Doppler measurements of the longitudinal and circum-

ferential mean velocity components and their normal stresses were

made at various longitudinal stations in a 1800 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 raean longitudinal velocity component changes

little after a 90o bend angle, but the circumferential component

never achieves a fully-developed state.

3. Large levels of turbulent stress anisotropy arise everywhere

in the bend and downstream tangent.

4. Between 0 = 900 in the bend and X/D = 5 in the downstream

tangent, the circumferential velocity profiles display a reversal .
oF. the pressure-induced secondary flow. *1

5. Comparison of present results 4ith corresponding measurements

obtained in a curved duct of square cross-section (for similar flow L ...

I
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conditions) shows considerably larger levels of secondary motion in

the duct of square cross..section.

6. Although the m easurements have been limited to a specific

@- plane, they should serve to guide and test theoretical

developments for modeling developing turbulent flow in curved pipes. R

Recommendations

1. Further experimentation should be performed to measure the

extent and intensity of the extra pair of counter-rotating vortical p -

structures present in the core region of a strongly curved pipe

flow,. In particular, the relationship between these structures and the

local levels of turbulence intensity should be clarified. p

2. Additional and more extensive measurements are required to

understand the flow relaxation process taking place in the downstream .

tangen-t. w

1*
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ABSTRACT

Laser-Doppler measurements of the longitudinal and circumferential ,.

velocity components are reported for developing turbulent flow in a
p

strongly curved 1800 pipe and its downstream tangent. In the bend, the

mean longitudinal velocity component changes little after e 900, but

the circumferential component never achieves 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 tangent.

Between e - 90o and X/D * 5, the circumferential velocity profiles

display reversals of the secondary flow which are essentially independent

of the Reynolds 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 limited in extent, the data should serve to guide and test

theoretical developments for modeling developing turbulent flows in

curved pipes.

i 4
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1. INTRODUCTION

1.1 The Problem of Interest 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 rectangu.lar cross-section E1-73. 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 configuratiop, turbulent flow-

field measurements in curved pipes appear to be relatively sparse [8].

This Is surprising 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 beams passing

through curved surfaces separating media of different indices of refrac-

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 L .......

flow developing in curved pipes. For example, in the theoretical analy-

sis by Cuming [9), it is shown that for equal radius of curvature to

diameter ratio and dimensionless streamwise pressure drop, the ratio of

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

laminar flow. Comparisons between present results and corresponding

* ,**.,'**. . ..

* . X.Th.> Z%<,. .
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measurements by Chang, et al. [5J in a curved duct of square cross-

section with similar developing flow characteristics, show that the

secondary 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 e 0 0I, 30, 60*, 90%,

120, 150* and 180' In the bend, and X/D 1 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/O - 69 was used to provide a fully developed axisym-

metric turbulent velocity profile at the bend inlet plane. Among Rowe's

findings were that: 1) secondary flow is most intense at about e = 30,

as of which point the total pressure gradient induces a streamwtse com-

ponent of vorticity opposite in sense of rotation to the streamwlse vor-

ticity produced at the start of the bend; 2) the curved flow is
essentially fully developed past 0 • 900; 3) In the downstream tangent

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/ID - 61; 4) there is evidence of local reversal in the secon-

dary flow direction along the bend symmetry plane between e - 90* and-

X/ID 5; 5) the secondary flow appears to be most concentrated 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

accurate determination of the fully developed flow streamwise location

was not possible. A combination of weak secondary motions, undetected by

the yawmeter, with unchanging relatively large total pressure measure- .

ments would certainly have given the impression of fully developed flow.

Due to experimental uncertainty, Rowe was not able to 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 relation 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 laser-velocimetry study known to us for developing tur-

bulent flow in curved pipes, Enayet, et al. E113 investigated the motion

in a 90* bend with Rc/D - 2.8 and Re - 43,000. In their study relatively

thin boundary layers were induced at the bend inlet plane by means of a

smooth contraction. The measurements consisted of longitudinal

(streamwise) components of iean and fluctuating velocities only, supple-

mented by wall-pressure measurements. As expected, the mea3urements

suggest 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 Rc/D in their experimernt 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 bend and tip to X/D * 6 in the downstream tangent, p

the peak ir 'the streamwise velocity component remained between the bend

center line and the inner radius wall. This finding contrasts stro y

with finding (6) of Rowe's study. Because the Dean numbers of these two

flows are very similar, being De - Re (D/Rc) 1 / 2  6.8 x 104in Rowe's

bend and 2.6 x 104 in the bend of Enayet, et al., the difference in the

maximum velocity location nmist be due to the different inlet flow boun-

dary layer thicknesses. A similar finding has been reported in E3] for

the flow through a curved duct of square cross section.

In addition to the data taken at three longitudioal stations in the

curved pipe, (0 9 300, 60° and 900), Enayet, et al. [113 made measure-

ments at X/D a I and 6 in the downstream tangent. Although the authors

did not measure the cross-stream velocity components at any of these sta- L

tions, they reported: "a large secondary flow ... now extends over the

entire flow area and persists in the plane six diameters downstream of

the b.-ind ... " 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, admittedly brief, review points to a serious deficiency

in the availability of accurate experimental Information for illuminating

the physics of developing turbulent flow throough curved pipes. It is

also clear that little seems to be known about the relaxation process

undergone by fluid leaving a curved pipe to enter a straight pipe sec-

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

L~~~t

. .°*•.,
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complex three-dimensional flows such data is Indispensable 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

measurements 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

6 - 1770 in 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 flow test section; a laser-Doppler velo-

limeter and its associated electronic instrumentation; and a POP 11/34

Digital Equipment Corporation minicomputer.

The basic components of the flow test section arc shown schemati-

cally in Fig. 1. They comprised two straight pipes and a 1800 curved S

pipe, constructed from transparent plexiglass. The pipe cross-section

was circular throughout with a 4.45 cm± 0.02 cm inner diameter (0). The

ratio of bend mean radius of curvature (Rc) to pipe diameter was

Rc/D = 3.375. Both tangents were of length x * 54.7 0, being respec-

tively attached to the 0' (inlet) and 1800 (outlet) planes of the bend by

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

between the component cross-sectionG which otherwise might disturb the

S'.. '.1I



flIow. A stainless steel (20 mesh) screen and a 3.5 cm long flow

straightening 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 mmn diameter arranged in a

rectangular array spaced "-.495 mmn on the centers In each direction. The

purpose of the screen-honeycomb-pl ate combi nati on was to make uni form the

cross-stream plane 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 its 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 curved pipe section had flat outer sur-

faces of thickness d .1.48*t 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, w~ith the bend symmetry plane parallel to the floor.

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

made to flow by gravity from a constant head tank. From this tank the

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

from where it was pumped back to the constant head tank. Flow to the _

head tank was controlled by a gate valve and measured using a venturi

meter connected to a differential marcury manometer. The possibility of

propagating disturbances through the test section was elinilnated by

avoiding the use of valves, sharp bends and metering devices In the test

section flow loop. Flow to and from the test section tangents was chan-
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neled through 2 in (5,.08 cm) i.d. getitly bent 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 motibns induced by the mild curvature in the tygon tube

upstream of the test section were eliminated by the flow straightening

section.

Measurements of the mean flow and turbulence 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-Ion water-cooled laser was used

as the light source. The laser and velocimeter optics were mounted to

the top of a thick aluminum table which was itself firmly bolted to an x,

y, z traversing mechanism. The traversing mechanism could displace the

table top t 7.5 cm in 5 1m increments along any of the coordinate axes by

means of three linearly encoded stepping motors monitored by the PDP

11/34 minicomputer. The minicomputer functioned as the central data

acquisition and reduction controller of data validated and measured by a

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

in the circumferential (or tangential) velocity component was resolved by

means of a Bragg cell combined with electronic downmixing.

2.2 Experimental Methodology L ...

Prior to an experimental run, water was allowed to flow through the

rig until it was purged of air bubbles and had attained a steady thermal

state corresponding to about 20 0 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

I- _ J
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i?-'
Ineter connected to the head tank feed line. Experiments were performed ,,.

for two values of the bulk average velocity corresponding to,-,:.

Ub - 1.29 ± 0.03 rn/s and Ub -2.47 ± 0.04 m/.s, respectively. During the ;-

course of an experimental run the fluid temperature rose from 180C to

22*C, approximately. Values for the Reynolds numbers of these two flows,

based on physical properties of water at 20*C, are Re - 57,400 and

110,000, respectively. The associated Dean numbers are De - 31,300 and

$9,0.oo

The velocimeter optical probe volume was formed by the intersection

of two 314.5 nm (green) light beams with a half-angle in air of 3.28."

The measurement volume charateristics were: a diameter of 0.1 amm, a

length of 1.6 m, and a fringe spacing of 4.60 um with about 18 fringes

contained in the optical probe. In reality spatial filtering and

threshold settings on the counter rmduced 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 dirertion.

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 performed 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

to within t 0.30.

. ~ ~~ . . . . .
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With a reference position 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/O w -2 In the upstream tangent. Measurements of

the streamwise velocity component and its normal stress at this station

(half profiles are shown in Figs. 2 and 4) are in good agreement with the

data of Laufer [19). 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 flow confirmations, all subsequent -K

measurements wore restricted to vertical (radial) scans in the plane

# a w/2 in the symmetrical upper half of the test section. Scans were K:

inade at X/D n -2, -1, 1, 2, 3, 4 and 5 in the straight pipes and em 30,

45, 90l, 135%, and 177* in the bend. At each of these stations 15

radial positiens 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 1 ........

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 90% of all the measurements consisted of at least 2 samples per

point. Each individual measurement was required to satisfy the counter

5/8 validation comparison to within a preset olerance of 6%. At every

validation of a Doppler burst a "data ready" signal was issued by the

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

* . . . . . . . .



triggering pulse to the computer parallel lihe interface module which was •.T.,

checked 'for data availability by a software loop approximately every 20 .'.'2,:

'as,.._

Attempts were made to optimize signal quality and particle con- ;•,,,

,m was found to give a consistently high signal-to-no'se ratio in addi- i-i

tion to a low settling rate. Alternative particle types rejected include •-'.•t,)!'iy,•,.

Tt10 2 , non-dairy creamers, and mother-of-pearl. Data rates varied from,.,,,.

50-1000 Hz, with counter validation levels ranging between 10 and 90% ""."

relative importance: optical alignment, thickness of t,•e wall, probe i'

volume 1ocation in the flow field, and seeding concentration. V"".'.,'.'.,
Although the velocimeter is capable of two-component measurements,,.

Values for the streanwitse component of t~ie mean and fluctuating

velocities, U and u', were derived from measurements obtained with the

probe volume fringes aligned normal to the longitudinal coordinate di rec- I:-::.

tion. Values for the circumferential components, V and v', were obtained ,.". :7..

through a rotation of the optics by 90., thus placing the fringes normral I---
to the circumferential component direction. "''' .~

Because of the large F-ost~tve magnitudes of the streamwtse velocity ,-

component, frequency shifting was unnecessary for measurements of this L

•-ompon~nt. By contrast, the circumferential velocity component exhibited "l '•

low magnitudes, with signs both positive and negative. To resolve this -.

directional ambiguity, a net frequency shift of 500 kHz was imposed using •-J•J ..

a DISA 55N10 Bragg cell combined with electronic downmixing. Appendix XII i.'i"

provides an explanation for implementing the frequency shift procedure,."..•..

Ii- •
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2.3 Measurement Error

Error sources affecting the accuracy (systematic error) and preci-

sion (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 affecting the precision

of the measurements were due too. a) statistical sampling uncertainty (due

to the finite size of sample populations); and b) uncertainty in the

determination of the normalizing bulk average velocity, Ub. Estimates of

the fitst uncertainty were derived from the measurements themselves. For

both mean velocity components, this uncertainty was always less than

1 2-3% (r.m.s. error), while for the turbulence Intensities it was always

less than t 2-5%. The error in 'Ub was t 2% and arose principally from

uncertalnities 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 is 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 relevant trigonometric relations. Two of the three

cases of interest here have been analyzed by Blcen [15) and Boadway and

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

cies in the analyses in these references, as well as between them for

Identical configurations. For this reason it was consloered prudent to ..-.-..

rederive the trigonometric relations of relevance to this study.

Appendix I presents relations corresponding to flows bounded by: a)
I•-,__-
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parallel flat surfaces; b) concentric cylindrical surfaces; and, e) one -

flat and one cylindrical surface.

For parallel and concentric cylindrical surfaces, references [15-161

obtained:

Ii C. UM

f M ;-Wr
In this relation UM. is the velocity measurement obtained in, for example,

water using a half angle between beams in, for example, air. The factor

C, fis necessary to "correct" the mnhasurement so that the result repre~-

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

approximation it cap be shown that.,

U /Y (g MI * vUM

where, at is the beam half angle in air, r is the beam half angle In

water,, and-n Is the index of refraction of water relative to air (here

taken as 1.333). Curiously, reference [15) takes Cf a 1 for parallel

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

the expression In [16J for C f for correcting circumferential velocity

measurements is in error by a factor of f

Table 1 summiarizes the relations derived for the various cases ana-

lyzed in Appendix 1. The relations depend on the velocity component of

Interest and the shape of the surfaces at the measurement station in

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

longitudinal velocity component in the plane ý * iv/2 renders the beams

insensitive to surface curvature effects. For this component the beams

are crossed such that their bisector is normal to the test section sur-

face and the beams are contained in the* -ir/2 plane. Therefore, for
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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-

faces1. By contrast the orientation required to measure the circumferen-

00, tial velocity component makes it necessary to distinguish between the

straight and curved pipe sections. For this component the beams are

crossed such that their bisector is normal to the test section surface

and is contained in the.+ - w/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-

linearly on the probe volume virtual radial location (the location In

air). Calculations of the error Incurred iny, the half angle of the

beams in water, due to a 1 0.5 mm positioning error In the initial probe

volume location showed that this source of inaccuracy was negligible.

Similarly, calculations showed that the Initial positioning uncertainty

was only significant very near the pipe walls,, in regions with steep gra-

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

'the measure,,,ents obtained nearest the walls gave: -4% for U/ybU0

for u'/Ub. 15% for V/Ub, and -10% for v'/Ub. In the bulk of the flow

all these errors were significantly less than -2%.

Velocity gradient broadening has been analyzid by M~elling [18] who

proposed a simple method for estimating its magnitude. For the con-

1Due to the small angle between the beams, the error incurred in the
bend as a consequence of making this approximation is negligible.
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ditions of this study,. gradient broadening in the measurements was esti-

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

Various weighting methods have been proposed to correct for the

velocity bias effect [13,143, but none of these is entirely satisfactory.K

They all involve assumptions regarding the statistical distribution of

particles in the flow. In addition, the corrections can be influenced by

the problem of uincomplete..signal bias." The use of the weighting scheme

proposed by McLaughlin and Tiederman t173, in which the particle resi-

dance time is taken to be inversely proportional to the modulus of the

measured velocity, was investigated in this study. For the longitudinal

velocity component, differences between weighted and unweighted cata sets

were relatively small 9 ess than 1%). For the circumferential 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 in the weighting scheme which, for the

circumferential component, amounts to a disproportionate weighting of

slow moving particles. This occurs ai a consequence of taking the par-

ticle residence time as tre V-1 Instead of tre ( 2 + V2 + W2)-1/2

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

sent single component measurement system.

For turbulence intensities less than 10% Drain [131 shows that velo-

city bias 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 III contains a listing of both the weighted and4

.unwel ghted measurements.
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3. RESULTS AND DISCUSSION

Measurements of the longitudinal (U/Ub) and circumferential (V/Ub)

velocity components and their respective turbulence intensities (ul/Ub.

v'/Ub) shown in Figs. 2-5 and are tabulated in Appendix 111. Except

for relatively small differences, the dimensionless profiles show that

flow development is essentially Independent of Reynolds number for

Re > 57,400. .

3.1 The Inlet Flow.

The U and u' component measurements at X/I -2 show good agreement ,.'

with the developed flow measurements obtained by Laufer E19) in a

straight pipe, At X/D a -2 the V component is less than (+) 0.015

Ub (not plotted). However, at X/D -1 and e - 3%, the V component is

~ (+) 0.04 Ub. With reference to the coordinate system;i in Fig. 1, this 7,77':'
implies that the inlet flow is gradually (but only slightly) 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 (e a 30 to 900), the U-profiles show S . l

the core of the streamwise flow losing speed while the flow near the wall

accelerates. V-profiles at corresponding stations reveal the development

of a strong secondary flow. This secondary flow is induced by the trans-

verse pressure gradient set up between the outer (rn) 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 L -

• .. , ,,.- ,, - .;' , , ,-, , ,: ,• . . . . '. .. .
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wall the original sense of cross-stream motion is preserved and inten-

sified, with (V/Ub)max - 0.30 at e - 45.

Between 0 w 450 and 1360 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 rever3al in Its sense of motion and is redirected

towards the pipe Inner radius. As a result, a region of negative cross-

stream flow (directed from rt towards ro) is trapped between the core and

the wall; for example, V/Ub "0.06 at e - 135. Between 0 * 135w in the

bond and X/D - 5 in the downstream tangent, the region of negative cross-

stream flow gradually disappears. Notwithstanding, an imprint of its

presence remains in all the V-profiles.

The occurrence of a second cross-stream flow reversal past e - 900

in the bend supports the concept proposed by Rowe E103, that each sym-

metrical half section of the bend develops two counter-rotating vortical

structures. The more intense of the two, located between the pipe wall

and the core of the flow, preserves the sense of cross-stream motion

induced by the transverse pressure gradient at the start of the bend.

The smaller, weaker, structure Is mainly confined to the core and is

attributed to the formation of a transverse 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 Rowe of his total pressure and yaw measure-.

merits. IHowever, in contrast to Rowe's results, the V-profiles provided

here show that fully developed mean flow conditions are not established

In the bend. S

There is a qualitative similarity between the present V-profiles and

corresponding laminar flow measurements made by Olson and Snyder [20] in

• .

,",:,: .',' :.:'o:: - : ,_........ ... _ _ __._,_......._-_...
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300° curved pipes. In their experiments two curvature ratios

(Re/D -. 2.33 and 8) were 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 0 = 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'Io

clso show that, although substantially reduced, secondary motion persists

between 0 - 1770 and X/D a 5 in 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 tangent.
b." .

Actually plotted Is the ratio v'/u', a measure of turbulent flow ani-

sotropy. Because the data are relatively few and restricted to the

v w/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,

we note that near the wall, r/(D/2) * 0.75, the ratio v'/u' increases

persistently between X/D * -1 and 0 * 900. Because this coincides with a

correspondingly large Increase in V, we suspect that the term - Wo V/9 r

contributes strongly to the generation of v' 2 (N v) near the wall. As

of a u 900 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

-', i 4 ,, ..
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flow evolves; see Figs. 2 and 3. Because aVA r peaks at about e - 450,

from this position forward we argue that -7 aVA r now contributes

decreasingly to the balance of v'2 . This then allows dissipation and

redistribution mechanisms to reduce the level of v' 2 near the wall, as

observed.

The core flow, r/D(2) 0 0, experiences a marked decrease in v'/u'

between 0 - 45* and 90g in the bend. Between these locations the quan-

tity aV/9e is large and positive. Inspection of the data for u-v obtained

by Chang, et al. [6] 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 -uv 9V/ae should be expected to contribute negatively to the balance

of v12 (and hence reduce this component) between e - 45* and 90%

The increase in v'Ou' between e 900 and X/D I in the core of the

flow is more difficult to explain. It is probably related to the convec-

tion of v' 2 from the wall periphery (where v' 2 is generated) into the

core.

The ratio v'/u' in the flow entering the bend at X/D * -1 is in

qualitative agreement with Laufer's [t19 pipe flow data, both at

r/(D/2) u 0 and 0.75. In the downstream tangent the expected level of..

v'/u' is re-established near the pipe wall within 5 pipe diameters. By

contrast, the turbulence remains strongly anisotropic in the cure of the

* flow.. The persistence of this anisotropy may be related to the presence

of an extra pair of symmetrical vortical structures, discussed earlier in

relation to cross-strean flow reversal.

I... ___......_
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3.3 Effect of Flow Cross-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 Rc/D - 3.35 and

Re - 56,700. Plots of square(s)-to-round(r) ratios of circumferential

mean velocities and corresponding turbulence intensities are shown in

Fig. 7.

Absolute values of [V/Ub~s/[V/Ub~ r considerably larger than unity

illustrate clearly the dominant influence exercised by the flat walls on

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

plots ire due to the cross-stream flow reversal occurring in the pipe but i:

not in the duct.)

At XKD a -1 the inviscid transverse motion induced through longitu-

dinal curvature in the pipe was found to be twice as strong as that in

the duct. However, because the Re and RciD ratios between the two con-

figurations is 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

transverse pressure gradient) acts to suppress the initial inviscid com-

ponent of transverse flow; and, b) this effect roaches further upstream

into the straight duct than into the straight pipe.

The circumferential turbulence intensity ratios plotted in Fig. 7

show larger fluctuation levels near the flat wall of a curved duct than

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

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 pair

- 4 . . .
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of symmetrical counter-rotating vortices which develop in the core of the

curved pipe. The relatively large value of [v'/UbJs/EV'/Ublr shown at

X/D - -1, near the wall, is attributed to corner contributions to fluc-

tuations, present only in the square duct.

4. CONCLUSIONS

This study places on a firm quantitative basis some of the earlier

qualitative Interpretations proposed by Rowe [10) for the mean behavior

of turbulent flow through a 180* curved pipe. Specifically, 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

and part of the downstream tangent. Fully developed flow conditions are

never attained in the present bend.

Interpretation of 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

circumferential fluctuations in the core. It Is argued that the dam-

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

periphery into the core of the flow.

-A comparison between the cross-stream motions in curved circular

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 ._

4

I . . . .. .. . .. ... .. . .. . . . . . . .. . . . .. . .. . :.. . .... . . . . ... . . .. . .. .. . . . . . . .. . . . ..... . . . . . .
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of a curved pipe flow are probably related to the presence there of an

additional pair of symmetri~cal counter-rotating vortices.

Continued work should focus on extending the data base for

clarifying the role of the additional pair of vortical structures In

curved pipe flow and the relaxation process occurring in the downstream

tangent.
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APPENDIX I

Derivation of Beam Location and Velocity Correction Formulae

Nomoncl ature

d wall thickness

fD Doppler frequency
D.

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

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

R pipe ihner radius

U "corrected" longitudinal (strearnwise) velocity; obtained using I " in .

U ,D x/(2 sin 0) .

UM measured longitudinal velocity; obtained by using i n a in

UM * fD 0/(2 sin 0)

V "corrected" circumferential (cross-stream) velocity; obtained by using

" i in V - fDx/(2 sin *)

VM measured circumferential velocity; obtained by using In -a in..

VM a fo x/(2 sin *)
a half angle between light beams in air

y half angle between light beams in water

n f refractive index of water (relative to air) 9 A.

in p refractive index of plexiglass (relative to air)

A wavelength of laser light

IP.....
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Longitudinal Velocity Component -Straight and Curved Pipe Sections

(See Figure I-1)

Assume small angles throughout such that:

sin (angle) a tan (angle) angle

From Snell's law,

sin a * sin 0

For small angles a, /

From the geometry of Fig. I-i, 1-1

(R + d - r.) tana• (R+ d- rv).

f % d tanB o d /hp ",--.'

From Snell's law,

siny. !R. sin$

With (1) and a small angle approximation fory,

Y -hf (2)

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

R - r- (a -f)/tan, a E ER - rv + d (1 - llnp)]nf/l

or,

R -r R- rV + d (1 - /n PA , f

ER (i/nf - 1) + rv - d (0 - 11i/:. nf

-- 1 -+ (1 l/yf +' (I - /np • (3)
r r

* ." ~. . . . . . . . . . . . . - ., -"-.
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i Because

,~1 U 1

it follows that.

U -sin a UM/sifl YA UM/y

Then from (2):

a %a

r~r.

r

XSL 844-9341

Fig. I-1. Effect of parallel fl~t surfarxt; on beam intersection location and
hc~ 1f angle;, not to scale.

-1161k......................................
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Circumferential Velocity Comp~onent -Straight Pipe Section (See Figure 1-2)

From Snell's law and small angle approximations:

81 0Ap * 5

62 a*i/n (6)

From the law of sines and small angle approximations:

82/81 ( R + d)/R ,(7)

yuuR/r *(8)

As approximations to a, with snail angles:

am (R +d -r.) C

and

am (R + d)(a-)

Equating these expressions yields,

B v ra/(R + d)(9

Frpmn (5), (6) and (7),

~u(R + d) 0/(R iif) *(10)

From (9) and (10),



From (8) and (11),

rva
r, (12)

We now seek an expression for y/a, the haif angle correction factor.

From geometrical considerations, we may use the following approviruations

for e:

-e RRS ~~~ a sin 90 a R

e~da

Tefrom the above two expressions,

Introduclng (5), (9) and (11),

a V~ d pd v~
IT -+ C- K 11 I r -- 1

p p

Dividtng by ~v*d

K + d 1f t d

Solving 0 r y/a

d rv r. + r

p

or, equivalently,
d R 1 +- d

*(12) then becomes



Because

we a VM sin /s~n-Y a VMIY ~d(4

1+ R +

+F
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¶ a
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1-8.

Circumferential Velocity-Component -Curved Pipe Section (See Figure..-3)

Snell's law and small angle approximations yield: "5

Buc•n , (15) i2

S q /in pf .(16)

From the geometry of Fig. 1-3 and using (15),

a(R +d rv)5

f a b tan - d tan 0 d - d L,
lp

g a a -f -ER + d (1 -l/rp) - rv]ci

and with the preceding expression for g,

o sin 1 g/R [ I El - rv/R + d/R (1 - (/ip)) . (17)

Fr6m (15) and (17) substituted into the expression for w,

" a E/np -1 + rv/R - d/R (I - /ln)) ;."-"-'".p
or

W " Erv/R -(1 + dIR) (1- 1/np)3 (18)

Using (16) and (18),

• , • v 2•)- (1 + d/R) -L)] . (19)
In.f f n.f

. ..1
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From the geometry of Fig. 1-3,
h a r sin * " (R - r cos a) tan

Solving for r with small angles ,o, .. ,f,.tp w44h

r- R !*/(, +o)

This becomes, with (17) and (19):

R [tR " n. -2 "(1 + d/R) (e2 "- / •)

r , r

Vr
* R R 2 (1 + d/R) .

r p 1-h,)÷ 4 + dIR (1 -i/np 4 l/nf -nplnf) + l/nf -npfJ (20)p nIIn

Here y, IS deifined by 
l•;

and can be found using (17) and (19). 
l 1' ]

Since the expression for V is given by

I t follows that,

fi

Sor

v:•. " (I + d R nf IT" f,)

0• /', f r"+R"n A f

P p

"r i ein

'•:.': '• ,."/:':,, ."::., ': '":•', .: ''.; . . '': '/. .:':: .: : .L "..'. :"'i .i . .i i i L ' "+' -'i .
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Fig. 1-3. Effect of flat-to-curved surfaces on beam intersection location
and half angle; not to scale.
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APPENDIX 11

Frequency Shifting Procedure

The electronic downmlxer is one of two modular units on the DISA 55

NII-16 frequency shifting device. Either one of two channels (A or B) may be

used. The photomultipller (PM) output signal cable is attached to the PM IN

4.,,.' , _

port in the rear of the downmixer and another is attached from the MIXER OUT

to the PM SIGNAL IN port of the DISA counter. The least complicated mode of

operation is to set the net electronic shift, f., greater than the maximum

frequency expected in the flow. For Instance, if a maximum center line velo-

city of 5 rn/s is expected, with an estimated minimum calibration fringe factor

based on the optical parameters and test section geometry of 10 rn/s/MHz, then

a simple ratio gives a 0.5 MHz upper frequency estimate.

With the shift frequency denoted by and signal frequency by f, we,,,

would then set the shift dial corresponding to f~ " 40 MHz to a value

sljghtly greater than 0.6 MHz, say 700 KHz. The signal from the counter,

monit6red on the oscilloscope, now has a net positive mixer frequency shift

imposed. In the computer program for evaluating velocity, the shift value

fomust be subtracted from the frequency measured by the counter. In the

preseint example, we would add -0.7 MHz to each measured Doppler count. Values _

of velocity computed in this manner are either positive or negative,

depending on the direction in which the fringes are moving. The'fringe move-

ment is set by turning tha Bragg cell screw.

A verification of fringe sense of translation Is necessary, A rotating

diffraction grating, with the laser beam; interswcting just on the grating

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

4~ - ' ".4' ' ' * '.,: '**.,,* ,.
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signs for prescribed speeds and sense of grating rotation should agree with

the physically (known) imposed conditions. Wherever the calculated sign of

velocity is positive the fringes are.moving opposite to the grating direc-

tion; the opposite is true for negative values of velocity.

If a mirror Is" 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.

L .;.., .
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APPENDIX III

DATA TABULATION

The following is a listing of measurements obtained at various longitudi-

nal stations in the test sectio6. Scans were always performed along the

radial direction, in the plane =w/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 components, V and v', yields unrealistic

results.

L ,.- ,



*x/D " '2
I./

Weighted Data

Re " 67#400 Re " 110# 000

P/04D2) I U/Ub u lUb V/Ub v'lUb I UUb u'/Ub V/Ub v'/Ub
---------- ----------------------------------------------------------- l ---------------- ---------------

0. 767 . ---- -- --

0.945 1 0.84 0,102 1 0.85 0.101
0.977 1 0.90 0.093 <, 005 <.040 1 0.90 0.091 <,005 C,040
o. so 1o. 94 o. 086 0. 95 0. 086
0.742 0.98 0,085 1 0.99 0,085

' 0.675 1. 02 0. 084 I 1.01 0.084
0. 607 1 1.04 0.073 1 1.04 0,075
0.540 1 1.07 0.076 1 1.06 0.076
0.407 1.12 0.068 1 1.0 0,059

S0.4052 1.10 0.068 1 1.10 0.059
0.337 1 1.12 0.060 I 1.12 0.056
0.270 1 1.12 0.061 I 1.14 0.051
0.202 1 11 i 0.058 1.18 0,050
0. 133 1.16 0.050 o 1.16 0.047
0.067 I 1.61 0.C48 1 1.18 0.043
0.000 1 1.19 0.047 1 Ii 0,043---,,---,

Unweighted Data

Re " 57400 Re a 110,000

* /(D;/2) I U/Ub ul/Ub V/Ub v'/Ub I U/Ub u1 /Ub V/Ub v'/Ub

----------- -m------a----------------- --------------------------

0. 967 1 ---- -----

0.945 , 0.195 0.102 1 0.86 0.098
0.877 1 0.91 0.087 <. 01 <, 075 I 0.91 0.092 . 015 C.075
0.810 ;0.95 0.085 I 0.96 0.03
0.742 1 0.•9 0.084 I 1.0O 0.079
0.675 1 1.03 0.093 I 1.02 0.077
0.607 1 1.05 0,075 I 1.05 0.071
0.540 1 1.08 0,075 I 1.07 0.066
0.472 1 1. L 0,067 I 1,09 0.063
0..405 1 1,12 0.065 I 1,11 0.059
0.337 1 1.13 0.060 I 1.12 01055
0.270 1 1.15 0.061 I 1.14 0.001
0.'202 1 1.16 0.057 I 1. 15 0.049
0.135 I 1.16 0.049 I 1.16 0.,047
0.067 1 1.16 0,048 I 1. 1 V 0.043
0.000 I 1.19 0,046 I 1.1 0.043
--------------------------------------------- -------------------------------



x/D "-1

Weighted Data

Re - 57,400 Re - 110,000

,r/(D/2) I U/Ub u'l/Ub V/Ub • v'/Ub I U/Ub u'/Ub V/Ub v'/Ub

0.967 1 -- - - - I ---- - 0,006 O.OP4
0. 94c5 I -...- ----- 0. 77 0. 133 0. 006 0. 032
0.877 1 0.79 0.107 0.012 0.037 1 0.95 0.113 0.009 0.031
O.910 1 0.84 0.102 0.015 0,038 1 0.90 0.094 0.010 0.033
0.742 1 0.89 0.097 0.014 0.037 0.95 O.OE8 0.012 0.033
O.675 i O.e9 0,091 0,013 0.034 1 0.98 0.062 0.013 0.033
0.607 0.93 0.085 0.019 0.038 1 1.03 0.084 0.016 0.035
0.540 1 0.95 0.083 0.016 0.036 1 1.06 0.076 0.019 0.03"
0.472 I 1.03 0.083 0.016 0,035 1 1.07 0.073 0.020 0.036
0.405 1 1.05 0.084 0.015 0.032 1 1.oe 0.067 0.018 0.033
0.337 I 1.07 0.084 0.007 0.029 1 1.10 0.065 0.016 0.032
0.270 I1.08 0.076 0.010 0,028 1. 13 0.064 0.017 0.030
0.202 1.11 0.072 O,015 0.029 1 1.16 0.067 0.018 0.031
0.135 1 1.12 0.071 0.018 0.032 1 1. le 0.060 0.016 0,021,
0..067 I 116 0.070 -, o. 1.18 0.051
0.000 1 1.17 0.064 -----. 1 1.19 0.051 -.. - -.

------ -- ------ -- -- -- -- -- -- -- -- -- ---- --.--- ----------------

Unwe.ghbsd Data

Re - 57,400 Re w 110,000

i'/CD/2V I U/Ub u'/Ub V/Ub v'/Ub I U/Ub u'/Ub V/Ub v'l/Ub
- ----------------------------------------------------------------

0.9 67 I ---- I ---- 0. 0.2 0. d67
0.945 ---- .1 0.77 0.132 0.023 0.0•5
0.877 1 0.81 0.103 0.037 0.063 1 0.86 0.111 0.030 0.060
0.810 1 0.85 0.101 0.043 0.062 1 0.90 0.094 0.036 0.060
0.742 t. 0.90 0.096 0.038 0.062 1 0.95 0.085 0.041 0.050
0.675 1 0.91 0.091 0.037 0.059 .0.98 0.081 0.040 0.054
0.607 I 0.94 0.083 0.050 0.057 11.03 0.078 0.049 0.053
0.540 1 0.96 0.083 0.046 0.057 1.06 0.077 0.053 0, 0•"J
0.472 1 1.03 0.083 0.045 0.055 1 1.07 0.073 0.057 0.053
0.405 1 1.05 0.083 0.040 0,053 1 1.09 0.067 0,053 0. 049
o.'*37 1 1.09 0.082 0.021 0.051 1 1.10 0.065 0.049 0.049
0.270 I 1.09 0.075 0.028 0.047 I 1.13 0.061 0.046 0.044
0.202 1 1. 12 0.071 0.037 0.043 1. 17 0.068 0.0049 0. 044
0.135 1.13 0.070 0.041 0.054 1 1.19 0.060 0. 043 0. 04.
0.067 1 1.16 0.068 ..... ..... 1 .18 Is 0.051
0.000 I 1.17 0.062 ---- -1. 1.20 0.051 . ..

------------------------------------------------------------------------
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Wlght4d Data

Re - 57,4400 Re Ps 110, 000

r/(D/2) I U/Ub u'/Ub V/Ub v'IUb I U/Ub ul/Ub V/Ub v'/Ub

0.967 1 ,076 0.122 0.024 0.047 0.69 O.1lI 0.017 0.040
0.945 I 0.78 0.107 0.022 0.006 1 0.75 O.194 0.01 0.040
0.877 I 0.85 0.099 0.020 0.044 1 0.86 0.104 0.013 0,035
0.t10 1 0.91 0.095 0.018 0.041 1 0.94 O0.92 0.013 0.033
0.742 1 O.95 0.088 0.016 0. 039 1 0.97 0.086 0.012 0.029
0. 675 1 O.98 0.087 0,016 0.037 1 1.00 0o0•78 0, 012 0.031 ":
0.607 1 1.0I2 0.004 0.015 0.036 1 1.02 0. 0(,' 0.011 0.029
0.540 1 1.05 0.080 0.014 0.034 1 1.05 0, 076 0.012 0.030
0.472 1 1.09 0.080 0.015 0.032 1 1. 07 0. 07'1 0013 0.030
0.405 ! 1.10 0.074 0.016 0.031 1 1.09 0.070 0.014 0.02.
0.337 1 1.13 0.07i 0.017 0.030 1 1.12 0.064 0.012 0.028
0.270 1 1.16 0.065 0.015 0.029 1 1.14 0.061 0.012 0.028
0.202 1 1.19 ti. 060 0.015 0.028 1 1.16 O.Os8 0.010 0.025
0.13. I . 1.20 0.059 0.015 0.028 1 1.17 0.053 0,011 0,024
0.067 1 1.22 0.051 0.016 0.028 1 1,19. 0.051 0.011 0.024
0.000 1 1.23 0.049 0.014 0.029 1 1.20 0,047 0.010 0.023

nweivotod Data

Re - 87o400 Re w 110,000

r/(J/2) I J/Ub u'/Ub V/Ub v"/Ub I U/Ub u'/Ub V/Ub v'/Ub

0.967 1 0.78 0.143 0.066 0.074 O.7'1 Y 0.114 0.057 0.067
0.945 1 0.80 0.109 0.059 0.074 1 0.75 0.124 0.030 0.069 "

0.81,7 *1 0.86 0.099 0.056 0.069 1 0.86 0.104 0.044 0.060
0.810 ,1 0.91 0 094 0.048 0. 0/3 1 0,94 0.091 0.046 0.059
0. 742 1 0.95 0.088 0.044 0. 065 1 0.97 0.086 0.037 0.051
0.675 1 0.98 0.098 0. 043 0. o'! 1 1.00 0.078 0.03q 0.054
0.607 1 1.02 0.083 0.041 0.057 1 1.02 0.077 0.034 0.05'
0.540 1 1,06 O.079 0.037 0.057 1 .05 0.075 0.035 0,054
0.47" 1.09 C.073 0.033 0.053 1 1.07 0.070 0.038 0.051
0. 40* 1 1. 1 Q.074 0.040 0.046 1 1.09 0.070 0.037 0.049
0. 337 1 1.14 0.070 0.040 0.044 1 1.12 0.064 0.034 0.054
0.6170 *1.17 O.Q64 0. 03 5 0 0-43 1 1.14 0.060 0.031 0.045
0.202 1 1.19 0.058 0.032 0.046 1 1.16 0.057 0,027 0.04,
0.135 1 1.21 0.0-7 C.033 0. 04 I." 1.17 0.052 0.029 0,041
0.067 1 1..22 0.01,0 0.033 0.044, 1 1.19 0.'050 0.027 0. c41
0.000 I 1.23 0.046 0.029 0.054 1 1.20 0.046 0.026 ,.039

-- - - --
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Weighted Data

re a 57,400 Re - 110,000

r/(D/2) I ýJ/Ub u'U Ab v'/Ub I U/Ub u'/Ub !I/Ub v'Aib

0.967 1 0,85 0,125 0.224 0.119 1 0.85 0.122 0.226 0.0980. 945. O, 99 0. 111 0 , 193 O.I 11 0. 8q 0O,109 0. 204 0. 107
0.877 0,95 0.099 0.119 0.105 1 0.94 0.089 0,125 0.095
0.10 10.98 0.0.95 0.065 0.074 1 0.96 0.094 0,055 0.063

0.,42 0.99 0.0;2 0.029 0.054 1 0.97 . 080 0.032 0.055
0.675 1 1.01 0.k, K, 0.013 0.041 I 0.99 0891 0.017 0.041

, 0607 1 1.03 0.087 0.1')05 0.039 1 1.01 0.078 0.007 0.032
O. 540 1 .05 0.081 -0.005 0.036 I 1.02 0,075 -0.002 0.029
0 472 1 .07 0. 081 -0. 009 0. 034 1 1.04 . 0"72 -0. 007 0.030
0. 40 V 1.09 0.074 ..0.019 0.038 1 1.06 0.070 -0.011 0.031
0 .037 1 .11 0.068 -0.023 0.040 1 1.09 0.067 -0.016 0.034
0.270 1 1.12 0.065 -0.031 0.046 1 1.09 0.062 -0,027 0.039
0.202 1.14 0.057 -0.037 0.047 I 1.11 0,060 -0.032 0.042
0 135 1 1.16 0,05• -0.046 0.051 I1.12 0.056 -0.039 0.046

0. 067 1 1.1 0.049 -0.061 0.054 1 1.13 0.051 -0.053 0.052
0 000 1 1.18 0.047 -0. 06E6 0.05 1 1. 14 0.048 -0.061 0.054

Urinweighted Data

Re " 57j 400 Re " 110,000

r/(.D/2, I U/Ub u'/Ub V/Ub v'/Ub S U/Ub u'/Ub V/Ub v'/Ub.......',

0.967 I 0.87 0.121 0.286 0.096 1 0.87 0.119 0.268 0.083
0.945 1 0.91 0.107 0.261 0.094 1 0.90 0.103 0.257 0.003
0.877 1 0.95 0.095 0,199 0,113 0.93 .0.07 0.193 0.084
0.810 10 0.98 0.093 0,135 0.093 1 0.96 0,083 0.130 0.080
0.742 1. 00 0.091 0.080 O. 03 1 0.98 0.078 0.096 0.075
0.675 1.01 0.085 0.041 0.074 1 1.00 0.078 0.065 0.074
0. 60" 1 1.04 0.086 0.017 0.075 I 1.02 0.077 0.025 0.064
0.540 1 .05 0.081 -0..014 0.066 1 1.02 0.074 -0.005 0.058
C-472 1 1.08 O.080 -0.02. 0.058 I 1.04 0.071 -0.022 0.056
0,405 1 1.10 0.072 -0.049 0.058 1 1,06 0.069 -0.037 0.052
0. 3S" I 1.12 0.067 -0.057 0.054 1 1.08 0,066 -0.051 0.052
0.270 1.13 0.064 -0.074 0.065 1 1.09 0.061 -0.066 0.049
0.202 1 1.15 0.057 -0.081 0.062 1 .1.1I 0.059 -0.074 0.048
O 135 1 1.16 0.051 -0.093 0.055 1 1.12 0.055 -0.083 0.051
0,067 1 1.17 0.040 -0.103 0.052 1 1. 0.051 -0.098 00,41
0.000 1 1.19 0.047 -0,112 0,057 I 1.14 0.047 -0.106 0.051

------------------------------------------------------------------------------------



Re o"67#400 Re a 11.0ooo

i./(D/2) I U/Ub u''Ub, V/Ub v'/Ub I U/Ub u'/Ub V/Ub v'/Ub *:

0.967 1 0.98 9 ,167 0..099 0.104 I 0,98 0.129 . 0083 0.0•
7794 1,1.0 0.0912 0.043 0.094 1 1.09 0.1079 0.065 '0.079

0.48 I 1.04 0.0193 0.0086 0.094 1.03 0109.0 0,603 0.079
0.1810 1 1.13 0.084 0.029 0.055 I 1.09 0.074 '0.016 0.043
0.742 1 1.13 0.078 0,011 0.046 1.08 0.066 O.008 0.036
0.675 1 1. 11 0. 080 .0.0,2 0.042 I 1.06 0.066 -0.003 0 033
0.607 1 1.10 0,070 -0.005 0.041 I 1.05 0.066 -0.003 0: 032
0.500 . I .O8 0 071 -0.009 0.040 1 1.02 0.066 -0,o008 0.034
0,472 1.05 d.073 -0,009 0.039 1 1.00 0.070 -0,011 0.034
0.405 1 1. 0 0,082 '-0,010 0.040 1 0.98 0.077 -0,011 0. 033
0.337 1 0.98 0.089 -0.007 0,037 I 0.94 0.093 -0.009 003"3
0.270 1 0,93 0,1,00 -0. 005 0.037 1 0.90 0. 110 -0, 000 0. 032 It,
0.202 0. 91 0.100' -0.002 0.036 1 0,86 0.116 -0,005 0.031
0,11 1 0,ee 0.100 -0.000 0.036 , 0.83 0,119 -0.004 0.032.
0 067 1 0.!S5 O.102 0.001 0.035 1 0.31 0.121 .. 0.003 0.031
0. 000 0. .0 0. 09, 0. 002 0' 034 I 0. 82 0. 123 -0.. 002 0. 031

Uiiweightod Data

Re - 57# 400 Re ' 110,000

i"/(D/2) Ul/Ub u'/Ub V/Ub v'/Ub : U/Ub u'bUb V/Ub v'I/Ub
-- - -- - -- --------------------.n in n I-- ------------ --------------- ---------------

0.967 1 1.02 0.1.59 0,197 0.101 1 1.00 0.119 0.163 0.083
0. 94•. 1.,)15 0.125 0.176 O. 06 1 1.04 0. I0• 0.146 O.08"
0.977 1. 14 0.089 0.113 0.094 I 1.09 0.076 0.100 0.083
0.8.0 I 1. 14 O.Oe2 0.077 0.092 1.09 0.072 0.062 0.079
0. '/42 1 1.14 0.076 0,040 0. 090 1.0e 0.065 0,035 0.071
0.675 1 1.12 0.073 0.010 0.03 1 1.04 0.066 0. 014 0. 0663

, 0107 1.10 0. 061F -0. 017 O.O02 1 1.05 0.066 -0,008 0.066
0.340 , 1108 0.70 -C.029 0. 073 1 1.03 0.066 -0,027 0.065
0. Q.4 1.05 0.072 -0.036 0.074 1 01 O.070 -0.039 0.065
0, 405 1 . O1i 01. O. -0.036 0.074 1 0.98 0. 076 '0. 040 0,068
o 337 1 0.99 ' 0.087 -0.029 0.071 1 0.9P 0.089 -0,036 0.064
0. r70 1 0. 93 . 098 -0. 024 0. 072 1 0. 9 0. 104 -0. 032 0. 067
0 .22 I 0. 9I 0. Of -0.013 0.069 0.97 0.112 -0. 025 0.064
0 135 0.88 (0. 098 -0.0083 0,073 1 0.85 0.118 -0.023 0.067
0. 067 0. 87 ,. 102 -0. 007 0. 067 1 0, 3 0. 121 "-0. 017 0. 064
0 0000 1 0.87 0. 098 -0. 003 0.066 1 0.4 0.121 -0. 015 0.066

-------------n
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-------------

Weighted Data R"' 0R*100

Re 57,400 Re I 10o 000

1'/(Dt/) I U/Ub u'/Ub V/Ub v'/Ub I U/Ub u'/Ub V/Ub v'/Ub
n l lllmI•E IIImAa I n Ik in a muiil i n nngim ~~m m n mn m m lnn ~ m#m ,".*" 'i

0.967 1 1.06 0.095 0.052 0.074 1 1.06 0.086 0.044 0.074
0.9451 I 1.09 0, 034 0.-040 0.074 1 1.09 0,078 0.013 0.046
0.877 I 1.08 0.075 0.011 0.0586 1 .09 0, 068 -0.006 0.041
0.810 1 1,05 0.030 -0.012 0.054 1 1.06 0.073 -0.017 0.047 '
0.742' I 1.02 0.082 -0.022 0.056 1 1.04 0.077 -0.016 0.047
0,675 1 1,01 0.082 -0.023 0.053 1 1.01 0,075 -0.014 0.043
0.607 I 0.99 0.081 -'0.015 -0.048 1 0.99 0.077 -0. 00 0,039
0. 540 I O. 08 0. 081 -0. 009 0. 042 1 0. 97 0. 076 -0. 00o O, 0,3 |,
0.472 I .97 0.090 -0,005 0.041 1 0.96 0.075 04000 0.035
0.405 1 0.96 0.081 0.004 0.039 1 0.95 0.076 0.003 0,035
0.337 i 0.94 0.051 0..01 0.041 1 0.94 0.077 o.Oa 0.0313
0.270 1 o, 0.081 0,013 0.041 1 0.94 0.079 0.010 0.039 '.
0.202 1 0,95 0,083 0,015 0.042 0,93 0.083 0.00a 0.040
0.135 1 0. IS 0.082 0.017 0.044 1 0, 93 0.080 O.OOS 0. 039
0.067 t 0.95 0.084 0.014 0.044 1 0.93 0.03 0.007 0.039
0.000 1 0.95 0.084 0.017 0.046 I 0.93 0.079 0.006 0.041

-------------- --------------- -------------------------------
LUrnweLghtoed Data

Re - 57,400 Re w 110000.
--------------------------------- "----------------------sS~

r'/D/2) I U/Ub u'?Ub V/4b v'/Ub. I U/Vb u'/Ub V/Ub v,'iUb
--------------------- ----------------------------------------------------- ne

0.967 v.1.07 0.092 0.127 0.092 1.07 0.084 0.135 0.098
0.945 I 1.09 0.082 0.109 0.110 , 1.09 0.077 0.052 0.089
0.077 *I 1.09 0.074 0.037 0.110 1 1.09 0.068 -0.030 0.085
O0.± 0 1.06 0,079 -0.041 0.101 1 1.06 0,072 -0.059 0.060
0.742 I 1.03 o.oai -0.067 0.099 1 1.04 0.076 -0.065 0.079
0.675 1 1.02 0.081 -0.06e 0.082 1 1.02 0.074 '-0.053 0,090
0.607 1 0.9L 0.081 -0.03 0.080 1 0,99 0.076 -0.036 0.076
0. 540 . 99 0. 079 -0. 034 0. 076 1 098 0, 075 -o. 9 0. 069
P. 72 1 0.97 0. 084 -0. o 0.072 0.97 0,013 -0. o00 0.073
0.405 1 0.98 0.081 0.009 0.071 1 0.96 0.075 0.013 0.072
0,337 1 0.96 0.081 0.027 0.071 1 0.95 0.077 0.023 0,072
0. 270 1 0.96 0.081 0.032 0.068 1 0.94 0.078 0.027 0.075
0.202 I 0.95 0.083 0.035 0.069 1 0.94 0,02 0.026 0,072
0.135 1 o. 99 0.0 0 . 036 0. 070 1 0. 93 0, 0•0 0. 023 0, 070
0.067 1 0.96 0.084 0. 036 0.070 1 0.94 0.083 0.020 0,075
'0. 000 1 0. 95 0. 081 0. 037 0. 0741 0. 94 . 0,79 0. 018 0. C7"
--------------------------- ---------------------------------------------- --------

L

...........-•mm ...........................



1! 77 •iii!

weighted - 177.

Re w 57# 400 .Re " l t0,000

r"(9/2) I U/Ub u'/Ub V(Ub v'/Ub I U/Ub u'/Ub V/Ub v'*/Ub n *,- --

0.1967 0.98 0.096 0,042 0.067 1 . 02 0.081 0.032 0,060 L
0,094,5 * ,99 0.0811 0.015 0,053 1 1.02 0.076 0.020 0.049
0.877 1 1to0 0.067 -C.002 0.042 1 .02 0.068 -0.00B 0.040
0.910 0.99 0.061 -0,016 0,034 1 1.00 0.065 -0.016 0. 0,02 7
0.742 1 0. 99 0.059 '-0.011 0,030 1 1.00 0.061 -0.010 0.029
0 675 1 0.9E9 0.059 -0. 007 0.028 1 0.99 0.060 --0. 004 0. "M-5
0.607 1 0.99 0.060 -0.004 0,028 1 0.99 0.060 -0,001, 0.023
0 540 1 1,00 0.062 0.001 0,028 1.00 0.060 0,002 0.024
0 0472 1 1.00 0.062 0.002 0.027 2 1.00 0.060 0.004 O, 0.5"d
0.405 1 1,00 0.067 0.003 0,029 O 1.00 0.062 0.004 0,026
0.1.37 I.00 0.066 0.005 0.030 I 1.00 0.063 0.005 0.026 K".
•.2170 1, 1. 01 0. 065 0.00 , 0.030 , 0.79 0.061 0.008 0.027
0.202 1 1.01 0.067 0.005 0.0:4 1 0.99 0. 063 0.004 0.029
0.135 I 1.02 0. 067 0.004 0,037 1 0.99 0.065 0.004 0,030 ,
0 04w7 1 1.01 0.065 0.007 0,035 1 0. I'P 0.064 0.005 0.031
0.000 1.01 0.067 0.006 0. 03.5 1 09e 0.060 .0.006 0,032

-------- ----------- ------ r--- - ---

unweighted Data

"/(D'2 I U/Vb u'I/Ub V/Ub v'/Ub I U/Ub u'/Ub V/Ub v'/Ub

0.967 1 098 0.101 0.113 0,105 1 1.02 0.080 0.106 0,107
0,0.45 ,11 0.99 0.01 0.056 0.093 1.02 0.070 o,076 O.Oe6
0.877 1 1.00 0.067 -0.004 0,080 1 1.02 0.070 -0.030 0.078
0.010 I 1.00 0.061 --0. 043 0.03 1 1.00 0.064 -0,09e 0058
0.742 10.99 0.060 -0.032 0.048 1 1.00 0.059 -0,029 0. 054
0. 67t 1 0. 99 0.059 .-0. 022 0.047 1 0.99 0,0 0 9 -0,0190 0.050
0.607 I 0. 99 , 0.040 --0.011 0.049 0. 99 0.05F -0.009 0.052
0.540 : 1.00 0.063 -0.003 0.049 1 1.00 0,062 -'0 002 0.040

.4721d 1,01 0.062 0.000 0.049 1 1.00 0,061 0,006 0.000.
0.405 f 1.00 0.067 0,004 0.0151 1.00 O. 061 0.008 0.002
0. 337 1 1.01 0.066 0.010 0.049 1 1.00 0.0e3 0.010 0.051
O.k70 I t, 01 0.065 0.005 0.061 0.99 0.061 0.011 0.053
0.202 2 1.01 0. 067 0.010 0.061 0. 9P 0.063 0.008 0.057
0.135 1 1.02 0.067 0.006 0.076 1 0.99 0066 0.006 0.062 L
0.067 1 1.01 0.066 0.011 0.06S 1 0.99 0.064 0,011 0.062
0.000 1 1.01 0.067 0.012 0.0O67 1 0.99 0.062 0,012 0.060

.------------------- ----------------



K/D -+1

Weighted Data

Re w 57,400 Re - 110, 000
-- - - -- ----

r/(D/2) I U/Ib Ulaub V/Ub v' 1 /Ub I U/Ub u"/Ub V/Ub vl/Ub

S0.967 1 0.94 0.105 0,028 0.046 1 0.96 0.138 0.026 0.04T.
0.94 1 0.98 0.100 0.024 0.048 1 0.98 0.084 O.019 0,041
0.877 1 1.0; 0.104 0,006 0.032 1 0.99 0,082 0.004 0.027

0.810 1 1.01 0.084 0,001 0.028 I 1.00 0.061 -0.010 0.030

0.742 1 1,03 0,067 -0,002 0,026 1 1.00 0.056 -0.011 0,028
"0.675 1 1.02 0.074 -0.001 0.026 1 0.98 0.056 -0.003 0,021
0.' .607 1 1,03 0.067 0.002 0,025 1 0.,9 0.054 -0.003 0.021
0.540 1 1.04 O.O8e 0,007 0.027 1 1.00 0.056 0.000 0.022 ;.
0.472 1 1.04 0,059 0.008 0,029 1 1.00 0.057 0,004 0.022

L 0.403 I 1.05 0.062 0.007 0,031 1 0.99 0.059 0.005 0.023

0.337 1 105 0.062 0,007 0. 0,0 1 0.99 0, 061 0,005 0.0260.270 1 1.04 0,062 0.008 0o030 1 0.99 0,061 0.007 0.027

0.202 1 1.04 0.062 0.009. 0.031 1 1.00 0,062 0.00 0.,029
0. I'l i 1.05 0.064 0,009 0,031 1 1.00 0.063 0.007 0.02"
0 0067 1, 105 0.064 m 1.00 0,062 0,009 0.030

0000 I 1.05 0.064 .... 1 1.00 O.02 0.007 0.30

Unweightod Data

Re $ 7,400 Re *110,0000

r/C(D/2) I U/Ub u'/Ub V/Ub v"/Ub I U/Ub u'/Ub V/Ub v'IUb

0.?967 1 0. 98 0. 113 0,.072 0. 072 1 0,.98 0, 1$0 0,.081 0,.075 .. ':,

0.945 1 0.99 0.130 0.074 0.077 I 1.00 0091 0.065 0.070
0.877 1 1,02 0.119 0.020 0.058 1 1.00 0,090 0.017 0,056 "1

, 0.810 I 1.02 0.094 0.002 0.052 1 1.00 0,061 -0.033 0.031
0.742 Ie 1.02 0.080 -0.008 0.047 1 0.981 0.05 -0,039 0.045
0.675 1 1.02 0.093 -0.007 0.060 1 0.99 0.055 -0,013 0.042
0.607 1 1.03 0.081 0,004 0.045 1 0.99 0.053 -0.014 0,044
0.540 1 1.04 O.058 0.016 0.053 1 1.00 0.055 -0.003 0.041
0,472 1 1.0 0.039 0.018 0.054 1 1.00 0.056 0.011 0.042 ,'

0,405 1 1.05 0.061 0.014 0,063 1 1.00 0.058 0.014 0.043
0•337 1 1.05 0.062 0.017 0.057 1 0.99 0.060 0.015 0.051
0.270 1 1.05 0.061 0.020 0.050 0.99 0,060 0,021 0.0"0
0o,202 1.05 0.062 0.019 0.054 i 1.00 00.61 0.023 0.051
0.135 1 10o 0.064 0.021 0.059 1 1.00 0.062 0.021 0.053
0.067 1 1.05 0.064 ----- 1.00 0.062 0.026 0.0540000 1 1.0! 0.063 ..... .... 1 1.01 0,062 0.029 0.056
--- - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - -



x/D +2

Weighted Data

Re m 57#400 Re - 110.000---------------------------. - ------------ ... .. ... .. .. -- -- -- -- -- --- -- -- -- -
/(D/2)I /Ub u/Ub V/Ub Y'/Ub I U/Ub u'/Ub V/Ub v'/Ub

0.967 1 0.86 0.132 0.020 0.040 1 0.93 0.103 0.014 0.037
0.945 1 0.92 0.098 0.019 0.036 1 0.95 0,082 0.010 0.033
0.877 1 1,01 0.066 0.010 0.024 I 1.02 0.063 0.006 0.025
0.810 1 1.03 0.052 0.005 0.025 - 1.01 0.057 -0.001 0.021
0.742 I 1.02 0.052 0.004 0.024 1 0.99 0.052 -0.002 0.020
0.675 1 1.02 '0.049 0.003 0,022 1 0.99 0.052 -0.002 0.021
0.607 1 1.02 0.050 0.003 0,024 1 1.00 0.055 0,001 0.021
0.540 1 1.02 0.053 0.005 0.020 1 1.01 .056 0.003 , 0.022
0.472 1 1.02 0.056 0,007 0,029 1 1.01 0.05, 0.005 0.023
0.405 1 1,03 0,058 0.009 0.029 1 1.01 0060 0.00= 0.025
0.337 1 103 0.060 0,009 0.031 1 1.01 0.060 0.008 0.027
0.270 1 1.03 0.O6A 1 0.010 0.032 1 1.01 0.062 0.009 0.030
0.202 1 1.04 0.62 0.008 0.030 I 1.02 0,064 0.011 0.032
O.133 1 1.04 0.063 0.010 0.032 I 1.01 0.062 0.010 0.031
0.067 a 1.03 0.083 0.014 0.034 1 1.01 0,062 0,010 0.031
0.000 1 1.05 0.062 0.'012 0.032 I 1.01 0,062 0.007 0.029

----- ---- ---- -- - - --------------- ------

Unweighted Vata

Re a 57,400 Re . 110. 000
-- - -- - ----- n-- ----------------------------

r'/(D/2) I U/Ub ul/Ub V/Ub vl/Ub I U/Ub u'/Ub V/Ub v'/Ub
----------- ---------------------------------- ---------

0.9167 10.869 0.122 0.056 0.063 a 0.94 0.096 0.053 0.064
0.945 1 0.93 0,095 0.048 0.0,56 1 0.98 0.075 0,040 0.065
0.877 *I 1.01 0,066 0.026 0.037 1 1.02 0.063 0.025 0.050
0.810 I 1.03 0,052 0.016 0.043 1 1.01 0.037 -0.004 O.041
0.742 I 1.02 0.053 0.010 0.041 1 1.00 0.053 -0.007 0.039
0.675 1 1.02 0.049 0.006 0.039 1 0.99 0.052 -0.008 0.040
0.607 I 1.02 0.050 0.005 0.041 11.00 0.055 0.000 0.041
0.540 .1 1.02 0.053 0.012 0.052 1 1.01 0.055 0,009 0.041
0.472 I 1.02 0.057 0. 018 I 0.051 a 1.02 0.05, 0.011 0.041 [_ 4
0.405 1 1.04 0.058 0,020 0.052 1 1.02 0.060 0.024 0,046
0,337 I 1.04 0,060 0,021 0.067 a 1.01 0.060 0.024 0.050
0,270 1 1.04 0.061 0.024 0.063 I 1.02 0.062 0.030 0.052
0.202 I 1.04 0.062 0. 019? 0.061 1 1.02 0.064 0.033 0.053
0. 135 1 1.04 0,064 0,026 0.054 1 1.02 0,062 0.032 . 0.54
0.067 | 1.03 0.063 0,034 0.056 1 1.0i 0.062 0.032 0.054
'0.000 a i.0o 0,061 u.035 0.052 1 1.02 0.062 0.026 0,054

,.----......-....,....,...-...-...... ... - -......... ............. .... ....... .-- --



x /D -+3

I Weighted Data

Re -57.400 Re * 110.000

I -- ,

--/D/2) 1 U/Ub u /Iub V/Ub v'/Ub I U/Ub u'/Ub V/Ub vk/Ub

0.967 ' 0.93 0.076 0.015 0.039 1 1.00 0.073 0.002 0. 031
0.945 1 0.95 0.069 0,017 0.039 1 1.02 0.067 0.005 0.02,
0.877. 1 0.98 0.053 0.011 0.030 1 02 0.057 0.002 0.023
0.810 1 1.00 0.048 0.005 0.026 1 01 0.055 -0.001 0,023
0.742 1 1.00 0.046 0.005 0.024 1 1.02 0.053 -0.001 0.021
0.675 1, 02 0.052 0.005 0.024 1 1.03 0.057 0.000 0,021
0.607 I 1.02 0.052 0.003 0,024 1 ---- 0.002 0,022
0.540 1 1.02 0,055 0,004 0,025 1 1.03 0.058 0.004 0. 023
0. 472 1 1. 02 . 0.57 0. 003 0. 027 ..... 0. 007 0. 026
0.405 1 1.02 0.061 0.004 0.027 1.04 0.060 0. 009 0.0 o ;29
0.337 1.02 0.065 0,006 O029 1 1.04 0.065 0.011 0. ol I"
0,270 1 1.02 0.068 0.007 0.030 1 1.04 0.068 0.012 0. 0:31
0,202 1 1.03 0,067 0.003 0.031 1 1.04 0.068 0.013 0. 033
0,135 1 1.02 0.068 0.009 0.031 1 1.03 0,068 0.013 0.033
0.067 1 1.02 0o068 0.007 0.031 1 1.02 0.068 0.010 0.032
0.000 1 1.02 0,067 0,009o 0.031 1 1.02 0,071 0,009 0.031

-------- --------------------------------------------------------

: Unwoightod Data

Re a 57,400 Re - 110#000

r/(D/2) I UfUb u'/Ub V/tIb vl/Ub I U/Ub b V/Ub v'/Ub
--------------------------------------------------------------------------------
0.967 1 0.94 0.074 0.045 0.064 I 1.01 0.072 0.030 0. 063
0.94,, 0.95 0.067 0.048 0.061 1 1.02 0.069 0,019 0. 0o5 2
0.877 1 0.99 0.053 0.033 0.049 1 1.02 0.058 0.002 0.04S
0.810 1 1.00 0.048 0.015 0.045 1 1.02 0.056 -0.O006 0.04m
0 0742 1 1.00 0.047 0.013 0.041 1 1.02 0,053 -0.004 0.041
0.675 1, I 1.01 0.049 0.014 0.040 1 1.04 0.037 0.000 0.044
0.607 I. 1.02 0.052 0.006 0.041 1 -0.007 0.043
0.540 1 1.02 0.035 0.011 0.044 1 1.04 0.058 0.014 0.047
0.472 1.02 0.057 0.009 0.047 1 0.023 0. 040
0.405 1 1.02 0061 0.011 0.048 1.04 0.060 0.030 0. 052
0. 337 l 1.02 0.064 0.014 0.053 1 1.04 0.064 0.037 0.054
0.'270 1 1.02 0.067 0.018 0.052 1 1.04 0.068 0.039 0.055
0.202 1 1.03 0.066 0.022 0,053 1 1.04 0.068 0.042 0. 064

1: 0.-133 I 1.03 0.067 0.022 0.052 1 1.04 0.068 0.042 0.059
0.067 1 03 0.066 0.020 0.054 I 1.03 0. 068 0.037 0.060

.0000 1 1.03 0.067 0.022 0.032 I 1.03 0.070 0.029 0.060
----------------------------------------------------------- - ----------------- ---



x/D -.+44

Weighted Data

Re No 87'400 Re w 110,000

,/CD/2) I U/Ub u'/Ub V/Ub v'/Ub I U/Ub u'/Ub V/Ub v'/Ub

.967 o 93 6.105 0.010 0,037 1 0.94 0.084 0.004 0,029
0:945 1O,98 .081 0.010 0.036 0 0. 99 0.078 0.006 0.031.
0. 877 1.02 0,071 0,006 0.027 1 1.02 0.062 0.003 0.023
0. 810 1 1.08 0.064 0.003 0.024 1 1.01 0.060 0.000 0.020
0. 742 1 1,04 0.067 0,002 0.022 1 1.01 0.053 0.000 0.020 K,-
0.675 1.03 0.057 -0.001 0.021 1. 02 0.054 -0.001 0.020
0.607 1 1.08 0.057 0. C,02 0.022 1. 01 0.062 -0.008 0.020
0.540 1.08 0.061 0.002 0.023 I 1.02 0.062 0.002 0.022
0.472 1 1.06 0.063 0,003 0.025 1 1.04 0.063 0.004 0.023
0. 405 1 1.07 0.072 0.005 0.027 1 1.05 0.067 0. 00• 0.024

. 337 1 1.07 0.071 0.005, 0.023 1 1.04 0.069 0.006 0.028
0: 270 1 1.07 0.078 0.007 0,029 1 1,03 0.071 0,006 0.020
0.202 1.07 0.078 0.007 0.030 1 1.04 0.070 0.00e 0. 027
0, 130 1 1.06 0.0S0 0.007 0.030 1 1.04 0,073 0.0083 01020
0.067 1 1.06 0.080 0.010 0.031 1 1.04 0.072 0.009 0.030
0.000 1 106 0.081 0.010' 0.031 1 1.04 0.073 0.009 0.03'2

----------------. ---------------------- m-----------

Uniweighted Data K,,.
Re a 57.400 Re = 110#000

------------------- - -- - -- - -- - -- -- - -- - --a-- - -- --aaaa-- - -- -

r/(Df2) I U/Ub uV/Ub viUb v'/Ub I U/Ub u /Ub V/Ub v'IUb
---------------------- W---------- --------------------------------- w---~---n---- *

0.967 1 0.98 0.118 0.029 0.065 1 0.9 0.083 0.021 0.0 63
0.948 I 0,91 0.097 0.031 0.066 I 0.98 0.079 0.025 0,064
0.677 1* 1.04 - 0.076 0.017 0.049 1 1.01 0.063 0.013 0,049
0. 810 1. 10 0.083 0.009 0.042 1 1,01 0.062 0.003 0.040
0.742 1 1.08 0.081 0.006 0.043 1 1.01 0.04 0,000 0.038
0. 675 I 1.04 0. 064 -0. 001 0. 037 1 1.02 0. 054 -0. 004 0. 039
0.607 1 1.08' 0.057 0.000 0.039 1 1.02 0.057 '-0.002 0.040
0.540 1 1.08 0.001 0.000 0.041 1 1.03 0.062 0.006 0.042
0, 471 1.06 0.064 0.001. 0.045 1 1.04 0.062 0.012 0.044
0.408 I 1.08 0.070 0.011 0,047 1 1.04 0.063 0,016 0.046
0.337 1 1.06 0.070 0. I12 0.080 I 1.05 0.066 0,020 0.047
0.2•70 1 1.08 0. 074 0. 019 0.051 1. 04 0.070 0.021 0. 048
0.202 1 1.07 0,076 0.019 0.052 1 1.04 0.070 0.025 0,050
0. 131 1 1.06 0.078 0. 020 0.054 1 1.04 0.072 0,027 0.054
0.067 1 1,07 0.078 0.022 0,069 1 1.04 0. 071 0,031 0.054
.0.000 1 1.07 0.078 0. 027' 0.052 1 1.04 0.072 0.035 0.0'8

------------------------------------------------------ -------------------------

. . . . *,~ *. . '.. -. . . . .



x/D "+5

Weightod Data

Re a 57,400 Re " 110#000

', w/(D/2) I U/Ub ul/Ub V/Ub V'/Ub I UlUb u'/Ub V/Ub v'/Ub

K• 0,67 I 0.89 0,131 0.009 0.033 1 0.89 0.104 0.003 0.026
0O943 1 0,92 0,105 0.007 0.032 10.93 0.097 0,002 0.025
"0. 77 1 .00 0,07 0. 005 .0,027 1, 100 , 0.06 0.002 0.022
--0.810 1 105 0.071 0.00 0.023 1, 101 0.064 0.000 0.020
0.742 1 1.05 0,054 0.003 0.021 1 1.02 0.038 0,001 0.020
"0.675 1 1.05 0.035 0.004 0.022 1 1.02 0.053 0,003 0.022
0 0,607 1 1.05 0.060 0.004 0.023 1 1.03 0,080 0.002 0.022
0.540 1 1.06 0.-063 0.003 0.025 1 1.03 0.064 0.004 0.023
S0.472 1 1.06 0.070 0.006 0.027 1 1.04 0.066 0,006 0.027
0.405 1 1 ,07 0.074 0,008 0.02( 1 1.04 0.068 0.008 0.028
0.337 1 1:07 0.078 0.011 0.034 1 1.03 0.074 0.00q 0.02-
0.270 1 1.07 0.089 0.008 0.031 1 1,04 0.079 O. 00% 0,030
0.202 1 1.07 O. 08 0.011 0.033 1 1.05 0.077 0.011 0.032
0.135 1 1.07 0.089 0.012 0.034 1 1.05 0.080 0.012 0,034
0.067 1 1.08 0.090 0.012 0.033 1 1.05 0.062 0.012 0.033
0.000 1 1,0. 0.0 oo0 0.013 0.033 1 1.06 0.079 10.010 0.031

--------------------------------------------------- ------------ ----

Unwoitghted Data

Re m 57,400 Re - 11OO00'
--------------------------- m ------- ----------- ----------------------------

ir/(D/2) I U/Ub u'/Ub V/Ub v'tUb I U/Ub u'/Ub V/Ub v'/Ub

0.967 1 0.99 0.131 0.028 0.064 1 0.90 0.100 0.010 o o.P3
0.945 •0•. 9, 0.118 0.021 0.058 1 0.94 0.087 0,009 0.052
0.877 I 1.01 0,102 0.015 0.047 1 1.00 0.068 0.007 0.044
o0.8o0 1 1.05 0.090 0.012 0.040 1 1.02 0.066 0.001 0,040 , ,
0.742 I 1.05 0.053 0,006 0.038 1 1.02 0,060 0,001 0.039
0.675 I 1.05 0,055 0.008 0.038 I 1.02 0.053 0,008 0.042
0.607 I 1.06' 0.060 0.007 0.041 1 1.03 0.059 0.007 0,043
0.540 1 1.07 0,064 0.006 0.045 1 1.04 0,063 0.014 0.046 -..
0.472 1 1.07 0.069 0.013 0.049 1 1.05 0.065 0.020 0,051

, 0.405 I, 1.07 0.074 0.021 O.030 1 1.05 0.068 0.026 0.053
S0.337 1 1,03 0.077 0.030 0.056 1 1.05 0.072 0.028 0.053
0.1270 1 1.08 0.085 0.023 0.056 I1 1.05 0.077 0.034 0.054

S0.202 1 1o08 0.06 0.029 0.056 o 1.06 0.076 0.035 0.057
A 0.1 1 1.07 0.086 0.031 0,058 o 1.05 0.079 0.038 0.067

0.067 1 1.09 0.088 0.032 0.055 1.06 0.080 0.035 0.057
"0.000 I 1,09 0.088 0.035 0.055 I 1 06 0.077 0,037 0.05"
----------------------------------------------------------------------------------
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FORE WORD

Ths ecnialreport provides a urnryo h accomplshments

relating to Contract Number N00013-80-C-0031 for the project entitled

"Turbulent Flow.ard Heat Transfer in Passage Around 1300 Bend -.An

Experimental and Numerical Study." The project was funded .:by the Of fice TIV
of Naval Research under the supervision of Mr. K. Ellinigsworth,

The work at the University of California, Berkeley, wvas~perfornied

in close collaboration-with Professor Brian E. Launder and his lresearch ...

group at the University of Manchester Institute of Science and Technology,.

Work at UCB emphasized measurements and compui tions in a 1800'bendbf,

squiare cross-section.' Limited measurements were also obtain~ad in A 1800

bend of circular cross-sect'ion. These new results are included vi. 0~e

present report. Work at LIMIST has emphasized pasurempnts -and computatinns

in a 180~ bend of circular cross-section. In addi1tiov~, nea~surement., weira

aiso obtained in a duct of square cross-section. The won~ at OMt4IT Is

reported elsewhere by Professor Launder.

While the studies at UCB and at UMIST progressed along. sep'avate

and distinct routes, efforts were continuously focussed oo perfumi~ng

compleme.'tary research activities and sharing rnowl;.dge at all levels

as soon as it was available. This interaction hat, strengi~hpi~ied and
stimulated the respective research proqraims. As a result,, considerable

prcgrass has been made towards measuring, understaod~ng and making

predictable the flow through strongly curved passages. However, as this

* report will explain, much work remains to be done.



": Iiii

ACKNOWLEDGEMENTS

It is with great pleasure that I acknowledge the many hours spent

with Professor Laundcr, planning, executing, and evaluating the work for

this contract. .In spite of the distance involved, our meetings were

frequent and the discussions most stimulating. Thanks are also due to

Messrý. R.W. Johnson. and H.. lacovides at UMIST for their significant r2

contribution to the progress of work at UCB.

I am sincerely grateful to Mr. K. Ellingsworth and to the Office

of Naval Research for mnaking possible this fruitful research collaboration.

V.,', '*, J.,

I- -



1. PROJECT SUMMARY

A brief summary is provided below of the most significant achievements

relating to the work performed for this conitract. The summary is divided

into two parts. .Section 1.1 evaluates the work performed in a curved

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

information obtained In a curved passage of circular cross-section. Where

appropriate, reference is made to publications already available.

1.1 Work in a 1800 Curved Passage of 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 2F

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

stresses alo'ng the streamwise and radial directions were made at

several longitudinal stations using the laser-Doppler velocimetry

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.

,3. The turbulent stresses displayed previously undocumented

anisotropic characteristics arising from shearing motions induced

in the core of the flow.

4. Measurements in the downstreamtangent showed drastic

reductions in the bend-induced secondary motion taking place in

less than five hydraulic diameters.

~~~~~~~~~~~~~~. r ................................................ .. ... ... ...............
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5. Numerical predictions of the flow using a semi-elliptic

procedure an~d a K-C model of turbulence yielded results in poor

agreement with the measurements. False physical diffusion and

the isotropic characteristics inherent in the model were thought

* to be the causes for the differences observed.

6. -Predictions with'an algebraic stress model also yielded

* results in poor agreement with the measurements. However, numerical

experiments showed that the algebraic stress model is capable of

resolving the anisotropy of the turbulence provided that the mean

velocity field is known accurately.

Among the recommendations evolving from the' study of flow through

"strongly curved passages of square cross-section were the following.

Recommenndations

1. More detailed measurements are required to understand the

process of flow relaxation taking place in the tangent downstream

of the bend.

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

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

predicting anisotropic turbulent flow through bends, the success of

this closure approach relies on a good spacial resolution of the

mean flow.

4. It should be established what are appropriate law-of-the-wall

relations for turbulent flows through strongly curved passages of

square cross-section.


