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ABSTRACT

A laser Doppler velocimeter is constructed and used to
make flow measurements in circular Couette flow. The flow is created
between concentric cylinders with a small gap-to-radius ratio, and
measurements of the velocity profiles are made in both laminar and
turbulent flow regimes. Distortion due to end effects is noted in
the Taminar case, but the turbulent case is shown to conform well to
a three region mode]. A study of the mean velocity profiles allows
estimates of skin friction and Reynolds stresses. Turbulent velocity
fluctuations are also estimated from the laser Doppler technique, and
their intensity compared with existing results for plane Couette

flow.
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1. INTRODUCTION

P1ahé Couette flow is the simplest form of shear flow to_freat
| mathematica]]y,-buf is ‘very difficult to creafe physically because of the
difficﬁ]ties involved in avoiding‘boundary effects. It ié for this
reason that rotating concentric cylinders with a small gap-to-radius
ratio are often used to appfoximate the flow because of theirvphysical'
simp1icity. The shear flow between rotating concentric cylinders is a]soi
interesting in its own right because of the aﬁp]ication to journal bearing
.design, or indeed any 1ubricated rotating system.

The number of workers who have made measurements in circu]af
Couette flow since it was initié]]y studied by Couette1 [1870] is small.
Some of the wokkvinc1udes_the studies of Sir G.I. Tay10r2’3 [1923 and 1936]
©S.1. Pai® [19397, and D.C. McPhail [1941]. Further attempts have been
'made.to measﬁré plane Couette flow using immersed rod technigues by H.
Reichardt5 [1955], and with pitot tubes_and hot wire anemometry by
Robertson6 [1959]. More recently the work of Coles and Van Atta7 [1965]
and of Co]es8 [1966] has produced information on spiral turbd]ence and:
accurate measuremehts of 1aminar-qircufér Couette flow with end effects.
Robektson and Johnson9 [1970]‘have made measurements of thé turbulence
structure in pTane Couette f]ow usfng conVentfona]ltechniques.

With the advent of the laser, it became possible for the
first time to émp1oy optica] téchniques for flow ve]ocity'meaSureménts,

and this was demonstrated in 1964 by Yeh and Cummins10 with their

!



"laser-Doppler" velocimeter. This type of meésuring technique Tends
itself to velocity measurement in circular Couette flow because the
probe is simply an>e11ipsoid of Tight, with no potentially disturbing
intrusions into the flow. For this reason, and because there are

few known published measurements of turbulent circular Couette flow,

it was decided a laser Doppler system shou1d be developed and velocity
measurements taken.

The system, which will be described in detail in a later

'chabter, essentially consists of two beams of lasér 1ight which cross.
The small vo1ume where they cross is the point of measurement with
small part1c1es whieh move with the fluid generating a frequency pro- -
portional to velocity. Typical laser Doppler signals are shown in
Figure 1.1. The measurement of any mean velocity merely requires ﬁhe
ability to measure the meen freQUency; while to measure a f]uetuéting
velocity requires an ability to follow the ehanges in frequency.

In tne report which follows is e description of circular
bouette f]ow,‘beth Taminar and turbulent, and measurements which have
been made in water cdntained in a circular Couette flow apparatus.
Mean velocities have been measured, as well as some representative
measurements of turbulence intensities and core region profile

“slopes.



2. THEORY

2.1 Laminar Couette Flow

The study of the laminar regime in circular Couette flow is
of interest in that the theory is well developed and allows for accurate
prediction of the velocity profiles of the flow between infinite cylinders.
Laminar flow is also free of turbulent velocity fluctuations, so
measurements can be made of the spectral or ambiguous broadening of
the signal, an effect which will be discussed later in the text.

The ideal plane Couette flow profile is shown in Figure 2.1(a).
This is creatéd by an infinite upper plate moving with a velocity UO
with respecf to an infinite stationary lower plate. The intervening
fluid, which is incompressible, shears in such a way that the velocity

at any height y is given by the relation:

Uy
y = 2> | 2.1
h .
where h is the distance between plates. Furthermore, for Taminar flow

of a Newtonian fluid the shearing stress t, is proportional to the slope

2
of the velocity profile i.e.:

R v 2.2



This shearingjstress increases rapidly onn transition from laminar to
turbulent flow.

Tﬁe exact profile of Couette flow between infinife concentric
rotating cy]iﬁders can ‘be predicted by solving the Navier-Stokes equations
for incompressible flow (see Appendix I). The tangential velocity
component is inen by:

2
1

1 r r2
2 2

_ 2
U = [rlupry - wyry)-
Y‘Z “. Y‘-l r

(m2 - w1)] 2.3

where r and r, are the radii of the inner and outer cylinders respective]y,
which rotate with angular velocities o and Wy« A11 measurements reported
in this study have been made with the inner cylinder fixed, i.e., wy = 0,

so that Equation 2.3 reduces to:

U_ '—'. > 2 [Y‘u)zY‘Z - w2 ] 2.4

Equation 2.4 is the basis of the theoretical curves plotted with measured

laminar results.

2.2 Turbulent Couette Flow

Rdbertson [1959] has observed that his measurements of plane
Couette flow in air line up well with Couette's concéntric cylinder
results. Thus, for the purposes of this study, the thrbu]ent Couette
, flow between the cylinders is approximated by plane Couette flow because

of the small ghp to radius ratio of the apparatus (1:21). That the
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effect of curvature is minimal is borne out by the experimental pro-
files described in Chapter 4.

Turbu]ent plane Couette flow is approximated by three regions,
| as shown in Figure 2.1(b) after Reyno]ds]1 [1963]. These are the so-
called "viscous sublayers" at either wall, a log-law region further
from the wall, and a linear region in the core.

The viscous sublayers are assumed to have a'Reyno1ds nuhber
so small that the Reynolds stresses are negligible, and that their
thickness is of the ordér 10v/u, [Tehnekes and Lumley, 1972].12 Further-

more, experimental evidence from pipe flow [Hinze, 1959]]3 suggests the
| profile is more accurately abproximated by assuming the eddy viscosity
is nowhere larger than 0.07 bu,.

The.vfséous sublayers are assumed to‘change abruptiy to a log
region, which extends well into the gap before merging into a 1inear‘
region in the core. At the matching point, the core region velocity
U and slope %%— are equal to the ve]ocity and slope of the log region.
The composite Ve]ocity profiles have been worked out both with and
without Hinze's restriction and can be Found in Appendix II. These
curves are plotted in conjunction with measured values, as describedb -
in Chapter 4. )

The ghearing stress T remains-constant across the gap (to é»
first approxihation), and is equal to that at the wall (TO). This |
stress consists:of the laminar éontribution given by Equation 2.2 plus

 the turbulent contribution Tes where

= A_(2°) 25
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with y measured from the stationary wall. The total shearing stress
is then given by:

- = - oy
T = 1 Tt Ty (u+AT) 3y 2.6

where AT is a mixing coefficient for the Reynolds stress in turbulent

flow.

2.3 Reynolds Stresses

In addition to measureﬁents of the mean velocity profi]eé,
estimates of shear stresses are reported in Chaptef 4. These shear
stresses, or Reynoids streéses, arise ffom the interaction between
the u' and v' components of the tUrbu]ence, as long as a shear layer

exists, and can be demonstratedvas the mechanism by which the wall stress

is imparted to the opposite wall.  For turbulent flow far from the
‘wall, T, >> T,, hence
T:;\ia_:g?.g '
Ty TPy 2.7

where p is density, and € is eddy viscosity. From mixing Tength con-

-siderations, the fd]]owing equalities are valid: (see reference 12)

2

} —r a0 _ 2, sl
T = -pu'v' = pe+— = pi (-Ey

3y 2.8

where -u'v' is a Reynold's stress, and £ is a mixing length.
Von Karman made the assumption that turbu1ent fluctuations
are similar at all points in the field of flow. The mixing length %

can be chosen as the characteristic linear dimension for the fluctuation.



A friction ve]oc1ty, Uy, Which is character1st1c of the turbulent

motion, can be defined in terms of the shear stress as fol]ows

= lutvi| 2.9

As seen from Appendix II, the value of u, can be arrived
at through the measurement of the velocity profiles. From these
measurements, the Reynolds stress is estimated for turbulent circular '

Couette flow, and reported in Appendix VI.



3. INSTRUMENTATION

3.1 Background

The fact that the Doppler shift of laser 1ight could be
used to measure flow ve]ocities-was first demonstrated by Yeh and
Cummins]O [1964], and subsequént investigations by Goldstein and Kreid]4
(19671, Rudd'® [1969], Durst and Whitelaw'® [1970], and Greated'’ [1971]
have all served to extend the technique. It is now commonly accepted
that there are two separate and distinguishable modes of optica]
velocimeter operation, these being the reference beam technique (optical
heterodyning) and the dual.scatter mode (fringe pattern)(see Figures 3.1
and 3.2). The theory governing, these differeht points of view is described

in Appendix IV. The measurements performed during the course of the

investigation reported herein were made with a dual-scatter system.

3.2 Components

Shown in Figure 3.3(&) is a block diagram of the dual scatter
system used, while Figure 3.3(b) shows a photo of the experimental set-
up. The beam source was a 15 milliwatt Spectra Physics Helium-Neon laser
bperating in the TEM-00 mode.‘ The 1ight wavelength was 6328 Angstromé
and the beahvdiameter at point of splitting was 1.2 millimeters. vThe-
splitting was accomplished using a fifty percent beam splitter which
gave two beams at an angle of 90 degrees. They were realigned parallel

to within 0.1 percent using a front silvered mirror. Individual beam
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intensities measured between 5 and 6 milliwatts, indicating a certain’
amount of loss from the reflecting surfaces. The gap between the béams
was measured as 11.68 millimeters. |

An off-the-shelf 100 millimeter focal Tength lens was used
to focus the 1light beams into a focal volume of approximately 0.07
millimeters in diameter and 0.64 millimeters in length. The resulting
set of interference fringes was then imaged to the detecting surface 6f
a Motorola PIN photodiode in an amplifying circuit by a 50 millimeter
foca] length PHYWE Tens. The time varying signal frequency (whose
‘mean covered a range of 2 to 200 Khz) was caused by foreward écattering
of Tight from particles passing through the bright fringes at varying
Speeds. It wa§ then baﬁd pass fi]tefed to remove Tow and high'frequéncy
noise by a pair of Krohn-Hite modé] 3202 R filters before being fed into
a DISA type 55L30 preamplifier. 'The DISA type 55L35 frequency trackéf
was then used to convert the frequency to a voltage, and this voltage
was measured by DC and true RMS voltmeters (DISA type 55D30 and type
55035 respectively). Visual monitoring of the signal was maintained-
throughout the experiments by a Tektroniés model 502A dual-beam

oscilloscope.

3.3 Calibration

‘The calibration of the DISA tracker was carried out as follows.
In order to ascertain the accuracy of frequency to voltage conversion, a
sinusoidal signal of known frequency’was fed into the tracker unit from

a signal generator, and the analogue output was measured by digital
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voltmeter. In all ranges tested, the tracker performéd to manufacturer's
specifications of 1 percent accuracy. Calibration curves appear in
Figure 3.4(a). The AC capabilities of the DISA system were measured by
triggéring the signal generator with a second signal generator such
that an artificial frequency modulation (slew rate) of the sinusoidal
signal was created. The capture bandwidth, i.e. that region centred on
the centre frequency (selected manually) was kept at its maximum of 8
percent, and the range of frequency fluctuations was varied up to 50 percent
of the DC frequency. These curves appear in Figure 3.4(b). (See also

Appendix V).

3.4 Signal Broadening

The signal being tracked is of the form

f = fsinut+f 3.1
0 1 ‘

‘where f1 is the DC component, fo the range of fluctuation, and w the
frequency of fluctuation. Ideally if the probe volume were infinitely
small and if the particles were in a continuous stream, the frequency f1
would be given by the following:

£ o= - 2U

1 ——X—S1n9

3.2

where U is velocity, A is wavelength of the laser light, and 6 the half
angle of intersection. The frequency f] is directly proportional to the
DC voltage from the freduency tracker. Similarly, with fo the average

amplitude of velocity fluctuations and w their frequency (the majority less
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than 100 hz), the RMS voltage from the frequency tracker should be
directly proportional to the RMS of the frequency fo’ hence also the
velocity fluctuations ijTEH. However, there exists in all optical
anemometers an ambiguous broadening of the signal, which adds an uncertain-
ty to any measured RMS values of voltage. ’Physica11y, this effect arises
from the fact that o is indeed a range of angles dependent on the beam
diameter and lens focal length. An ideal representation of this
broadening is obtained by differentiating Equation 3.2 with respect to

6, giving

| Efl‘ = f, ctn 6 A 3.3
de 1
In practice, however, it is often more advisable to measure the broaden-
fng directly frbm a known laminar flow where f1uctuations of ve1ocityv
(hence frequency) do not exist. The broadeﬁing is then corrected for
directly by subfraction of the mean square voltages from the turbulent

and laminar contributions as follows:

Af 2 '
LU (- L e S DL 3.4

v s T T1am

where Afﬁ is the measured broadening in laminar flow. (see Reference 19)
- It must be noted that the use of Equation 3.4 as shown above
represents a simp]ified approach to the problem of broadening. Generally
in turbulent flow there exist the following effects: broadening due to
variations in velocity across the scattering (probe) volume, AfT; and

broadening due to the fluctuations of volume averaged velocity, Afuo.
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Other factors which contribute to the broadening of the Doppler spectrum
are gradients of mean velocity acroos the scattering volume AfG;
Brownian motion of scattering particles, AfB; and the non-monochromaticity
of the laser light source, Afs. Assuming these effects to be Gaussian,

the bandwidth observed would be given as follows:

2 2

aF = aflu & off 4 afl 2

2 ' 2 2
Tt Afz + AfG + AfB + Afs 3.5

At present, nothing can be said of the contributions of the last three
terms, except that they are small with respect to the first three. We
are left with:

2. af2 = af% 4 oaf

2
A uo T

Af 3.6

The existence of Af%

into the turbulence measurements. For this reason, the results obtained

is the factor which introduces the uncertainties

using Equation 3.4 will be greater than the true values by an amount
Af

( 711 ).  The jﬁstification fpr not attempting to compensate for this
factor is that uncertainty of beam position (as described in the next
section) is of the order of three percent. It also varies as the
cylinder rotates because of its eccentricity, although refractive effects
of the wall are negligible. The error introduced by AfT is small when
compared with this effect.

Shown in Figure 3.5 is a calibration curve of the laminar
broadening, which indicates a slight variation of the percentage with the
output voltage of tHe tracker. :Correction of furbu]ence measurements Was

carried out utilizing this curve, i.e., the value of ambiguous broadening

was chosen depending on the mean D.C. voltage at the measuring point.
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4. MEASUREMENTS AND RESULTS

4.1 The Flow Apparatus

The Couette flow under investigation was set up using water
contained between two concentric plexiglas cylinders 24 inches in height
and of radii 20.95 and 22.08 inches respectively (see Figure 4.1). The
inner cy]inder remained‘fixed'at all times, the outer cylinder rotatjng
at various speeds, governed by .a VARIAC controlled 1 1/2 horse power
electric motor which drove a reduction gear system, which in turn drove
the cylinder via é belt drive. Due to the large inertia of the cylinder
(wall plus base weighed over 100 1bs.), high frequehcy velocity fluctuations
were eliminated. Long term drift in rotational speed was observed,. but
did not exceed 2 percént., Since measurements were made with the motor

well warmed from running, drift was not expected to be a major factor.

4.2 _Procedures

Ear]y‘measurements cqnsisted of traverses across the test{
section in order to get representative laminar and turbulent ve]ocity'
profi]es, while in later measurementé turbulence intensities and
Reynolds stresses were also attempted. The measurements were accomp]isﬁed
by mounting the optical componénté-of the LDV on a moveable lathe bed.

Thé large mass of the lathe bed reduced vibration to a minimum; énd
by moving the optics in the horizontal direction (normal to the cy]inder

walls) the beam ihtersection could traverse the gap. Displacement was
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measured to 0.001 inches by a micrometer fixed to the stationary part
of the lathe bed. The receiving’optics were mounted on a 0.5 meter
optical bench, which in turn rested on a flat 0.5 inch thick base plate with
rubber mat supports as vibration isolation.

Profiles were taken at varying heights above the base of the
cylinders in an attempt‘to find a region of the flow WHich was re]ativeTy
free from end effects. Unfortunately, since the height was of the same
order as mean cylinder radius, end effects appeared in the laminar f19W
regime. Most traverses were made in the regidn between 2 and 4 inches
below the free surface.

The wafer between the cylinders was seeded with small,
approximately neutrally buoyant (density 1.05 gm/cc) polystyrene spheres
of mean radius 0.372 microns in a concentration of about 1:100,000 by
volume so as to increase the scattering of light to the deteétor. Drop-
out. (Toss of signal) due to insufficient numbers of scattering centres
was thus eliminated. However, refractive effects of the moving plexiglas
caused the beams fo misalign momentarily, placing an uncertainty on
measurements which will be discussed later ih the text.

Traverses were carried out in approximate steps of 0.05
inches, some to within 0.15 inches of the inner (stationary) cylinder wall.
Closer proximity resulted in a D.C. flow frequency below the 1owef Timit (2
Khz) of the DISA tracker, and therefore loss of tracking. The resulting
profiies were then corrected for mean refractive effects on mean beam |
intersection position, normq]ized, and plotted.

In all, twenty-two traverses were carried out successfu]]y,'

7 in the laminar regime, 12 turbulent, and 2 in a regime_which was
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assumed to be partially turbulent (trahsition).' Flow visualization
was attempted using dye. It was noted in the case of transition that the
streaks exhibited laminar stability for much of the circumference, then
rapidly broke into turbulent eddies and became well mixed. This
phenbmenon has been studied by Coles and van Atta [1966], and would
lend itself readily to investigation by LDV methods.

In each traverse, care was taken to make readings at the
same point on the outer cylinder circumference in order to minimize the
s]%ght effect of eccentricity, which was meastired to be 3 percent of

the gap width.

4.3 Analysis

The parameters measured were as follows: the position of the
probe volume; the voltage (DC and true RMS) output of the frequency tracker;
the mean frequency (as displayed on the tracker meter unit); and the
percentage signal drop-out. The rotational speed of the outer cylinder
was timed so as to give an independent measure of the mean velocity.:

Throughout the experiments, it was discovered that the
instantaneous mean velocity fluctuated up to 4 percent around the circum-
ference. This was attributed to the eccentricity'of the cylinder as
previously mentioned, i.e. that the probe volume did not remain at a
constant position 1in the flow. However, since measurements were taken
on a damped voltmeter, and at the same circumferential position, this

effect has been minimized.
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4.4 Laminar Profiles

A total of seven laminar profiles were taken, at depths
ranging from mid-height to within 0.5 inches of the free surface of the
water. In all caées, consistent behavior was noted, with curvature
markedly greater than predicted, probably as a result of end effects.
This phenomenon has been noted by Coles [1966], in which laminar flow was
maintained for Reynolds numbers up to 9,000. During the course of
the present investigation, transition to turbulence was complete at
Reynolds numbers of the order of 5,000. Comparison of two of the present
results with those of Coles are shown in Figures 4.2 and 4.3. As well
“as mean velocity measurements, RMS voltages were also taken as a measure
of the spectral broadening of the system. It was found that these values
did not remain constant as expected, but appeared as a slight dependency
on the mean voltage output of the tracker. Corrections to turbulent
RMS voltages have been applied accordingly. Complete data from the

laminar measurements are shown in Appendix VI.

4.5 Turbulent Profiles

Turbulent circular Couette flow as observed during the course
of this study has exhibited reasonable agreement with the three-region
theoretical model as described in Appendix II.  The turbulent profile
is highly dependent on the value of the friction velocity u,, as well
as assﬁmptions made about the eddy viscosity . Appendix VI shows calculated

parameters as a function of Reynolds number, while representative
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turbulent profiles are shown plotted inAFigures 4.4 and 4.5. The
measurements were made in the region between 2 and 4 inches below the
free surface. Measurements were made successfully up to Reynolds numbers
of the order of 16,000; beyond this point the tracker could not follow
the flow due to distortion of the probe volume as a result of the rapidly -
rotating cylinder. Turbulent flow data is also contained in Appendix VI and
a plot of core region slope against Reynolds number is shown in |

Figure 4.6.

4.6 Spectral Broadening

Since the ana]yzjng equipment was readily available in the
audio frequency range, measurements were made of the laminar flow
spectrum in order to observe the ambiguous broadening of the LDV signal.
Shown in Figure 4.7 is a typical spectrum which corresponds to a
veTbcity of about 4.8 cm/sec at the 17 Khz peak. The existence of the
secondary peak at 12 Khz is puzzling and unexpected, and it has been
interpfeted as a function of the moving plexiglas. Band pass filtering
of the signal was used to reduce this effect, but this may still be a
source of uncertainty in the calibration of the ambiguous (spectral)
broadening.

4.7 Measurements of u'2

/2
Measurements of UU were performed by correcting the measured
RMS voltage for spectral broadening, then arriving at a percentage value

by dividing by the mean DC voltage. Shown in Figure 4.8 are the values
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for Reynolds numbers of 6,256, 10,820, and 15,700. Robertson and
Johnson [1970] report similar percentage values for measurements of u'
in air. There appears to be a slight Reynolds number dependency evident
from Figure 4.8, and this is contrary to the observations of Robertson
and Johnson, which indicated that turbulence intensities were independent

of flow Reynolds number.

4.8 Measurement of Reynolds Stresses

As described in Appendix III, the values of the Reynolds
stress u'v' can be measured by taking the.difference between the RMS
voltages measured from each configuration (Figure 4.9). In order to
simplify data reduction, the angle of fringe pattern rotation should be
plus and minus 45°. Sample measurements of u'w' were made with the LDV
probe volume directed nofma] to the cylinder wall. These results had
large scatter, but were distributed about zero as expected due to the
negligible shear in the z direction.

Attempts were then made to probe the flow from an angle
different from the normal in an effort to get a component of u'v'.
These were unsuccessful due to the increased reflective loss of light
intensity caused by an increased angle of incidence, combined with

difficulties involved in the location of the light receiving optics.
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4.9 Measurements of wl2

As described in Appendix III, the slant fringe technique
permits the measurement of thechféncomponent of turbulence.
Representative values for the case of Re = 10820 are shown in Figure
4.10. It will be noted that these values are substantially smaller
than the ij?gnu values, and that they tend to approach zero further
from the wall than the u' values. The large scatter encountered in
measuring the rms voltages in the slant configurations make the

accuracy of the w' measurements open to question, however it is

probable that the indicated trend is accurate.
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5. DISCUSSION

From the values obtained for mean flow velocities, it is
seen that circular Couette flow in water is consistent and predictable.
Using the mean profiles, and law-of-the-wall aséumptions, it is
possible to arrive at estimates of the friction éoefficient Cf, the
friction ve]oqity u,, and the shear stress 7. These values can then
be compared with previous results and appropriate conclusions drawn.

C]auser]8 [1954] made extensive boundary layer measurements
in a wind tunnel, and from these results was able to obtain a family of
universal curves with Cf as a parameter. Experimental points taken
near the wall are plotted, and Cf is determined by selecting the
appropriate curve which fits the points. Shown in Figure 5.1 is the
determination of Cf forUthe turbulent profiles reported, with U/UC
plotted agaihst 10910 {59-. As can be seen, allowing for scatter
yields a friction coefficient in the order of 0.0035.

The previous results of Couette in water and Robertson in
air showed a dependency of the Cf value on the Reynolds number given by
the relation 0.072/(1ogR])2. This relation is not apparent in the |
values reported in this study, although the values fall within a range
shown in Figure 5.2, after Robertson and Johnson. It is feTt that more
accurate determination of Cf might result from torque measurements,
rather than from log law inference as reported.

The friction velocity u, is related to the shear stress

T by
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U, = /(Eﬁ : 5.1

= 21
Cf - U2 5.2
*
Thus u, can be estimated directly from the Ce value by
C
e = u VL 5.3

Alternate values of u, are arrived at by solving the equation for the
velocity profile as given in Appendix II. Measured and calculated
values of u, appear in Appendix VI. |
Further manipulation of the above relationships, combined
with the core region slope %g-y1e1ds a mﬁazure of the eddy viscosity e.
From this the turbulent Reynolds number —%—-can also be found. This
should remain apbroximate]y the same for the range of Reynolds numbers

measured. The pertinent equations are as follows:

= & ¢ 5.4
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The normalized core region slope S is given by

d(5) _
- c _ b du
S = v S T dy 5.5
d(Z_b) C
SO
UC

These values also appear in Appendix VI, accompanied by some representative
results from previous work.

As justification of log law relationships in the wall region,
plots have been made of the normalized profiles on semi log paper, and
the Tinear region becomes evident, as shown by the representative profile
in Figure 5.3.

The RMS values of the turbulent velocity fluctuations in the
circumferential (x) direction (i.e. //3?33U ) displayed a consistency in
the core as expected, although the apparent sTight Reynolds number dependency
is surprising. The core region of the flow stays relatively constant
in intensity, with a slight increase in the vicinity of the moving wall.
This has been observed in previous work (Robertson and Johnson) as a more
pronounced effect, and was also constrained to a thin layer closer to the
wall. Of coursé, in the very near wall region, u' is expected to approach
zero as a result of the dominant viscous effects, and this justifies the

plot in Figure 4.8 being extended to the moving wall.
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The most probable explanation for the rather broad region
of increased turbulence intensity near the outer wall is that the wall
is fluctuating some 3% of the gap width in position. This is due to
the eccentricity effects cited earlier. Consequently, due to the fact
that fairly long (up to 30 seconds) integration.times were used in the
RMS voltage measurements, a broad portion of the wall region has been
samp]ed. The stationary wall region has the higher turbulence
intensities, and had it been possible to make measurements in this
region, the'higher intensity would have been correspondingly more
narrow because of the better spatial resolution. However, the low
mean velocities in this region give rise to frequencies below the lower
1imit of the tracker, and thus measurement is impossible. One of
Johnson's 1970 values for plane Couette flow in air has been included

in Figure 4.8 as an indication of general agreement.
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6. CONCLUSIONS

Laser Doppler velocimetry has been successfully used to make
measurements of velocity profiles in both laminar and turbulent circular
Couette flow. Physical limitations inherent in the apparatus have
introduced an uncertainty to measured values close to the moving wall,
while the natural Timitations of laser Doppler systems have prevented
measurements from being taken in the low velocity region close to the
stationary wall. These limitations are the finite dimensions of the
focal volume (0.64 mm in length) and the lower limit of velocity
resolution (about 0.6 cm/sec). However, accurate measurement of core
region slopes for varying Reynolds numbers has allowed the determination
of the skin friction coefficient for the plexiglas cylinder, and
subsequent estimates of shear stress and Reynolds stress. Furthermore,
the complete turbulent profile across the gap has been shown to
approximate a three region model as first proposed by Reynolds [1963]
in studies of bearing turbulence, while laminar measurements have
confirmed the existence of profile distortion, probably due to end
effects, as observed by Coles.

Laser Doppler methods as. applied to the measurement of tur-
bulence intensities produced resu]ts which had somewhat greater scatter
than those observed by conventional techniques in air. Also, turbulence
intensities showed a slight Reynolds number dependency, which is
contrary to findings in plane Couette flow in air. The air measurements
were in a higher Reynolds number range, but further work is indicated

in this area.
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Estimates of the Reynold's stress Uw' in the core from
slant fkinge methods were found to exhibit scatter about zero as
expected. The technique was also applied in an effort to measure
u'v', the Reynold's stress which dominates because of the non-isotropy
of the flow, but this was unsuccessful for reasons discussed in the
text. | |

The w' component of turbulence reported is lower than the

u’ component, and does not exhibit an increase near the moving wall.
Its measurement comes about from the slant measurements, and is
subject to large scatter. Due to the small number of points, no con-
clusions can be drawn other than that the intensity is low.

It is felt that LDV methods can be significant in taking
measurements in difficult situations. Further work in Couette flows
is feasible; of special interest would be the transition regime. |
The obvious advantages of the LDV system, i.e. the absence of flow-
disturbing probes combined with a linear response, make it the most
practical tool available for this type of measurement. The versatil-
ity of the system will make it the Togical choice for many future
applications. |

The significance of this work has been to provide measure-
ments of circular Couette flow which haVe not been affected by the
presence of a probe. Whether or not a probe does produce a sub-
stantial disturbing effect in measurements of such a flow has not

been investigated in this study, but the possibility has been removed

by the use of the LDV technique.
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APPENDIX I

EXACT SOLUTION OF THE NAVIER-STOKES EQUATIONS FOR LAMINAR
CIRCULAR COUETTE FLOW

We have:
ou Ju, 1 23p azu.
at axk o) Bxi axk
au
i S
Bxk
Since the flow is parallel,
u; = u](xz, t) 2
u, = us = 0
Defining vorticity, i.e.:
ou., au
wj =_1____k. 3
8xk BXi
leads to the vorticity equation:
2
DwJ EEJ. awj an au 2 wj
— - Wy = —J 4 Uy - W =V —5 4
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The first term on the left represents'tota1 variation of vorticity

with time, while the second term represents deformation of a vortex

tube. The right represents diffusion of vorticity due to viscosity.
In two dimensional flow, deformation terms vanish, and

4 becomes:

ow W 82w

—+uyuy — = VvV —5 k=1,2 5

k 2
ot axk axk

Introducing the stream function y, where

Y oY
—— = u —_— = - U 6
1° 2
ax2 8x1
and
2% 2%y
w ==-(—5+—5) = - A 7
2 2
8x1 8x2
gives
3y Y BAY 8P dAY
+ - = VAAY 8
ot 8x2 ax] ax] sz
This is the vorticity transport équation. In steady flow (no time
variation) this becomes:
Y AP Y AP
= VAAY 9

ax2 Bx] 'ax1 3x2
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Hamel found solutions of 9 such that -

Ad = 0
o= f(9) ,
Ay # 0

Introducing an analytic function W(Z) = W(x] + i x2) such that
w(z) = ¢ + iH 10

Hame] found that if the analytic function W satisfied the following

condition,

d2u/dz?
2
)

2 a + ib = const. 11

(dW/dz

the function f(¢) satisfies the following:

FUFh = W[FTY + £ (aZ4b2)+ 2Fa] 12

(primes refer to differentiation w.r.t. ¢)

Integration of 11 gives

) |
¢ = =% f(alogr+bo)+ao . 13
a+b® 0

where ¢o is a constant of integration, and.the polar coordinates r

and 6 are defined by



i0
z-2 = re

The streamline ¢ = constant

i.e. a log
are concentric circles

The velocity components are:

-ab f!

‘w1th z0

r + b 0 = constant.

r = constant.
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const. 14

is a logarithmic spiral,

When b = 0, the streamlines

. = 7 T 15
a2+b
2a f'
4y = 55 — 16
o » a2+b2 r
For b = 0, Equation 12 gives
| -— 2
f' = C+r" (A+B logr) 17
with
g. =0 q, = Z-(E-+ Ar + Br Tog r) 18
r > 8 a '‘r -

For the case of two concentric rotéting cylinders, constant B must

be zero because the pressures at 6

Thus,

. 2 C :
% = g rAT.

O and 6 =8 + 2r are the same.
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Applying appropriate boundary conditiohs leads to the velocity com-
ponents as stated in the text. |
Since fhe'gap is small with respect to the radius, we may let
r= " + A, where " is the inner cylinder radius, A is variable, and-
f£-<< 1 everywhere. |

1
Then,

20

A
r] (]+ F")

: + Cz(r]+A)

Expanding by the binomial theorem gives

- A
qe—Cr +F—+CA+C]( 2)

= A' +B'A , -2

c o o
=t

"

>
|
o
s
+
-
[we)

where

1]

Since Gy = 0 when A =0, A' =0, and Qg = B'A = B'(r;r]).
So to a first approximation, g is a linear distributicn, as in
the plane case. This result indicates that the small gap-to-radius

ratio justified the use of a plane model in the turbulent flow.
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A THREE REGION MODEL FOR TURBULENT COUETTE FLOW

(a) No modification

33

Starting from the a priori assumption of — < 10 (i.e. that

the viscous sublayer thickness is

the Tog law in the wall layer.

Region 1. Viscous sublayer:

10v
)

oU
T = T = pu u —
0 * 3y
Integrating gives:
2
U =
\Y
Region 2. Log law region
ou Uy
ay Ky
where x is von Karman's constant.
Integrating gives:
f] 1
= log y + C]

the velocity can be matched to
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10v

Matching velocities at y = T gives C], and 4 becomes:
*
u _ 1 U
E;'— E]og(—\)—)--lz1og10+10 5

Region 3. Linear Region

From the scale relation between vorticity of the turbulence
and vorticity of the mean flow, we have

u al
x %y — 6

L 3y

where o is a coefficient of order 1 and % is a length scale of thev

turbulence. Assuming & = b in the core, 6 above integrates to

U . ¥y
Uy a]b ) 7

We know U = UC at y = b, thus:

U_:l_{-.u_c._-l_ 8
Uy a]b Us
1

Matching derivatives between Tog and linear regions at y = Yo'

3U Uy _ Uy
_3—_)7 . E" = <y SO bOL-I = Ky
y=ym
ba]
and y = —
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Matching the velocities at Yo We obtain a relationship between
U

< and s as follows:
*

u ba, u,

U 1y e 1 _ 1 151
™ i T - 1og ( = \)) - 109 10 + 10
y=y
m 9
Uc Uc bUC bUC o <
or « U;—+ log T = 109(—;—) + 109(—;—) + ]og(TEE) + (10k-1) + E;
buU UC
For any given Reynolds number (—59) this equation relates a, to (G—J.
U *
If o is chosen by means of a best fit to a measured profile, EE' can
: *
be estimated from this equation; alternatively, if a£~is found using a

*
best fit to the log law region (Clauser technique) then 0y can be

estimated using this equation (all profiles showed an 0y in the range of
0.05 to 0.1). In either case, the equation above assumes a known

viscous sublayer thickness, which is built into the derivation above.

(b) The Three Region Model with Hinze's Modification

In the three kegion model, the effective kinematic viscosity

(e = T/Q%g ) is constant in the core region and varies linearly in the
Tog region, since T is constant to a first approximation. Thus, ¢
reaches a maximum in the core region, and if this value is given by

e < 0.07 bu,, then the value of ap is equa]bto 0.07, i.e.:

N

DU
e = 0.07 bu, = 10
P

=
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from the definition of ¢, and the fact~that T

pu*2 = constant.

ou _ Ux
However, — = — — in the core, so that
3y b o
2
U*
0.07 bu, = , or a, = 0.07 . 11

* ]
b 0y

If € reaches a maximum less than .07 u, in the core region,

then the previous model, described in (a) is applicable.
Uy
Using ay = .07, and Equation 9 the value of g can be found,
Ub o
for any (—%—) within the assumptions of the three region model with the

assumed viscous sublayer thickness. The friction coefficient

Uy Ub
(Cf = Z(U—)Z) can be found as a function of —%—-within Hinze's assumption
o

and is plotted in Figure 5.2 for comparison with other data.
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APPENDIX III
MEASUREMENTS OF REYNOLDS STRESSES BY LASER DOPPLER VELOCIMETRY

Consider the simplistic approach as shown schematically in
Figure 4.9. We have measured voltages which are directly related to

ve]otity by a constant K, both mean and fluctuating thus:

' U
K E = U = —
4 N |
1
Ke' = qi

For the two configurations shown, we have the following equations:

'I -
U +uy = — (U+u" +w') 2
- o
Vot o= (Ut - W) 3
V'

Taking root mean squares of Equation 2 yields the following:

(Y + QL)Z = UE +20,u " 4 QL'Z
- 2 2 ) 1 2
K (E] + 2E]e] + ey )
|2
- 1 & .
V/ (qL + o, = KE](1 + 7 —37-+ higher order terms) 4

m



Operating now on the right hand side of Equation 3 yields:

%(U+u'+w')2 = %(02+u'2+w'2+2u(u'+w')+ 2u'w')
o 2 2
1 —_— U 1 u' T w' u'w'
—_ Mgyl = — (1 + 55—+ 5 =5 + =
+ higher order terms)
Similarly Equation 3 yields
e e'2
V/ (YL + !L‘)Z = KE, (1 + %—:%—-+ higher order terms)
E
2
and
1 /= 7 U el ouwf 1wl
S (U + U -w ) = J7 2 02 2 02 U2

+ higher order terms)

Subtracting Equations 6 and 7 from Equations 4 and 5 results in

1}
[Tt

where E = E o - Recalling Equation 1, this simplifies to

—
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where K is the calibration constant which is a function of the laser
Doppler system.

By adding equations 5 and 7, and equating their sum to the sum

of Equations 6 and 8, the following expression arises:

17, 1.2
7 7 2% Y79
u W _
7t = B
1] U E2

u'2
If a value of =

—— 1s known, then estimates of the w' component
u

of turbulence can be found.
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| APPENDIX IV
THEORETICAL DESCRIPTION OF THE LASER DOPPLER VELOCIMETER

(a) Reference Beam Operation

Figure 3.1 shows geometrically the Doppler shift of laser
Tight incident on a particle moving in a fluid. The number of wave-
fronts incident on the particle per unit time is:
C-V' k_i
v = (____—___) 1
p A'i '
After scattering, an observer in the direction kSC would observe an

apparent wavelength of:

> " >
c-vek c-vek
sc ( v SC) - A1( > “SC) 2
p c—v-ki

ek,
c VK c c
v, = = (—s—) = =] —x ] 3
SCON ek M Vek
scC 1 sc
- —=
v-kSC
c
and the frequency shift is given by:
> ~
] - V°k.i
_ _C C )
Vo T Vse T Vi T L s 1- Vi
i vek
] - sc

O
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- __l_ [ v.(kSC_ki ]
A ->
i . Veke o
c
. '] _>. A _ ~
" X_'[ v <ksc k1) ] 4

This frequency difference can be measured when the scattered Tight is
heterodyned with an unscattered reference beam on the face of a
square law optical detector such as a photomultiplier tube or a

photodiode.

(b) Dual Scatter Operation

The dqa] scatter system requires the formation of a focal
volume containing a fringe pattern, as shown in Figure 3.2. This is
accomp]ished by the intersection of two equal intensity laser 1ight
beams which set up fringes of known geometry. If the angle between
the beams is 28, the fringe spacing is given by |

A

d = —1
2 sin 9

where both Ai and 6 are measured in the fluid.
As the scattering centre traverses the focal volume

(interference pattern) with a velocity v, 1ight is emitted with a
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frequency which corresponds to the rate at which the bright fringes

are cut. This frequency is given by:

Equation 4 in (a) reduces to Equation 6 above if the angle between
incident and reference beams is 20. The two different governing

principles result in identical equations for velocity.
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APPENDIX V

Tracker Calibration

(a) Frequency Tracking

The DISA type 55L35 frequency tracker was used to process the
laser Doppler signal from the flow. Although the instruction manual
presented data on the tracking performance of the unit, an independent
study was also undertaken.

Initially, a pure sine wave input was fed to the tracker, which
was tested in each range. The frequency to voltage conversion was
within one percent for all ranges used, i.e. 15, 50, 150, and 500 khz.
The curves normalized to produce the composite shown in Figure 3.4(a).

As an independent test on the rate at which the tracker would
follow frequency fluctuations, one signal generator was connected so
as to vary the frequency of a second signal generator. This produced

a signal of the form
f = f] + fo sin wt

where w was the rate at which the frequency was varied. Various
amplitudes of fluctuation about the mean frequency f] were tested,
resulting in the curves shown in Figure 3.4(b). Since the ratio of
frequency fluctuation to mean frequency seldom exceeded 10 percent,

it can be seen that the tracker was consistently following fluctuations

of 200 hz and below, and often following fluctuations up to 1000 hz.



44

(b) Ambiguous Broadening

Measurements of the RMS voltage output of the frequency
tracker taken in laminar flow produced a spectral broadening in the
order of 3 percent. However, this value had a slight dependence on the
mean DC voltage output of the tracker, and is shown graphically in
ngure 3.5. This effect was felt to be a function of the tracker
rather than a physical effect in the flow, because theory predicts that
the broadening is a function of the optics alone. Figure 3.5 results
from measurements made in the 15 and 50 Khz ranges, and corrections for
the 150 Khz range have been assumed to be the same, as there is no
reason to suspect otherwise. Since 150 Khz corresponds to a velocity
of over 40 cm/sec, flow in this range was turbulent and thus it could
not be checked for inconsistancies. Corrections were applied to the
RMS voltage by subtracting the ambiguous value which corresponded to
the voltage produced by the mean velocity, as per Figure 3.5. Thus
turbulence Tevels have been corrected for the slight non-linearity of

the tracker.
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CALCULATED FLOW PARAMETERS

R U. oc S Uk Sac e Egﬁ- Ce
5186 9.04 543 .39 - .43 .045 - 054 | 291,239 0.0035
5338 9.30 432 .39 - .41 .054 - .060 | 245,222 0.0034
6027 10.50 461 44 - .47 .057 - .065 | 262,230 0.0030
6055 10.55 462 44 - .47 .057 - .065 | 265,233 0.0035
6200 10.80 519 45 - .49 .056 - .062 | 298,252 0.0030

10,820 18.85 425 .79 - .80 12 - 115 | 242,236 0.0035
13,800' 24.04 .360 1.1 .19 181 -

15,700 27.35 .393 1.14 - 1.13 1.74 226 0.0035
18,400 . 240 . ) § 0.0054
23,2002 . .195 . ; - 0.0052
27,0002 . 217 ) ; . 0.0048

"Murguly (1971, unpublished).

2Robertson (1959).

St




A L CRAIN LIMITED

FLTST PRAFH

47

3,56

! R=1n20 PUTEP CYLINDER VELNCTITY = CM/SFC
? ’ .
% PG BT T4 FREAHFHAY—P AR 2 g —p o C 1T MR Y
u
S 1,0000 B,7000 0,0R74 13,0500 0,0048 35,5774
o] 09”1t w A 6300 R P US| BT 35, 2R 13
7 00,9426 8,3000 0,0874 12,4500 1,9196 33,9130
A 0,897 R.OUND A ORTS 12,0600 30308 82,R2R9
2 s ARSTFR 757900 08T RS0 4P 341/ 99
1o 0,8030 7.4000 n,0R76 t1.1000 h,56P5 30,1743
11 0,766 7.0700 0,0877 10,6050 T7.8361 28,8127
2 IR A S T N A BT 0300 04 A —— PR 1049
13 r,6R78 b 60ND 0,0R7R 9,9000 10,3796 26,8673
14 0.6556 6.360N n,0R78 29,5400 19,0003 ?S5.A7R2
+5 AP UP AN mischiai: A-0-FF0 950900 +P R PUHitS
16 0,5938 5,8400 06,0879 8.7600 13,4RUD P3.7411
17 0.5455 7 §,37nn 0LORBD R,0550 15,0767 21,8152
— u.:nﬁﬂ——‘—#~ﬂﬁﬁﬁ—*——ﬁ—ﬁﬁRﬁ~———9—i?ﬁﬁ———1h*%rﬁn +958139
19 0,U611 Lunoo n,0881 66000 t7,R5133 17,8528
20 - N, 4158 3.R3oo 0,.NRAY 5.7450 19,3401 15,5299
Pt A 3050 T -47-AH A-AARL G PASH A 0PPS Hi-A660
22 n,3605 3.1300 N, ORR2 4,6950 21,1535 12,6814
23 n,3225 ?.RP00 0 ORRD 37,9300 22,3971 10,6003
24 0,296% 2.P800 n,0RA3 3.4200 22,2477 9,2291
25 0,P608 1.A500 fN,NART 2.71%0 20,7837 7, 4RGY
26 n, 2385 1,5000 0,NRRY ?2.,2500 25,1424 b.NE6T
7 A P50y PPA-R A AART R R Acaiais PR +HTh ST
28 0,3468 2.7600 N NRAD 4,1400 21,7904 11,1792
29 0,3962 3,600 0,N8RY 5,1900 19,98%y 14,0287
3 - ——~A7uﬁnﬂ——n-ﬁ7¢aQa—-—07nu&0--«63u?00-—+77567Pm-+?7%6ﬂ?
31 n,SPRC g,RINQ n,0RRN 7.2150 19,6526 19,5353
32 n,5810 5.4100 n,0R79 B,1150 13,0305 21,9887
33 Byl R g Pl A LRFR 9Q-AHAA H-HOED PH5T35
34 0, 6RAS h.3700 NJORTR 9,5550 0,LP26 25,9306
35 0.7545  §,0000 n,N877 10,3500 B,1710 28,1157
& HoT 545 far et} A5-NRT 7 1 A5 3800 ———B5 17482 R4 7P
37 00,8210 7L, U400 n,NRT6 14,1600 S.9607 30,3454
38 . R9T0 7.9500 nLORTS 11,9250 3.571% 32,450%
25 650514 A37-08 - 1P 54550 b OP T H- PO
4o 0,9932 R,6200 n.NR74 172,9%00 n,2%15 35,2464
uy 1,000 A,0000 0n,0R74 13,3500 N, NN4R 36,3950
42 15000 4————»-%»»@--—4-0&70———+?~4500-——0 Gﬁdﬁw—mﬁ&—JEQ’
u3
44 Rz1150 NITFR CYLINDFR VEIOCITY = 4,02 CM/SEC
Vil
te POSIMLTINY nNC VOLTS  THFTA FREDUENLY  PNSIN(MMY  VELOCITY(“M/SEC)
47
48 t-5-A-AA0 20500 8- 0RT4 4575040 N HDN R ——a 5 P T
40 0,950 27,7300 N, ORTY 13,6500 1,6%57% 7.1867
50 W 2,000 nN,NRTY 12,2000 3,53R0 33,20R%
54 A B2 A0 ?.Panﬂ O 4000 K4H6-A1 A U6t
52 N,.7690 6.3100 nLORTT 9,U4hk8N 7.6904 P77
53 0,7030 55,6200 0n,087R R, 4400 9,8765 27,8870
. By b0 s toRAN0Q HGLRIR T3P NN {4, PO U——§ B 52T
55 n,8770 3.0700 7.0879 5,955 14,0385 1h,135?2
e ALS1UD T,14n00 NLARARN nNa7160 16,1134 12,7507
o Attt £ A fd o Aiiaes s 750D 17.°%%2 04437
5R N, GOAN P.PANG n,naRy 34,3900 19,5960 9,1629
5a 0. anan0 P.h¥NA r,0R00 §.,000" 1A, B4R 10,6537
B0 e B R Al AR A e B BATR ey 6 RO Nt PORR {7 ORG T ——
61 I NN ha1200 NONRTT G, 1000 7,THNY AN,ONYk
hD n,03an R, Zunn rGtRrR7y 12.5100 P.N194 u,074%

Loy


http://Vm.TR
http://_n.--fift.7-su

N oL CRAIN Clwiirp

bl Rz1670 NHTER CYLIMNAFR VEINECTTY = S5.8% CM/SFC
65
. Al e BRIy e M TS T E T A ER AL EMOY o BAG L (b Yo (10 T T ¥-f MM AR EE)
A7 :
AR 1.0000 a,2nn00 A NRTY 21,0000 n)agan RA,3410
~o AL-G745 tHP4Ah AT 4 PA-AGAR A BLER TR
70 n,9470 4. 0600 0,N874 20,3000 1.7726 55,2994
71 0.9202 3. ounn n,087% 19,7000 P2 6655 S3,6439
72 A5 RARFH T8N A AT {-f59-0-606 I 774 St d-t-h7
73 0,8070 3.5400 n,NR764 17,7000 A 3N 4B, 1186
T4 N,7615 3.3000 0,0R77 16,5000 7.93972 - u4,R247
T T2 R X Risagiai 0877 543608 855554 #5374
76 N.6u71 2,7000 0,NR78 13,8000 11,7250 36,6157
77 . N,590¢% 2.5700 N,OR79 1?7.R500 13,5935 34,8741
T TR e A U i P 3 20 B TORAG——t4Th D00 4552 24 F Bttt
79 0,5040 2,1600 00,0880 10,8000 16,4428 29,2319
80 0.5040 6,9500 0. 0RBD 10,4250 16,4428 78,2169
-4 i fr #5900 A--P-RAY S ? 5 +75635 2651+F3F
82 0,4322 5.9400 n,neay 8.9100 1R,RN19 20,001%
At 0.40%0 5,500 N, NRAY R,P500 19,7603 22,2974
84 0.3775 4,730n 0,08R2 7.0950 ”N,5961 19,1687
84 n,3298% 3,9300 0,0RR2 S.Ra85n 27,1687 15,9156
BA nN.PR95 3.06N00 N.08RY 4,5a000 23,U763 17,3851
&+ S P u9g Gy i - AAR3 33756 PHT TR LS ain e
; A8 0,2165 1.5500 0,0R84 24,3250 PS,.R604 66,2669
a9
- - 90 —R:iﬂﬂﬁ~w~~»nH4FPmG¥h1MOEQ~VELnefmv~:~6118~f~135c -
.91
92 POSYMLTA) NC YNLTS THFTA FREQUFMCY PRGN (1) VEILNCITY (MM/SEC)
T
94 1.0000 4,7500 n.Na74 23,7500 n,0048 hU,7476
94 1.n0nn Nahd0O a_nA7Y 23,2000 Nn,nnun 63, 2481
---- Q- G;477&—~m*ﬂ;%ﬁ0ﬁwm—-nqﬂﬂva———?zrv000-—#ﬁ;7a%ﬁ-m~mt;ﬂba¢
Q7 LTINS 4,38N00 n,NR74 21,9000 1,780% 59,6576
98 n,RqQ7p d,.1%300 N NRTY 20,RGNAN 2, U381 54,2119
a4 e S R rBaisnini lrmisarar: +o At t5-F-Q-H 8P FFSS
100 2,811¢0 .h700 N, 0”76 1R.3500 6,29AK 49,8886
101 N,7608 Ju%00 nN.NET7 17,1500 7.9723 46,5920
~1-02 e THAS——3,24-0 0 &vﬂﬂ?7~—~+6;ﬂ5ﬂ6--@:®63b~——0315769
103 06716 2.960n0 0,0ATR 14,8900 10,9987 40,1558
104 N,6020 2.ARD0 N,0R7G 13,4000 13,2139 36,3207
05 A5HTE tHe tr 0 PP A 3RS 3356513
106 0 ,5670 7., R5N0ON fn, 0379 11,7750 14, 3AR7% 31,R999
107 0.5245% 7.2000 0.0RRD 10,000 18,7678 29,2408 o
-——»««109~----—~e;q&nqw~«—ﬁ;?hho~—~wn;ﬂﬁaf~_-_0;iuﬁn—-17;87?7~w—2€;icns ------ e
109 0, no3e 5,058n00 0,NRRY 7.575n 19,7403 20,4730
110 N,3U7R h, 0006 0, NRAD A, NANDN 21.5604 1h,3654
J . P ARG AR aaias A RA3 S50 2R AP +359655
112 n.2720 2.540n n,0R8% 3.,R100 pu,nnazy 10,2779
113 n,2ua3n c.120n 0.0RRT T.1R00 24,9957 A, ,ST7T4R
T e e A A A R A B R A AP 7y e 5332207733199
{1ty
116 P=P50n AUTFR CYLINDFR VFINCTTIY = 9,54 CM/SEC
1177
11R POS M (T NCOVNLTYS  THFETA FRENUFMNCY POS TR (M) VELNCTTY (MM/SEC)
119 f.000n 7.0100 nN,NR7H 35,0800 0,000R 95,5538
il -1 R N -Ga5H —hrovﬁﬁ—~-o1ﬂa7u—~—ﬂﬂ:5ﬂﬂﬁ-~—~r:ﬁ7?k—-9u;onsﬂ
129 06,9000 &,7700 N,ORTN 34 ,RENAN 2.00k7 QP04
122 n,9n70 AoRADN n,NR7S 32,R000 3,108 RO ,PIRA
+23 A AT Fry A B5ARTS RPN T A R A A
120 f,Ra50 hoohnn N, ,NE Tk 2, 0006 5., 147R Ry, 3900
{25 fLoRAY 55,0300 NyNATA 2o, 65600 LY RA 6032
— $ b e L . FRRA B N TN .0._. DR P PR R PN X 7 N T23n B A 4 . fa PG e e et e
127 r,7310 S,470n n,onrR77 Al A LN A 0408 74,2708
{78 0 L,hOTD S,2000 CLORIR Ph,PHNN 10,7207y 71,2404
79— At i L aiadar MR B R g A 1 shONP——ty i B0 ]
130 fabnPn U,h4nid n,nonro AT .2000 hP RS

13,7211



.« e g b £ 5 v

n.SeAD

49

R cRmin Ly

13 4, pane NLORTO 21,4500 10,7944 “KR,rQqQy
- -4 3 o ORA T-r 3 - A;%nﬂ9~~m+o;A«anw~m»ﬁ;5100w~~wx;+ﬁ1?
133 N U870 3.570n n,NARY 17.8500 17,9877 4R, 2810
134 n,4130 31100 n,nnRaq 15,5500 19,4329 4P, n332
35 35 Gara pnias et +P55 2P I RAFE
1364 N.3500 R,10n0n N,0HKED 17,1500 t.2827 ”.8171
137 0,37200 AJRUOD NLNARRD 10,2400 P2,u10p PT.6946
- ~-4 3 "*"ﬁTPfﬁﬂm—“~qjwrﬁﬁ—f——ﬁyﬁRﬂ3“-‘ﬂ BYSO——23 [ RIAG——pD-Fa50a
, 139 0,2690 4.,9100 04NHARZ 743650 2U, 1487 19 ,R670
{ tu0 0.2340 3.8000 n,N8R4U 5.7000 25,2894 15.36R0
+4-¢ AP LTH A0 f5-0ARY 29754 P b5+ 704 657430
142 n,1900 2,1300 0,08R4 3,1950 26,7243 8,6087
143 06,2800 5.1200 N,NRART 7.6800 23,7871 20,7290
144 n,3320 6,9800 o.OAaa 1o.u7no P2 .0RAG 2R, 26RG
1458 0.3640 7.9700 0,08R? 11,9550 21,0388 32,2927
1a6 0.3640 2.5500 0,0R82 12,7500 21,0%88 34,0002
47 4340 3I+2an H5-0RR1 6500 19.7~5= 4Pk
tas 0.5210 3.8400 a.onnp 19,2000 15,8831 51,9805
149 0,.5950 a,3400 00,0879 21,7000 13,4449 58,8118
454 A7 4-550-0-6 A-BHI8 2455000 150673 bl 69T
151 0.8110 5,8000 0,087& 29,0000 6.2968 78,8430
152 n.R900 6.,230n 0,0R7S 31,1500 3.6712 80.7857
153 $5-00n0 fFRRag 0874 Tl 4A0h 50048 AR
1854 .
, 1857 R=5186 OUTER CYLINDER VELOCTITY = tAL1 cM/SEC
- -1 56
157 POSINCTINY DC VNLTS THETA FREQUENCY  PNS th(um) VELOCITY (MM/SFC)
:2: +A 00— 4 _unan e 7. V.Y G+-p4R—s80 7400
160 N,9817 a,170n N, 0674 62,5500 0.6321 170,478
: 161 0,9491 3.8600 n,0R7N 87.9000 1.7029  157,7308
el 2 q,Qf}%—m——%qunnm»——ﬂqﬁ#J%———Sdvhnﬂﬂ——~—~P BE53——t-48- 6595
; 163 N, R655 3.3800 N.0R75 S0, 7ann 4,474y 127 _ouag
164 N.R23%0 3.210n 0,0876h us.yuoq S,RA85 138,600y
+65 A5 F 760 3 P4-H a SARTT 4o h-AA-0 F5HASRA 13 0180
166 n,73u4 2.950n LNRTT 44,2500 8’ acao 1720,1609
167 . N e AIALN 2L, BUAN 0n,NATR 4P, A00N0 1tn,noq 118,6251
T—_uww;ham———m*_——mn-Aaxeww——P 7aAnw-«~n-oa7n—~—u1.1ooa~—~1ruésp7~—rrr;§ooa
i 169 ahATD 7.6500 N, NRTA 39,7500 11,1927 107,8378
’ 170 n NYLE 7,65“0 n,NA7A 3R,2500N 12,3524 103,7157
o Bg B G-ty 7306 A PRFS St trf AR 2 H5TR 504935
| 172 N,Suug 7.1000 n,0880 35,5000 15,0098 86,1429
; 173 N,Snus 6. RONQ 0,0RAQ 3a,0000 16,4260 92,0269
— T4 2 5t 45500 vgvﬂﬂ+-—3?~?aﬂ6———17—an ﬂ»——ﬂr.557a
175 D,d116 S,R&AQN 0, 08R1 20,2800 19,4780 79,0600
176 f.3520 5.0300 0.0ARP 25,1500 ?1.u3ya 67,9232
+7-7 o Pons Ho Rt AsAART o R PP AT LRRPPF
: 176 N, 22h0 3,1800 n,NRRY 15,9000 25,5503 42,8636
! 179 N, 1862 P,5000 N.0RRARY 12,5000 26, RLRT 33,6785
e R U%QO—~w*?-ashﬂw—m~0—ﬂaR1~——$ﬁ-JHOO«—~{P §7nc——~09—%,nc
| 181
! 18?2 R=533%R CUTER CYLINDFR VFLACITY = 18,6 CM/SFC
RS
; 184 PNSINETNY 5C VALTS  THETA FREQUEMCY  PNSIN (M) VELNRTTY (MM/8FC)
185
Qﬂh-~——w—w—n{.ﬁﬁnﬁ-wmmar??“h—mw—ﬁvﬁHTAH—wﬁu;Rﬂﬂﬁnwmmﬂ;ﬂﬂbﬂ»r[7h;5§ﬁ7~
i 1R7 0,0RAN u.?znn N,C0RT7Y A3, 050D Peb721 172,9278
: 18R n,0864R L0%nn I ) 60,500 1,ULSR 1R, 6940
R fooRun %.?u“n P HRTG St 0 s e e YD
! 1en r,RO1G 3,530 0, 0875 52,9500 36212 140,105
; 191 N, 859y 73,3100 AUNETA Ha L, AR00 U,A%90 128 0797
P LT DL LS SUPAP ATORT N ——(T 700 Do S.RILR- 425 . F¢nk--
' 103 », 790y L rpng R N T BT 6 9774 123, 1214
194 6,738 A,3300 N 77 N1 ANAN Fo701% 112 11R9
- 4 Q5. TR ?*ﬂ" rpaa S AP i e B e
106 [SLYIRR 7.710n nLPRTE §R RN 11,997 104,449
197 (.Gn78 7.2500 n,0579 36,2600 13,6008 AR, P35y
QR - el BADa. —-A.Yh“"~~»~ﬂ;ﬁﬁﬁﬂ"~m51iﬁhﬁﬂ-H"lﬁORQRk~“~01.ﬂ“?U”~~~-v-wm-wmw'~"~~"
100 (NTINE 3 hL2H0n0 WL N 31,2600 tR,n%7a A4 ,50A0
200 N anas S, AKAN nLORRY 29,5000 19,7110 RN, A127



RO cnaN Mo

50

-/— 204 3635 60040 A PARAD PR -0-0-0 P4 AL IR aIPR
202 06,3020 55,0060 0,NRR3 25,0000 23,.06R1 67,4694
; 203 0,2945% 4,6000 L0,NRAZ 23,0000 23,3131 62,0651
! 204 00,2740 4,3000 n,08A8% 21,5000 23,8R33 58,0003
] 205 0,72U60 3,6500 0,NRR3 18,2500 PULRGTT 49,7129
\;4, 206 n,2140 3,0000 0,NRARY 15,0000 25,9420 40,4304
207
(> 208 R=5940 NUTER CYLINDER VFLACITY = 20,2 CM/SEC
209
;———ww21n——————Pe%LH4§~+—~—ﬁe Mﬂb¥9-¥HF4ﬁ—-—FRFQHE~C¥—-PGSLH%““+——¥Ebﬁfi%*f“”fﬁﬁﬁ%*-————-—
i 211
; 212 1.0000 3.4400 n,na7u 51,6000 0,0048 (U0, KTP6
[ 243 H5566h 33200 PRy 4O-RAAA 5 1+385—1435 . 498
| 214 60,9300 3.1400 0,0R7% 47,1000 2.3393  12R,72737
j 215 0,8910 2.0000 0L,0RTS 43,5000 3.6376  118,4022
pe——2 5 u.oa+0~—-%—ﬁaﬂﬁ~—~—ﬂ—ﬁ%75———ﬂ&~?9ﬂ0—~—~3~ﬁ;ro +2 05367
217 0,R320 R,5600 0,NR76 42,8000 5,5905 116,3970
: 218 0,7610 7.uano N, 0R77 37,4000 7.9550  101,6067
: 249 Ftr A fr 5B APRTH 345500 656373 B854 t77t
; 220 0.6380 55,9300 0,0R7R 29,6500 17,0256 R0,0081
; 221 1.0000 3.5400 0,0R74 53,1000 N.0048 140,7620
k**—“~?P?—~—~—-~—ﬁ-9€ﬂ 35 I70G fry oa7ﬂ-—50~€50ﬁ—-—f~67F6“-f:r.rvvr
! 273 0.9620 3,0500 06,0875 45,7500 I.2717  124,5462
f P24 0,R620 2.8200 0,0RTS 47,3000 4,6025 115,0874
: 225 A PP A 3706 G,ﬂﬂ?ﬁ - RO PS4+ 3Rt
; 226 ) 0,R260 7.7900 N,NRTH 38,9500 5,7986 105,917
‘ 227 fH,7R00 7.2800 0,0RT7 36,0000 7.3255 98,9170
- P28 B+ FPF0 5 TG e P33, 0500 - ———G AP 9P 1 BBI
: 229 0,6690 6,3600 0,0R7R 31,8000 11,0012 R6,2774
: 2%0 0, ANAN S,R900 N.OATY 29,4500 13,0158 79.R310
234  Sraiaiaiad He O3 5 ARTH F35950-0 A AP Ot A 35
232 0.9630 4,5500 0,0874 68,7500 1,9060 1R5,9095
f 233 0,8920 4,0300 n,0R7S 60,4500 3.6006  164,5406
: 2 Y th——— “rﬂﬁ%ﬁ~—~“3—Rﬂﬁﬁ—~——ﬁ~ﬁﬂ1ﬁ‘*"57“ﬁﬂﬂﬁ“——“5 233 —155,0395
| 235 0.7RRD 3.5200 n.0876 SP.A000 7.0601 143,.5007
‘ 236 0,7160 3.2000 N,.NART7 48,0000 9,8460 130,3190
& 7
238 R=6027 NUTFR CYLINDER VELOCITY = 21,0 CM/SEC
239
T TR AN PR AR T e N T S T HE T A PR EHC Y PO 8 N MM ETT Y € M Q Yo
2ut
: 242 1.,0000 5,1300 0,0874 76,9500 0,N048 P09,7872
: 243 R KR St o 0R 74 TS K22 X o) PORTS150
i 244 n.aaps 4,8000 N NRTY T72.0000 1.2060 19A6,1R08
i 24% .9382 4,4000 N,NARTS 6h, 0000 2.,0657 179, 768!
i 246 ”-"““*“-"*_?”ﬁﬁ_“‘ﬁﬂ‘ﬁ?‘i———ﬂ%ﬂﬁﬁ———s——ﬂfﬁﬁ—ﬂ—ﬁ L5258
" 247 0,A828 4,0500 n,NE7S 60,7500 3,9108 16‘3.3,551
Pug N RUKD 31,5500 o.na7h 53,2500 5.,1347 144 8456
P49 5ttty X Riataial A AR TSt A 80D st Tt IR R 6D
: 250 n,7928 23,3000 n,0R76 48,5000 h,0010  1374,5413
i 251 N.7702 3.2000 n,0R77 48,0000 T.b65N6  130,4244
; P52 BT hp T4 A ORI SN R FAIA—— R 65 P RSP
253 60,7095 2,9000 D, NBTT 43,5000 9,6At3  11A,0905
254 0,6725% PLROND n,0R78 4p,nnon 10, ARKY 113,9571
255 A tr Ity PO A HRTR 4P AP L R - T Rakia 2%
256 0,5025 2., 7000 N,HR79 40,5000 13,5271 109,7569
1 257 n,5u75 P.5500 n,NARRQ 38,2500 15,0104 103,%647
E 258 M Rie At (@S Alkias C‘."19P‘9""—36";—“"”“‘—1'\‘1‘.‘2(’-‘1‘ﬂﬁ—“"}?"{'a&'3‘9
! 2509 s ATP2R 2.3000 60,0480 34,5000 17,4684 93,337A
kg, 260 o.n7gn 7.0000 D,NRRD 37,0000 17, 46R4 100,101
264 )5 4 TOR T+ A ARAY 35 54-0-6 N 950572
262 n,3015" A,5000 0, NRAY 32,5000 20,1373 RT, 8235
: 261 n,3591 g,0000 n,0RRY 27,0000 21,4937 72,9178
| 264 0,.1079 4,000  0,0nAR% 22,0000 PPLRTISH 59,3781
265 n, 2748 3.3000 0,NRRT 16,5000 23,96A5 40,5121
J 26hk . N,2a2n P RAN ’ N,NRRY 16,5000 21,8087 37,7507
> 267 AP ALA t3Raaa S G Anay Pl ARl jm Py POy



RO L CRAIN LIMITEDL

51

PhAR
269 Rz6NGY NUTFR CYLTNDFR VELORTTY = p1.1 Cu/86C
———e ATH -
e PRSIN (I NCOVOLTS  THETA FREQUFNCY  POS'™ (M%) VELACTITY(MM/SF()
°7e ‘
745 f-5-0024 S et O ARy FF5READ AP — DA ST 5T
P74 0,9775 S.0500 0,NR74 75,7500 N.75%3 Pn6,4432
275 n,9545 a4,7000 N,NRTY 70,5000 1.5°25 192,0705%
276 B594+97 PP A 3AT 350000 PR PSP 40044
277 n,RR0e 33,9500 0.0875 59,2500 3,9840 161,2476
27R 0,B0R1 38200 D,NRTAH 57.3000 S.NAlLU 155 ,R6TY
P70 SRA4S 3R A-0ATH SO 7000 bt PP —3 7 RP A5G
280 0,7713 3.2700 0.,NR77 49,0500 76102 133 2766
281 0,72R7 3.,1700 0,0877 47,5500 9,0257 129,121
2RP A 674G POR0H HTHRTA H5FH0D 0 R P4 PR TS
283 0 .6220 2.9200 0.0R79 43,8000 12,5539 118,7543
28R4 0,5628 2.7700 n,0R79 41,5500 14,5065 (12,5573
285 A 4965 PsH5H5 A B39 P A6 HROIT—1-0 7 57RO
2R6 0,439 2.4500 0,0831 36,7500 1A,57R9 99,3762
2R7
8/R -0 FHTER—CYHINDER VL BEIT Y Pt 6 EM/REE
289
290 POSYN(TN) NC VOLTS THETA FREQUEMNCY PNSTM(MM)  VFLACTTY (MM/SEC)Y
204
7T
292 1.0000 5,2800 0n,0874 79,2000 0,0048 215,9141
203 NL,IRAD S.1200 N.ORTY 76,8000 0,4719 209,3302
294 B Sttty 45 R3O0 50 A4 TP A ot IR0t Al
295 0,9330 4,5500 N, 0875 6R,2500 ?.,2393  1RS,BH2S
296 . n.,0020 4,27600 0.0R75 63,9000 3.2717 173,9545
POF ARt 4 0-A00 A HRTS aaia i diu b b P — 6T P UG
294 00,8230 3,7400 N.0ARTH Sh, 1000 5.A9R5 152,547
299 o 7830 3,5R00 n,NATY 53,7000 7.2260  145,9361
390 A P O3 R0 -0 AT 7B A FAN R R qaaz——+§,.r€1§
301 N.6990 3.,2700 n,NR78 49,0500 10,0092 133,1349
302 .6430 3.1000 0.0&73 46,5000 11,8604 126,113}
23A7 T L P AP A OATG e T AR
304 n,85220 2.6900 N,NRAKO 40,3500 15,8502 109 2418
3n=
— 304 REHORR O AUTE R EYEINDER—HFLNE T ¥ 37 7 C M/ S F £
107
308 POSIN (T DC VNLTS  THFTA FREQUENCY  PASIMIMMY  VELACTITY(MHM/SFR)
310 t,0n00 a,27an 0,0R74  138,2009 0,0008 T77,0354
311 0,9660 A,3400 N,0BTU  125,3999 1.11n9 341,6978
312 o u&4o-——ﬁ—°ﬁﬁe———~ﬂ~ﬂﬁ7q~—+ﬂﬂ~4999-~—a~?720~—?ﬁﬂ~?7P=
313 0.,RR2N b, 30N N.0R75 96,4099 3,9374  P62,4917
314 nL,RLL0 5,0R00 n'oa76 89,7000 5.,2010 243,98647
345 A.?“as R mini) H5- AT HESH#05 e RO —P 3D 798¢
S 316 Ne7000 S.4100 N, 0R77 81,1500 R.bbt6  220,3977
317 0L, HR1D 2100 LNR7AR 7R, tunq 1o,hou2 P12,0679
348 N LUl p QU GO AR T BTl A1 A B O 5P (105 O Gt
319 n,5RAN B,bhNN n,NR79 69,0000 13,A430 1RA_UPRY
320 0.5330 4,000 n,N880 hheaNNNO 15,4BB2 17R,7142
a
1?‘ f\.llnl.[‘ 2.7'!.’\[\ I\'I\.OD(\ LIE.{_'C'QQ (“LYu"ﬁEII ‘?IQ.Q‘L,C”?
122 nL,oa0n 41200 N,0RAY 61.R00D 1R,P2507 167,1387
323 n,402¢0 3,700 n,0ARY 58,0500 19,7931 154 8901
104 n.3u7e 3.46100 N,NRAD HYi,1h00 21,5956  146,2335
125 AL P000 3.2600 0,NRRZ R, an00 23, 16R3 131 QR4
E-IN N, 2800 P ARNA n,naay 44,2000 PALTNAH 1LA 0T
—— 33 e A T --A0A AAERD L4 AR PR 377 ARG
32K (LI 3, RLNAN n,oRaRy 857,700 17,0877 144 ,0904
199 oL aRan 2200 N NERQD 63,3000 17,3705 171,PR1R
33N - N L8530 4RANA -~ _AET9 1 pA 3040 V4 ,4000  fRE PO o e
73 nLb1AN U,R400 n,nnR79 12, 5799 12,6860 19K _RP7R
33p N L AOAG §5,2700 n,RAR7A 7n Ivnn 10,0620 D12, 527
333 Ao F L S-Sty ) a,na7? zuqe— ----- R0 AP P P 6 ST A
33y 0LRUAD A PND JhRTA qn_)qnu 5.1342 245, APGg
535 nLapan 7.0P00 LORTS 10

124

L2009

2.53%39p

PER,TSPU



R 1. CRAIN LIMITED

52

337 R=15R70 GUTFR CYLTHNER VELDCTTY = S4,7 CM/SFC

341 1.,0000 4,n0100 00,0874 60,1499 0,00UB 5466

L1 459592 3P TFO OO RTU GOS0 Tt [k U5 G
43 N, 260 3,0400 0,0R7S 45,6000 2.u722 413,09
344 0,R765 2.7900 0,N87S 41 ,A500 41202 379,6
345 05 R31o P ttrDo AT HETE 396 STHNPA——35970
346 ’ 0,78R8 2.5800 N, 0876 38,2500 7,0438 34,5
7 t,7RAR R,100N0 0,.0876 121,4999 7.0u3R IIN, 2170
IUR T2t T RP O S R T P P 99 22— RS 000
349 0,hURR 7.2200 n,N878 108,2999 11,7349  293,737%
350 0,5A82 6,7500 D,ORTO  101,2500 14,3284 274,3040
5t O 56 X M RiAts O R8 Ot TS0 DR JrR UL e s PHITOt s
352 N UGTI A,0700 0,NRAL 91,0499  {7,6207 246,3127
353 nLap28 S.AR0N n,Nagt AR 21NN 19,0351 23R, 455D
354 P60 S S G A AT ARAR AT GNP AR UG- P 2H RID L
385 0,3200 S5.3000 n,08R82 79.5000 22,0661 214,6096
31864 n.2712 S5.0900 0,08R%3 76,3499 24,0748 205,9602

a1
$S16G

(= R A A R A Y A A Y Y Y Y R VY Y Y A Y Y RV VR VRV VRV AV VY VRV RV VA VAV VRV VRV VAV EVEVEVEVEVEVEVEY

[N



Figure 1.1

Typical LDV signals from particles of approximately
uniform size: (a) x = 0.2 msec/cm, y = 5.0 mv/cm;
(b) x = 0.2 msec/cm, y = 0.2 mv/cm
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Figure 2.1 Theoretical velocity profiles for plane Couette flow:
(a) Taminar flow; (b) turbulent flow
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Figure 3.2

Formation of LDV fringe pattern through interference by intersecting laser beams
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Figure 3.3(b) LDV and Couette flow apparatus
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Figure 3.4 Calibration curves for DISA tracker
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Figure 4.2 Laminar flow profiles. The theoretical flow is for infinite

concentric cylinders
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Figure 4.3 Laminar flow profiles. The theoretical flow is for infinite
concentric cylinders
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Figure 4.8

u'2 turbulence intensities vs normalized position
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Figure 4.9  Measurement of Reynolds stresses (a) normal fringe pattern;
(b) counter clockwise fringe rotation (looking from source;
(c) clockwise rotation of fringes :

69



R=10820
[y -

10 .

Figure 4.10 w'® turbulence intensities vs normalized position

0L



5186

5338

6027
6200

10820

O p + 0> e
4 0D D D XD

] | l I | |

20 25 3.0 3.5 40 45 5.0
Log,, yU,
v

Figure 5.1 Determination of Cf from the Clauser curves

15700

Tz



0.0IG
— ¢ Couette, air
® water
B O Reichardt, oil
B B water
0.012 |- © Robertson, air
A  Present, water
0.008 +—
0.004 |-
072
B (log R)2
0,000 al
102 103 04 105
U.b
R, (=2)

Figure 5.2 Skin friction coefficients vs Reynolds number from
various workers

72



0O
- log region
s L R = 5338
6
O
U B 0
Uo o
a
4 - Ne
O
O
2 O
0 l I S I I I I ] I I N N | [l
Ol ' 1.0 2 3 4 5 678910 20 30

distance from moving wall in mm.

Figure 5.3 Representative semi-log plot showing the logarithmic wall region

€L



