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ABSTRACT

Title: A LASER DOPPLER ANEMOMETRY STUDY OF THE
DEVELOPMENT OF AN INITIALLY TURBULENT
FLOW IN A HORIZONTAL TUBE

By: Majed Samhan Mohammed
Major Field: Physics
Date: July 1991

Laser Doppler Anemometry was employed to study the
development of an initially uniform turbulent flow of water in a
horizontal straight tube without a diffuser at the inlet. The study
was carried out for three different Reynolds numbers in the
laminar, transitional and turbulent regimes. For low Reynolds
number flow, relaminarization takes place. The velocity profile
approaches the known parabolic profile within 45 tube
diameters at about twice the rate reported for pipe systems
with a diffuser at the inlet. Turbulence intensity is also found to
decay more rapidly. No fully developed profile is observed for
the transitional Reynolds number flow while, a power law profile
is established for the higher Reynolds flow after an inlet length
of about 30 tube diameters. Further analysis of centerline
velocity distributions reveals an asymmetric behavior as the
flow develops. No particular trend for the flatness is observed.
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CHAPTER 1

INTRODUCTION

1.1 Objectives of This Study

The transition from laminar to turbulent flow has been investigated
thoroughly in the past by many researchers, both theoretically and
experimentally. In fact the term “transition” is frequently used by itself to
refer to the process in which flow changes from laminar to turbufent state.
However, in recent years there has been an increasing number of reported
studies on “Inverse Transition”, or ~ Relaminarization”, i.e. the transition
of the flow from turbulent to laminar state. These studies were largely
motivated both by an interest in the basic principles behind this
phenomenon and by the wide range of possible applications to real life

flow systems.

The present study describes the results obtained using the Laser
Doppler Anemometry technique for an initially turbulent flow undergoing
relaminarization in a horizontal tube. The tube is immersed in a water
channel to have a fully defined turbulent profile at the entrance. Velocity

distributions and velocity profiles are obtained at different cross sections

14,72
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along the tube for three distinct Reynolds numbers in the laminar,
transitional and turbulent regimes, measurements are confined to Reynolds

numbers up to 20,000.

Although there were some doubts put forward by other researchers
concerning the possibility of achieving relaminarization of the flow in a
straight tube without using a diffuser at the entrance, it was believed that

at least for the case of the low Reynolds number flow a fully developed

laminar profile is to be expected after some distance in the tube. Also a 1/6

turbulent profile was expected to be established after a shorter distance
for the case of the higher Reynolds number. These “inlet lengths” are to be

compared with those cited in literature.
¢

_Among our objectives also is the Study of two additional statistical
characteristics of the velocity distributions, namely the third moment
-Skewness-, a measure for the asymmetry of a distribution, and the fourth
moment - Kurtosis -, a measure for the flattness of a distribution, and to
test wether there exists a correlation between these values and other flow

parameters.

147X



1.2 Literature Survey
1.2.1 The Navier-Stokes equations

A set of differential equations was derived from the mass and
momentum conservation principles to describe the motion of a Newtonian
fluid with constant properties of density and viscosity. In vector notation,

the equations are given as [1]:

Continuity equation :

B +vpm=0 (1)
Navier-Stokes equations :
%+(‘ﬁ-7)ii= —%VP—Vg-i—szi (2)

where p is the fluid density, P is the pressure, ¥ is the velocity vector at
any point in the flow field and g is the value of the gravitatibnal
acceleration at that point. The kinematic viscocity v is defined as the ratio
of absolute viscosity u to density p , and the vector operator del V is

defined in cartesian coordinates- for example - , as

20,20 , 2
v =S Sy 2 (4)

2%64L
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In principle a solution to these equations will yield a velocity profile
from which all other flow parameters can be- obtained. Unfortunately,
these equations are extremely hard to solve for most of the practical

situations encountered in fluid dynamics.

1.2.2 Laminar flow in pipes

One of the few cases in which a solution to the Navier-Stokes equation
does exist is the case of a laminar steady flow in circular tubes where the
fluid flows in smooth layers called laminae and a fluid particle in one layer
stays in that layer. Here the effect of gravity is negligible and’ only the
velocity component in the axial direction (u) is non-vanishing. It js further

assumed that u is a function of the radial distance only, i.e, u = u(r).

The flow is subject to the following boundary conditions

1. No slip condition :
u(r=R) =0 (S)
2. Maximum velocity :

L w=n=0 (6)

The resulting velocity profile is a parabola

Lo ()
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5
where u_ is the maximum velocity (at centerline), and R is the tube’s
radius. This profile is also known as the Hagen-Poiseuille profile [1]. In

practice, laminar flow in pipes can only exist as long as the non-

dimensional Reynolds number Re = % is less than 2100, where D is the

tube’s diameter and v is the kinematic viscosity. Beyond this value the

flow is bound to be turbulent.
1.2.3  Turbulent flow in pipes

Pipe flow is usually turbulent for Reynolds numbers over 4000, where
eddies and vortices mix the fluid by moving particles from one sublayer to
another. For the transition region, 2100 < Re < 4000, the ‘ﬂow has
characteristics that are mixture between those of laminar and turbulent

flows.

Turbulence is characterized by random velocity fluctuations u’(t) about

the time mean velocity u. The instantaneous velocity is defined as
u(t) = u =+ u'(t) (8)

and the turbulence intensity is defined as

N cut> (9)

u

0‘=

Although no complete solution to the Navier-Stokes equation exists so far,
many empirical and semi-empirical relations were developed to describe

turbulent flows in pipes. Among the best well known and most commonly

£14.74



used is the “Power Law”

IN -IIN

TG O €5 (10

where y is the distance from the wall, y = R - r. The exponent N varies
slightly with Reynolds number from N = 6 for Re = 4x10*to N = 10
for Re = 3.2x 10°[1).

1.2.4 Inlet length

When a fluid is allowed to enter a circular tube from a reservoir, the
velocity distribution at the entrance is uniform, further downstream the
velocity profile changes due to the effect of friction until a fully gcveloped
velocity profile is attained at a certain distance behind the entrance, and
remains constant downstream. This distance is known as the ~inlet

length”.

According to the measurements performed by Schiller and Kirsten [2]
in the entrance region of a 3-inch diameter smooth pipe at Reynolds
numbers between 10,000 and 40,000, an inlet length greater than 50 tube
diameters was needed to establish a fully developed turbulent profile. In
1932 Nikurdse [3] carried a very extensive experimental investigation into
the power law and velocity profiles in smooth pipes for a wide range of
Reynolds numbers 4x 10’ < Re <3.210° He determined that a fully
formed turbulent profile exists already after an inlet length of 25 to 40

diameters depending on the value of the Reynolds number.

LT4.74



7
Latsko [4] assumed a one-seventh power law velocity profile in the
inlet region. With this assumption he predicted that the inlet length

satisfies the relation

L _ Y4
T = 0.625(Re) (1)

Actually, the one-seventh power law applies only to

2.5x 10* s Re 5 1.5 x 10° in the fully developed region.
Barbin and Jones [S5] conducted a series of experiments in an 8-inch
diameter, 29-foot long, smooth aluminium pipe at Re= 3.88 x 10°, their

measurements indicated that for % = 40, the velocity profile was not fully

developed, and the centerline velocity did not approach the fully developed

value asymptotically but rose to a value above it before settling.

A theoretical investigation of the turbulent pipe flow was carried out
by Bowles and Brighton [6], the result of their calculations is summarized

by the expression

Ol

= 1425 log, (Re) — 46 (12)

Using pitot tubes, Wang [7] studied turbulent flow in a [2-inch diameter

pipe at Reynolds numbers between 7 x 10° and 3 x 105, it was estimated

that the velocity profile became fully developed at about % = 50.

=14.72
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In his 1981 review article, Klein [8] examined the variation with
distance of the blockage factor B defined as the ratio of the centerline

velocity u_ to the spatial mean velocity u,,

-1 = (e
B=1 (“c) (13)
He was able to show that, in cases where the flow has undisturbed entry
conditions, the blockage factor B exhibits a maximum value in the x range
of 35 to 40 tube diameters. This maximum value shortly precedes the

establishment of the fully developed profile.

A more recent study was conducted by Salami [9] who made an
attempt to explain the turbulent flow regimes at the the entry region of a
pipe. A simple empirical formula was obtained from which it is possible to

predict the length of the entry region

N =516+ 2.18x 10‘(%) Re (14)

where N is the exponent value in the power law that corresponds to the

Reynolds number of the flow.

Two empirical formulas to cstimate the inlet length were given by

Janna [10] for laminar and turbulent flows

262



- 9

Laminar flow : = 0.06 Re (15)

|-

L
Turbulent flow : = 4.4 (Re)* (16)

|

The inlet length predicted by these formulas for the case of laminar flow is
twice as the inlet length value predicted by the formula given by

Schlichting [11].

L =
T = 003Re (17)

1.2.5 Relaminarization

Relaminarization is a process in which an initially turbulent flow is
rendered effectively laminar. In recent years relaminarization has been a

major topic of interest to many researchers for two reasons. On the short

2%6L

run, a better knowledge of this phenomenon is ‘very useful for the
development of new models to describe turbulent and laminar flows. On
the long run, relaminarization contains the seeds of the science of
"turbulence control”, where the ability to control turbulence -helps in
finding new ways to cut energy loss in pipes and other flow systems

effectively.

Narasimha and Sreenivasan [12] were the first to suggest that,
notwithstanding the diversity of flow situation in which relaminarization
occurs, only three types of basic physical mechanisms bring about

relaminarization. In the first mechanism an external body force such as

e T T8 = - T e R D L L SOOI S
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buoyancy is responsible for absorbing turbulence energy, here a critical
Richardson number governs the process of relaminarization. In the second
mechanism, turbulent energy is dissipated through the action of molecular
parameters such as viscosity, this process is governed by a critical
Reynolds number or an analogous non-dimensional parameter. In the third
mechanism, relaminarization is brought about by the action of a severe

strcam-wisc acceleration of an initially turbulent boundary layer.

Since in our experiment we are expecting viscosity to play the major
role in achieving relaminarization, the following discussion will be confined
only to the cases in which viscosity was responsible for relaminarizing pipe
and channel flows. Experimental investigation of such reverting flows have
been reported by Laufer [13], Sibulkin [14], Patel and Head [15], ;nd Badri
Narayanan [16].

In these studies, the general experimental arrangement involves the
gradual cnlargement of a pipe or a channcl from one diameter or width to

another, the angle of divergence was kept sufficiently small to ensure that

no flow separation occurs. In this case, the Reynolds number goes down

from say Re, upstream of the divergence to Re, downstream. If Re, > Re_

and Re, < Re_ . where Re_ is an appropriate critical Reynolds number, it

may be expected that the approaching turbulent flow will revert to the

laminar state [17].

Narasimha and Srecnivasan [12] have also shown that for pipe and

channel flows undergoing reversion

2%6L
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Au ~ exp (—ax/D) (18)

where a is a positive constant value for a éiven Reynolds number.
According to Eq-18, the deviation of the velocity profile from the Poiseuille
value, Au, at any given y in the core of the flow decreases exponentially
with distance from the inlet. Turbulence intensity at the centerline and at
points that are near the wall but still close to the centerline also de;ay
exponentially. The exponential decay does not seem to be a characteristic

of fluctuations in the intermediate positions.

A chief characteristics of relaminarizing pipe or channel flows is the
exponential decay of the maximum and average turbulence imtensities,
where the average is carried over the cross section. Badri Naraygnan [16]

was the first to show that for a channel flow undergoing relaminarization
<u'2>m ~ exp (-k x/D) (13)

where <u'2>m is the maximum value of the time mean velocity

fluctuations and the constant k_ is proportional to (Re_ — Re,)’. Badri
Narayanan used this relation to define the critical Reynolds number as
that Re, value at which k =0, that is the downstream Reynolds number at
which the turbulence intensity just maintain itself. Narasimha and
Srecnivasan [12] showed that this relation holds for both pipe and channel

flows and that all available data suggest a value of 3000 for Re._.

2%6L
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1.3 Laser Doppler Anemometry

1.3.1 Basic concepts

In any form of wave propagation, frequency changes can occur owing
to the movement of the source, receiver, propagating medium or
intervening reflector or scatterer. These shifts are generally called ‘Doppler’
shifts after the Austrian physicist who first considered the phenomenon in
1842. The magnitude of these shifts at normally encountered speeds are
usually too small to be accurately resolved by direct spectroscopic
measurements. An alternative technique that uses the principle of
heterodyning of two frequencies in a device having a non-linear response is
more commonly used. In this technique the Doppler shift is detected as the
difference frequency between light from.two sources. When the light waves
from the two sources are superimposed on the photodetector surface, the
mixing process in the photodetector will give the difference frequency since

all other frequencies are too high to be detected [18].

Lasers provide highly intense monochromatic radiation with a narrow
spectral width which, when focused on an object, gives sufficient scattered
light to permit mcasurement of even very low velocities. The technique of
using the Doppler shifts of laser light to measure flow velocities was first
demonstrated in 1964 by Yeh and Cummins [19]. Their demonstration
included the measurement of the velocity profile for laminar flow in a
circular tube. These profiles were obtained by heterodyning light scattered
from small particles added to the fluid with a reference beam derived from

the same He-Ne laser used to illuminate the particles.

2%6L
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This new technique, which later became known as Laser Doppler
Anemometry (LDA), was subject to various improvements over the years,
these improvements were mainly focused on achieving better optical

designs and more efficient signal processing and data handling.
1.3.2 Optical arrangements

The most commonly used arrangements for LDA employ the "Dual
beam” or “reference beam” modes. A third arrangement, the “two-scattered

beam”, has not been used as extensively as the others.
A : The Dual Beam Mode

This is by far the most popular technique in LDA and the one that
was used in our experiment. It has the following advantages:

1:  With only one small particle at a time in the the measuring volume,
large collection apertures can be used without violating coherence
requirements.

2: It is the easiest system to align

3: With the Doppler frequency independent of the location of the

collecting optics, it is a flexible system [18].

In addition to that, the "fringe model”, first suggested by Rudd [20}] in
1969, presents a conceptually simple alternative to the usual "Doppler

model” for understanding the origin of the frequency shift.

22Z6L
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A simple dual beam arrangement is shown in Fig. 1. The incoming
laser beam is divided into two equally intense beams by a beam splitter.
The two beams are then crossed to form an interference pattern in the
local region of the flow where velocity measurements are required. The
typical size of the crossing volume is about 10pum x 100um x | mm. The
interference pattern, shown in Fig. 2, is a set of fringes similar to those
produced by the Young’s slits experiment. Planes of equal phase separated
by one wavelength (A) are drawn for each beam. These are denoted by

A, A, .., B, B, ..., etc. The points where constructive interference occurs

lie on planes bisecting the angle O between the two laser beams.
Consideration of the right-angled triangle XYZ shows that these bright
fringes, denoted by C, C, ... etc., are separated by a distance S given by

S = "9 (20)
25“(3)

A particle moving with velocity V at an angle B normal to the fringe
planes blocks off a varying amount of light. If it lies in a bright fringe it
blocks off much light, in a dark fringe, only very little. Thus as the particle
moves through the fringes the intensity of the scattered light will fluctuate

with frequency v, - known as Doppler frequency - that depends on the
fringe spacing and the velocity of the particle [21].

2VcosBsin(%)
Vo =T (21)

-14.Y2



15

HOSS300ud
TVYNOIS

!

H3EHTdNY

!

HO103134
-OLOHd

792¢

Juswebueny weeg fenq eidung v : ¢ esnbiy

M00T8 Y3LLNdS Wv38
Wvad 06/0S
oan |\

HOHHIN

H3asv




792¢

Figure 2 :

il
iy

Interference pattern produced by crossing laser beams

l-——m
l

16

-14.74



LR L3

17
The particle’s velocity component in the direction perpendicular to the

fringe planes V, is given by

Avy (22)

V =
. .0
23m(3)

B : The Reference Beam Mode

In the reference beam mode the laser light is split into an intense
scattering beam and a weak reference beam. The reference beam is
directed on to a photodetector where it beats with light scattered from the
strong beam by particles moving within the flow. The output of the
photodetector contains a signal of the frequency difference between the
two beams (Doppler shift) which is directly proportional to the particle’s
)velocity. This arrangement was employed in the pioneering work of Yeh
and Cummins and is still of use in measurements with particle dense fluids

[22).
C : The Two-scatter Mode

The third optical arrangement, the two-scatter mode was first
introduced by Durst and Whitelaw in 1971 [23]. A single focused laser
beam is directed into the flow and the scattered beams are received in two
directions simultaneously. They are then combined and directed to a
photodetector by a lens system similar to the one used for beam spliting in
the dual beam method. As particles move across the beam, the optical

path difference to the detector via the the two scttering directions varies,
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leading to alternate constructive and destructive interference in the

combined beam.

The two-scattered beam has a clear advantage over the dual beam
method in that two velocity components maybe measured at the same time
by collecting pairs of scatiered beams in mutually perpendicular planes.
However, little use has been made of this technique because of alignment

difficulties [22].
1.3.3 Light detection for LDA

The light intensity variations are commonly detected by -either
photomultipliers or photodiodes. Photomultipliers are vacuum tubes in
which electrons are released by light falling on a special photoemissive
surfaces. A diagram of a typical photomultiplier tube is shown in Fig. 3.
The released electrons may be collected directly by a positive electrode to
produce a measurable current, or as the case in many commercially
available photomultiplier types, internal amplification of the photocurrent
is carried out by secondary emission at intermediate dynodes at
successively higher voltages with respect to the photoemissive cathode.
The measured output of the photomultiplier is either the current that
passes through the last anode, or more preferably an output vdltage

produced by this current across a resistor.

Photodiodes are semiconductor devices in which light is detected by the

production of electron-hole pairs in the junction region of a p-n diode.
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photodiodes have the advantage of being small, relatively inexpensive and
unlike photomultipliers, photodiodes do not require any high-voltage power
supply. However, ordinary photodiodes do not have a built in current
amplification and thus much more external amplification is required than

with photomuitipliers [21].

Light collection in the forward direction is preferable whenever
possible. However, in cases when the optical access to the experiment is
only available from one side, backward scattering configuration is
unavoidable. A reduction in received scattered light of two or three orders

of magnitude is to be expected.
1.3.4 Signal processing and data analysis

' The signal produced at the output of the photodetector in an LDA
system can take on a variety of forms depending on particle seeding
density, particle size, optical design and laser power. A typical LDA signal
is shown in Fig. 4. With heavy concentration of particles in the fluid,
there will be more than one particle in the probe volume at any time on
the average, and nearly continuous signal will result. On the other hand.
with low concentration of particles, bursts of Doppler signals are observed
from the passage of individual particles through the scattering region. In
the cases where the particles are extremely small, the laser power is very
low and the receiving aperture is severely restricted, the scattered light
intensity becomes so low that photon-limited signals will be detected at the

photodetector [24].



Figure 4 : A typical LDA signal
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The different signal forms that are produced by the photodetectors
required the use of different signal processing devices. Nearly all signal
processors used in LDA systems are of either two types, frequency trackers

or burst counters.

A frequency tracker uses a bandpass filter and frequency
discrimination to track the frequency changes in the photodetector output.
The output of most trackers is an analogue voltage proportional to the
input frequency [18]. Due to the failure of the frequency trackers to follow
the rapid frequency changes in highly turbulent flows as they occur, their
application is usually restricted to liquid flow studies with turbulent
intensities less than 20 percent [24]. On the other hand, burst counters are
capable of measuring the frequency of a single Doppler burst. They are

’particularly useful in low particle density flow systems such as gas flows

-where heavy seeding is impractical. The fundamental output of burst

counters is digital and there is no restriction on the turbulence intensity of
the flow since large frequency changes between the bursts have no effect
on operation. Available burst counters are capable of handling Doppler

frequencies up to 200 MHz [24].

Once the signal processor converted the signal from frequency to
voltage (frequency trackers) or to numbers (burst counters) proportional to
velocity, the next step is to extract the required information from the
available data. Thns is usually done by interfacing the signal processor with
a computer. Computers can help in analyzing the data quickly and very

efficiently.
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1.3.5 Application survey

The LDA technique of fluid velocity measurements is capable of
operating in a velocity range of 10® cm/s to 2x10° m/s. The spatial
resolution, typically 20-100 pum exceeds that obtainable by any other
method. Precision of measurements by LDA can be as small as 3%.
LDA has two advantages over the hot wire anemometry in connection
with measurements in turbulent flow. Unlike the hot wire anemometry
LDA has a linear relation between the output and the velocity of the flow
tracing particles (Eq-16). The other advantage of LDA is that there is no
need to insert a probe in the fluid, since such probes may disturb the flow

and thus affect the accuracy of measurements [24].

y In principle the velocity measurements by LDA are not much affected

by the number or optical properties of the scattering particles, but as

mentioned earlier, insufficient number of particles present in the fluid may
result in poor signal to noise ratios from the photomultiplier and long
measurement times. Fortunately, enough suitable particles are usually
present in fluids being studied by LDA. This is often true in liquids, but in
the study of flow in gases there is always the need to add more particles to

the flow.

A source of error usually observed when dealing with turbulent gas
flow is the uncertainity concerning weighting the results from individual
passage of particles. More high velocity than low velocity particles per unit

time would pass through the measuring volume, Therefore to give all
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measurements an equal weight will cause the velocity distribution to have a
mean value higher than the actual value. For high turbulence intensities
the error introduced in the velocity distribution can be significant and a

correction is needed.

One other limitation of the LDA technique is the need to have an
optical access to the flow area. This access is usually provided by a
transparent tube or window which is not necessarily of a high quality. A
summary of the advantages and disadvantages of the laser Doppler

technique are given in table-1 [21].
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Table 1

Velocity measurement by LDA

25

Advantages

Disadvantages

Does not disturb the flow

High spatial resolution

Response linear and fast

Possible directional

discrimination

Operation not seriously
affected by temperature,
as long the temperature

gradiant is not high

Medium must be transparent

Needs scattering particles

Optical access is required

Expensive signal processing

equipment needed

Not suited for measurements
of total flow. Integration
over the cross section is

required
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CHAPTER 11

EXPERIMENTAL SET-UP

2.1 The Water Channel

The experiments described in this study were conducted in the
Molecular Dynamics Laboratory of Laser Rescarch Laboratory, the
laboratory is part of Division Il of the Research Institute located at King
Fahd University of Petroleum and Minerals. A general layout of the

experimental set-up used for this study is shown in Fig. 5.

y
The water channel was provided by the British firm Plint and Partners

Ltd. The major features of the water channel will be described by
proceeding in the direction of thc flow. Water from a large tank was
pumped through a pipe of 13 cm inner diameter into a stilling tank, which

in turn runs into a 20cmx30cmx8m water channel with transparent walls.

The pump used for this purpose is a low speed centrifugal pump
developing a moderate head. The maximum flow rate obtained in the pipe
with the flow control valve wide open was 38.3 L/s. However, for the
conditions employed in the experimental runs, volumetric flow rates were

kept below this value, this was achieved by throttling the flow control valve.
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The stilling tank was not part of the original water channel as delivered by
the manufacturers. It was designed and manufactured at the KFUPM
workshops. The main function of the stilling tank js to suppress turbulence
in the flow and create a laminar viscous flow in the test section of the water

channel.

A glass tube of 32 mm inner diameter and length of 160 cm (L/D = 50)
was installed in the test section of the water channel with the axis at a
height of 18 cm from the channel floor. A 20cmx20cmx30cm cage filled with
metallic fragments randomly distributed inside was placed 30 cm in front of
the tube opening. Since the tube was going to be immersed in water for
long periods of time, both the cage and the holders that carry the tube were

painted with an anti-rust paint.
\ .
The cage works as a turbulence generator, it creates a "top hat”

turbulent flow profile at the entrance to the tube. Figure 6 show the

velocity distribution and the velocity vs. time distributions at a point located
on the tube’s axis and 1 cm before the opening respectively. Similar
distributions were obtained at distances 5 and 10 mm away from the axis.
The turbulence intensities at these points were nearly the same and around
16 % for the low and intermediate Reynolds number flows and around 12

% for the high Reynolds number flow.
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2.2 Velocity Measuring System

2.2.1 Velocity measurement set-up

An Argon-lon laser - Spectra Physics model 171 - was used in this
cxperiment. The Argon-lon laser was chosen over the He-Ne laser which is
also common in LDA measurements for the following reasons :

I: It has more powerful output. The Argon-fon laser has a typical light
output power up to a few watts, while the He-Ne laser can only
produce light with an output power of few milliwatts.

2: It is always polarized.

3: Principal Wavelength in the green region at 514.5 nm. Most
available photomultipliers have their highest sensitivity in the blue
and green regions of the spectrum, sensitivity to red light being poor

unless special cathode emitting materials are used [21].

The laser Doppler anemometer is operated in the forward scatter mode
(Fig. 5). The incoming laser beam, with a wavelength of 514.5 nm and a
power approximately 40 mw is divided equally by the cubic beam splitter.
One beam is directed straight towards the channel and focused via a lens in
the middle of the channel. The other beam leaves the cubic beam splitter at
a 90 degree angle with respect to the original beam direction and is directed
with a mirror towards the channel and focused via a second lens in the
middle of the channel. The two beams cross inside the tube with an angle
a = 37.5° betwéen the two beams. The two outgoing beams are then

blocked on the other side of the channel by two beam blocks .
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The scattered light induced by particles crossing the fringe pattern is
then collected via a lens system. This lens system is designed to allow'only
the scattered light coming from the crossing of the two laser beams to reach
the photomultiplicr. It was necessary to run the whole experiment in
complete darkness, not only to obtain a high signal to noise ratio, but also
to avoid damaging the photomultiplier. The photomultiplier - NRC model
270 - was maintained at a voltage difference of 600 V, which made it highly
sensitive to even very low light intensities and direct light most probably

would have damage it.

The photomultiplier signal was then amplified - Hewlett Packard model
8447D - and fed to a spectrum analyzer - Hewlett Packard model 8568B -.
The spectrum analyzer is a frequency tracker type processor. An IBM
’compatible PC -DigiSystems Jetta AD - was interfaced with the spectrum
-analyzer through an IEEE-488 adapter card that allowed the transfer of
data between the computer and the spectrum analyzer. The data
acquisition (ACQUI) and the display (DISP) programs were used for the
purpose of data analysis. The original DISP program was modified in a
way that in addition to the mean velocity and standard deviation, higher
moments of the distribution are calculated and displayed. A plotter -

EPSON model LQ 1050 - was connected to the computer for hard copies.

The calculated velocity u as a function of the detected frequency of the

signal is
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Av,

u= D = 8003x107.v,, [ (23)

o a .
2sin (5)
where u is the flow velocity component in the axial direction, 2 is the

wavelength of the laser light, and v is the measured Doppler frequency in

Hz.
2.2.2 The scanning devices

Two separate scanning devices were used in this study to allow the
variation of the crossing point of the two laser beams inside the tube in the
x-direction (x = distance behind the opening) and in the r-direction (r =
distance in the radial direction from the axis). The glass tube was mounted

on two holders at distance 1 m apart. These two holders were designed and

)made in the LRL workshop specially for this experiment. The upper part of

-each holder is resting on a dove tail base that has the ability to move inward

and outward in the r-direction without having the need to change the
incoming laser beam. The movement of the holders is controlled with a

precision of about 0.5 mm.

A carriage movable on rails on top of the channel was used to do the
necessary scanning in the x-direction [26]. The dimensions of this carriage
are capable of carrying all optical elements needed on both sides of the
channel. The laser beam is directed from the laser head via a mirror system

towards a mirror M, which sends the beam 5 cm above the water channel

towards mirror M, fixed on the carriage. As the alignment of the laser
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beam going from M, to M, is absolutely parallel to the channel, any
movement of mirror M, will not change the position of the laser beam on it.
And thus it is possible to scan in the x-direction without having to change
the incoming laser beam on M,. The movement of the carriage in the x-

direction is also controlled with a precision of 0.5 mm.

Mirror M, which finally sends the laser beam focused by subsequent
lens into the water channel is fixed on a plate on the carriage absolutely
perpendicular to mirror M,. The plate can be moved vertically upward and
downward. This movement of the plate is controlled by four micrometers
with a precision of about 25 microns which, gives the carriage an additional

ability to do scanning in the z-direction. The photomultiplier unit is also

'ﬁxed on a movable stand-to enable the detection at any point x, z inside the

/¢

channel [26].
2.2.3 Measurement procedure

Velocity distributions were obtained at different cross sections along the
tube for three different flow rates, the average bulk velocities in front of the

tube were u,, ~ 5.20 cm/s, 11.8 cm/s and 51.6 cm/s. The corresponding

Reynolds numbers for the flow of water ( v = 102cm%/sec ) in a 3.2 cm
diameter tube at these velocities were Re = 1670 (Laminar regime), Re =

3680 (Transitional regime) and Re = 16700 (Turbulent regime) respectively.

To obtain the required distributions the following steps were usually

taken for each Reynolds number. Firstly, the carriage is moved to a position

v
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that allows the two laser beams to cross at the designated x-position behind
the entrance. Before applying the voltage to the photomultiplier, the optical
alignment is carefully rechecked to make sure that the two beams are indeed
crossing at that point and that enough scattered light from the crossing
region is reaching the photomultiplier. When a set of vclocity mcasurements
is completed for a sufficient number of r values, which as mentioned earlier
is done by moving the tube instead of moving the laser beam, the carriage is

moved to another x-position to start a new set of measurements.

The first velocity profile measurement was always taken at a distance |
cm in front of the tube to check on the the value of the bulk velocity and
more importantly to make sure that a uniform turbulent profile exists at the
entrance. The rest of the measurements were taken at x-distances of x= 2,
B, 12, 30, 60, 100 and 150 (all in centimeters). and at r-distances of r=0, 5,
10, 12, 14 and when possible at r=15 (all in millimeters). the complete set

of the velocity distributions is in Appendix-B.
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CHAPTER I11

RESULTS AND ANALYSIS

3.1 VELOCITY PROFILES

The mean velocities for the three studied Reynolds numbers as a
function of r and x are shown in tables A.1,A.2 and A.3 (Appendix A).
The following is a detailed discussion of the velocity profile development in

the tube for each Reynolds number.
y3ele]l Re = 1670
‘A: Velocity Profile Development

Figure 7 shows the development of the velocity profile for this
Reynolds number from a highly turbulent uniform “top hat” profile at the
entrance to a much lesser turbulent parabolic profile necar the end. The
profile is not completely uniform at the entrance since it can be clearly
seen that the mean velocities are slightly lower in the middle region of the
flow. We think this is caused by the way the metallic fragments responsible
for creating turbulence are distributed inside the cage. However, we belicve
that this has no major effect on the development of the velocity profiles as

it disappears completely at x = 12 cm ( x/D = 3.8).
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igure 7 : Velocity profile development, Re = 1670
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As the flow enters the tube, because of the non-slip condition, u._.=0,
particles adjacent to the wall will immediately have a zero velocity, further
downstream the effect of the wall presence travels inward causing particles
in the regions near the wall to slow down. At the same time, this is
accompanied by an increase in the velocity at the centerline and in regions
close to it. This will continue till the establishment of the fully developed
profile. The velocity profile development is illustrated in Fig. 8 which
shows three sample velocity distributions obtained at the centerline at
distances x = -1 and 150 cm behind the entrance. The dashed lines

represent the corresponding Gaussian distribution. Figure 9 shows the

velocity profiles as a function of the normalized velocity (ui) versus the

[4

yrormalized distance from the wall (-l%).

The points given in Table A.2 and plotted in Fig. 7 can be easily fitted
to a simple polynomial function and thus an expression of the velocity
profile at each inlet distance x as a function of the radial distance r, i.e.
u(r) can be easily obtained. The average velocity u_, is found by carrying
out an integration of u(r) over the cross section and then dividing by the

area of the cross section A,

_ j u(r) dA

R (24)

u

Since there is no angular dependence in u, dA can be simply written as

dA = 2 nrdr, substituting dA and A = n R?, the above expression

v
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Figure 9(a): Normalized mean velocity (u/uc) versus normalized
distance from the wall (y/R), Re = 1670, ( x/D = 9.4, 19, Laminar).
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Figure 9(b) : Normalized mean velocity (u/uc) versus normalized
distance from the wall (y/R), Re = 1670, ( x/D = 31, 47, Laminar).
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reduces to

_ ZIu(r)rdr

u,, 3 (25)

As mentioned previously, a fully developed laminar flow is represented by

a parabolic profile ( Hagen-Poiseulle profile ) given as

u(f)=u¢[l -(-é-)z] (7)

by substituting u(r) in eq-25, and with little calculations the ratio of the

u
average velocity to the centerline velocity (-l-l'—"-) is found to be 0.5. In other
[

words, for a fully developed laminar profile the centerline velocity is twice
sthe average velocity. The same procedure is used to obtain the average
velocities for Re = 3680 and Re = 16700 flows at each inlet distance.

These average velocities are recorded in Table A.4(a).
B: The Deviation From The Laminar Profile

In the following we will examine the deviation Au_ of the
experimentally determined mean velocity at the centerline (u),,, from the
value for a fully developed laminar flow, (u),,, = 2u,,, where u_, is the
average velocity given in Table A.4(a). For normalization, Au_ can be

written as

Ay, = [&)‘ﬂ{—(-"‘)ﬂ]xlm (26)
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Table 6 shows the Au_ values obtained in the experiment for Re =

1670

Table 2*

Deviation of the centerline velocity from laminar value

x/D 0 0.63 | 1.9 38 | 94 19 31 47

Au 101 91.3 | 80.2 | 413 | 305 | 205 | 14.8 | 3.52

Narasimha and Sreenivasan [12] have shown that one of the important

13

characteristics of relaminarizing channel or pipe flows is the exponential

decay of the deviation of the centerline velocity from the Poiseulle value,
Au_~ exp(—a x/D) (18)

The plot of Au, versus x/D (Fig. 10) shows that beyond a downstream
distance of x/D >3 there is a clear exponential decay of Au_ with a decay

rate a equal to 0.053, and the best fit equation is

Au, = 54.2exp (-0.053 x/D) (27)

* For optical reasons the Au, value at x/D = 0 was actually obtained at

x/D = -0.31 but it is assumed that the flow will not change at all
between x/D = -0.31 and x/D = 0.
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Figure 10 : The deviation of the experimentally determined
mean velocity at the centerline from the value for fully developed
laminar flow, Re = 1670. '
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the decay rate values obtained by previous reaserchers can be

approximately estimated to be :
Sibulkin [11] :

Re = 600, a = 0.077
Re = 1200, a = 0.042

Re = 2400, a = 0.022
Laufer [10] :
Re = 1400, a = 0.035

Figure 11 shows the dependence of these decay rates on the Reynolds
number of the flow. It is interesting to note that the decay rate obtained
In this experiment is at least twice as that expected for the same Reynolds
number using an enlargement in front of the tube opening. In effect this
means that the inlet length needed to laminarize a highly turbulent low
Reynolds number flow in a simple tube like the one used in our experiment
is shorter than the inlet length needed in a tube with a diffuser in front as

used in previous studies.

The decay of the deviation from the Poiseulle value is not restricted to
the centerline only. Figure 12 which is based on the data given in Table

A.5 shows this exponential decay (Au,) for different radial distances (r)

from the axis.

Au’=[.(“_)=ﬂ")£]x|oo (28)

4
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Figure 11 : Dependence on Reynolds number of rate of approach
of the experimentally determined centerline mean velocity to the
fully developed laminar value
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x/D
Figure 12(a) : The deviation of the experimentally determined

mean velocity at radial distance r from the value for fully
developed laminar flow, Re = 1670, (r = 5, 10 mm ).
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Figure 12(b) . The deviation of the cxperimentally determined
mean velocity at radial distance r from the value for fully
developed laminar flow, Re = 1670,.( r = 12, 14 mm ).
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where (u),,, is the experimentally determined value, (u),, is the value for
fully developed laminar profile as given in eq-7 and u, is the centerline

velocity. The obtained decay rates are given below :

a(r=5) = 0.061
a(r=10) = 0.063
a(r=12) = 0.047

a(r=14) = 0.099

This brings us to the question of how to determine when the flow is

said to be fully laminarized. We propose using Au_ as a criteria for

determining the inlet length needed to establish a laminar profile. By

assuming that whenever Au_is less than a certain value, say 5 %* , then

We can say that the flow was fully laminarized at the corresponding x/D

value. In our experiment Au_ = 5 % corresponds to an inlet length of 45

tube diameters. This value is about the same like the inlet length of 50

~ diameters predicted by Schlichting [11], L = 0.03 D Re, and about half of

the inlet length of 100 diameters predicted by Janna [10}, L = 0.06 D Re.

~ As mentioned in section 1.2.5 ( Relaminarization ) , Narasimha and
Sreenivasan [12] have reached the conclusion that only a critical Reynolds
number governs the processes in which relaminarization is thought to be

brought about by the effect of viscosity. In our .opinion, the experimental

* The choice of this value depends on the experimental uncertainties. In
our study a 5 % value seems very reasonable for Au,.
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results obtained in this study'clearly show that this the case regardless of
how much turbulent the flow was at the entrance. Furthermore, our
success in achieving relaminarization in a normal tube with only rounded
edges indicates that the use of an enlargement or a diffuser at the entrance

is not a necessity.
3.1.2 Re = 3680
A: Velocity Profile Development

The development of the velocity profile for this Reynolds number is
shown in Fig. 13. The effect of the non-uniformity of the flow at the inlet
is evident at x/D = 0.63 and to a lesser degree at x/D = 1.9 and it
disappears completely at x/D = 3.8 behind the inlet. The velocity
distributions at the centerline are to some degree similar to those obtained

for Re = 1670, velocity distributions at x = -1 and 150 cm are shown in

’ Fig. 14 as an example.

The plot of the normalized velocity (u/u)) versus the normalized

distance from the wall (y/R) clearly shows that the flow was still

developing even after a distance of 50 diameters inside the tube (Fig. 15).
B: The Deviation From The Transitional Profile

The same criteria used previously to estimate the length needed to

establish a laminar profile for Re = 1670 can be used here to verify the
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Figure 13 : Velocity profile development, Re = 3680
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. Figure 15 : Normalized mean velocity (ufuc) versus normalized

distance from the wall (y/R), Re = 3680, ( x/D = 9.4, 19, 31, 47 ).
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above conclusion. However since there is no knbwn theoretical or empirical

relations from which it is possible to obtain the (%‘1) ratio for this

<
particular Reynolds number, we have to derive this ratio from the

experimental data reported by earlier researchers.

A plot of (%—'l'-) for supposedly fully developed flows in the transitional

<

region versus Reynolds number is given in [29]). From the best line that

passes through the points shown in that graph, the (%) ratio that

<

corresponds to Re = 3680 is equal to 0.742. For this case Au_ can be
written as

L]
Au‘:[("_w%&)sz]xmo (29)

Here (u),, is the experimentally determined velocity at the centerline for
Re =.3680 and (u),,, is the value for a "fully developed transitional
profile”, (v),.,, = 1.348 u,, , where u,, is the average velocity values given

in Table A.4(a)

The Au_ obtained at different cross sections for Re = 3680 are shown in

the following table
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Table 3

Deviation of the centerline velocity from the transional value

x/D 0 063 | 1.9 38 94 19 31 47

Au 348 | 346 | 313 | 193 | 113 | 7.89 | 2.17 |-14.2

4

The negative value at x/D = 47 is due to the fact that the centerline
velocity there is higher than the expected value, which is another indication

that the flow is still developing.

The plot of the blockage factor B defined as

B=1—(1’u-—' (13)

4

Y

"against x/D (Fig. 16, Table A.4(b)) shows a remarkable similarity between

the two curves obtained for Re 1670 and Re = 3680. The B value
increases rapidly from B = 0 at the entrance to B = 0.370 (Re = 1670)
and B = 0.134 (Re = 3680) after a distance of only 10 diameters. The
rate of increase slows down after that, but while in the case of Re = 1670
the blockage factor approaches it’s fully developed value of B = 0.5, the
blockage factor for Re = 3680 exceeds the expected value of

B =1 - 0.742 = 0.258 without attaining a fully developed profile.

From the above discussion one can conclude that not only the flow

was not fully developed after an inlet length of 50 tube diameters but also
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Figure 16 : Variation of the blockage factor with distance from
inlet, Re = 1670, 3680.
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that there is a probability that the value of (-%1) obtained from [29]

L4
actually does not represent a fully developed flow. It is of course
questionable wether there is a fully developed flow for the transitional

region.
3.1.3 Re = 16700
A: Velocity Profile Development

A flow with this Reynolds number is considered in literature to be in
the turbulent regime, where a power law profile is expected to be
established after an inlet length of 20 to 50 tube diameters. The velocity
profile development for this Reynolds number is shown in Fig. 17. The

velocity profile at x/D = 0.63 behind the entrance shows no trace at all of

the non-uniformity of the initial flow at x/D = -0.31 caused by the non-

evenness distributio of the metallic fragments in the cage. It seems that the
efficiency of the turbulence generator increases with the Reynolds number
of the flow, or more specifically with the flow’s bulk velocity. The average
velocity profiles obtained for Re = 3680 and Re = 16700 are very much
similar up to x/D = 3.8 behind the inlet. Starting from x/D = 9.4, the
flow at Re = 16700 exhibits a slightly different velocity profile from the
one obtained for the flow with Re = 3680. In the latter case particles close
to the wall have relatively lower velocities. At x/D = 47 the two profiles
are completely different. The obtained centerline velocity distributions for

Re = .16700 atx = -1, 30 and 150 cm are shown in Fig. 18.
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Figure 17 : Velocity profile development, Re = 16700
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The difference between the profiles obtained for the above two
Reynolds numbers is also evident from the comparison of Fig. 15 and Fig.
19 which are plots of the normalized velocity (u/u) versus the normalized
distance from the wall (y/R). Figure 19(b) is specially interesting since it
shows that at x/D = 31 and x/D = 47 the two profiles arc ncarly
identical, which may suggest that the flow had reached it’s fully developed
profile around x/D = 31 behind the inlet.

Figure 20 suggests that it is possible to describe not only the fully

developed profile but also the developing profiles by a power law of the

type

(D" (10)

‘This is specially true for x/D > 10. Since there is no known formula to us

that relates the N value to the corresponding Reynolds number, we have to
estimate the exponent N value that corresponds to Re = 16700 by other
means. The power law representation by Schlichting [I1] of the data
obtained by Nikurdse [3] shows that the exponent N varies with Reynolds

number as shown in the following table
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Figure 19(a): Normalized mean velocity (u/uc)

60

versus

normalized distance from the wall (y/R), Re = 16700,( x/D = 0.63,

1.9, 3.8, 9.4).
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Figure 19(b) : Normalized mean velocity (u/uc) versus
normalized distance from the wall (y/R), Re = 16700, ( x/D = 19,
31, 47, Power).
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Table 4

The exponent N value for different Reynolds numbers

Re | 4.0x10° | 2.3x10* |1.1x10° {1.1x10° |2.0x10° |3.2x10°

N 6.0 6.6 7.0 8.8 10 10

Assuming that between Re = 4000 and Re = 23000 the following linear

relation is valid
N =a + b(Re) (30)

substituting Re = 4000 and Re = 23000 and the corresponding N values

yfrom table 8 the constants a and b are found to be

a= 5874

b=3.158x 10"

substituting Re = 16700 and the above values of a and b in eq-25, the

resultant N value is N = 6.4.

The ratio of the average velocity u,, to the centerline velocity can be

found in a similar way to the one used previously for laminar profile.

Eq-10 can be written as

u(l')=uc(l—-;;—)”N (31)

substituting u(r) in eq-24
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_ 2_[ u(r) rdr

u,, . (24)

will give the desired ratio as a function of N, the general solution to the
above integral is
2N?

Yy _
u (N+D)@N+1) (32)

substituting N = 6.4 in the above equation yields the following value for

ulv =
( o ) = 0.802.

4

B: The Deviation From The Turbulent Profile

The same criteria used before for Re = 1670 and Re = 3680 to
‘estimate when the flow is fully developed will be applied here too. The

following table shows the Au, values obtained for this Reynolds number at

each cross section. Au_ is defined here as

Auc=[ﬂz~*zu'—)(“=)ﬂ]xmo (33)

where (u)., is the experimentally determined centerline velocity and (U) pn
is the value for the fully developed turbulent flow, (u),, = 1.247 u,
where u,, is the average velocity obtained at each distance from the inlet

and recorded in table A.4(a).
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Table 5

Deviation of the centerline velocity from the turbulent value

x/D 0 063 | 1.9 3.8 9.4 19 31 47

Avu 24.7 | 21.7 | 20.8 155 | 9.10 | 2.61 -3.19 {-2.04

4

The negative values of Au_ at x/D = 31 and x/D = 47 can be easily
explained by considering the plot of of the blockage factor B versus the
normalized distance x/D for Re = 16700 (Fig. 21). Klein [8] has shown
that B increases gradually until at about 40 diameters it reaches a value
that exceeds the expected value of B for a fully developed profile. Beyond

sthis maximum value, B decreases again to the expected value for such flow.

Recalling the definition of the blockage factor

B=1- (% (10)

[

For B to have a value higher than the value expected for fully developed
profile, u, must be higher than the expected value (u)_,. In turn this
means that Au_ will have negative values. The expected B value for Re =
16700 is B = 1 - 0.802 = 0.198. Using the information given in both
Table A.4(b) and Table 5, at x/D = 19 cm B has a value of 0.18]1 which is
lower than expected value, (Au, = 2.6), at x/D = 31, B = 0.218 which is
higher than the expected value, ( Au, = -3.2), at x/D = 47, B = 0.211.
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This value is still higher than the expected value but since it is lower than

the maximum B value we should expect Au, to be less negative, which is

the case indeed since Au_ at x = 150 cm is equal to -2.0 .

C: The Inlet Length

The question of when the flow develops fully arises again. It is clear
from Table 5 that Au_ crosses the 5 % limit value after a distance of 30 to
60 cm inside the tube which corresponds to an inlet length in the range of
L = 10D to 19 D. However, the blockage factor has a maximum value
around x/D =~ 31. which as shown by Klein this maximum shortly
precedes the actuall establishment of the fully developed profile. Therefore
we believe that the true inlet length is in the range of L = 31 to 47 tube

fiiamewm.

We can easily compare this inlet length with the inlet length values
predicted by the empirical and semi-empirical formulas given by previous

researchers for the same Reynolds number.

1. Latsko (1950):

L _ 14
T = 0:625(Re) (1)

Sub. Re = 16700 in the above equation yields L = 7 D. This inlet
length is far shorter than the one obtained in our experiment and that
could be attributed to the fact that Latsko assumed a 1/7 velocity

profile in the inlet region, where actually the 1/7 power can be used
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to  describe fully developed profile in the range

2.5x10°sRe <1.5x10°

Bowlus and Brighton (1962) :

% = 14.25log,, Re — 46 (12)

Sub. Re = 16700 in this equation gives an inlet length value of 14
tube diameters. It is clear that although the inlet length value

predicted by Bowlus and Brighton compare favourably with Barbin

and Jones experimental data for Re = 3.88 x 10°, their predicted
value for a much lower Reynolds number is smaller than the actual

inlet length.

Salami (1986) :

N =516 + 2.18x 10‘(%) Re (14)

Sub. N = 6.4 and Re

16700, the inlet length predicted by the
above equation is L = 34 D. This value lies in the range of inlet

lengths obtained in our experiment.

Janna (1989):

L _ 1%
) 44(Re) (15)

Sub. Re = 16700 in this equation yields L = 22.2 D.
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We believe that the difference between our measured value for the inlet
length and the values given by the above relations is due to the fact that
most studies on turbulent developing pipe flow were carried out on
Reynolds numbers exceeding 100,000, where the empirical formulas given

above give results close to the actual experimental findings.

It can be also seen from Fig. 21 that the maximum B value in our
experiment, B_, = 0.233 is clearly higher than the maximum blockage
factor values reported by Klein [8], i.e. B__=0.155 for Re = 13x10°

(Miller [27]) and B_,, =0.215 for Re = 1.8 x 10° (Cockrell and Markland
[28]), which also confirms the conclusion reached by Klein, namely that
larger Reynolds numbers produce lower peak values, and smaller Reynolds

numbers higher peak values.
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3.2 Turbulence Intensity

Figures 22-24 show, for the three studied Reynolds, numbers the
variation of the turbulence intensity with distance from the inlet. The
turbulence intensity o is defined as

o= N sul> (9)
u
where u’ is the random velocity fluctuation about the time mean velocity

value u at any instance of time. The above figures are based on the

turbulence intensity data given in Tables A.6, A.7 and A.8.

A common observation in all three figures is that unlike the velocity
)proﬁles, where the velocity increases in the middle region of the tube and
‘decreases at points close to the wall, turbulence intensity profiles show the
complete opposite behavior, turbulence decreases in the central region and
increases near the wall. Figure 25 give an example of the change in the
velocity distributions along the cross section (Re = 3680, x = 100cm, r =
0, 5, 14 mm). The following is a comparisons among the turbulence

profiles obtained in this study.
3.2.1 Re = 1670
A: Turbulence Intensity Development

We propose a definition of the average turbulence intensity as
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_ Zjo(r)rdr

o, = (34)

Table A.9 gives at each distance behind the inlet the corresponding

average turbulence intensity ¢,.. In our experiment it was not possible to

get more than 1 mm close to the wall ( because our r-scanning device has a
precision of only 0.5 mm ), Therefore, o,, in fact represents the average
turbulence of the bulk of the flow, the integral limits are taken fromr = 0
tor = 14, and R? = 196. The average turbulence intensity for Re = 1670
decays exponentially - as can be seen from Table A.9 and Fig. 26 - from
it’s initial high value of 18 % to a value arou.nd 3 % near the exit, which
means that the establishment of the laminar profile was accompanied by
an overall reduction of more than 80 % in the turbulence intensity. Figure
27 shows for Re = 1670 the velocity fluctuations at the centerline as a

function of time at x = -1, 30 and 150 cm.

A plot of the turbulence intensity decay at each r-distance from the
centerline (Fig. 28) shows that for x/D > 5 the decay has a better
exponential fitting at r = 0, S and 14 mm than at r = 10, 12. The decay
rates k togcther with the CI values are given below : ( CI or the
"Correlation Index” is a measure of how good the regression curve fits the

data, 0 s Cl s 1, CI = 1 for perfect fitting.)
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Figure 28(a) : Decay of turbulence intensity ¢ with distance
from inlet, Re = 1670, (r =0, 5, 14 mm ).
(A good exponential fit for x/D > 5)
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Figure 28(b) : Decay of turbulence intensity © with  distance
from inlet, Re = 1670, ( r = 10, 12 mm ).
(A poor exponential fit for all values of x/D)
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k(r=0) = 0.021, Cl = 0.984
k(r=5) = 0.018, CI = 0.998
k(r=10) = 0.024, CI = 0.768
k(r=12) = 0.026, Cl = 0.833
k(r=14) = 0.025, Cl = 1.000

This should come as no surprise to us since as mentioned in 1.2.5 one
of the characteristics of relaminarizing flows is the exponential decay of the
turbulence intensity at points near the centerline and at points near the

wall but still close to the centerline.

B: The Decay of The Mean Velocity Fluctuations

' One other characteristic of relaminarizing flows also discussed in

section 1.2.5 is the exponential decay of the maximum value of the mean
velocity fluctuations <u’>>_ as
<u?>_ ~ exp (-k x/D) (19)

where k_ is a constant that depends on Reynolds number. Table A.10 gives

. the standard deviation values obtained at each distance from the inlet.

The maximum <u’?>_ values obtained from Table A.10 are given in the

following table
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Table 6

The maximum value of the mean velocity fluctuations

x/D 0 063 | 1.9 38 9.4 19 31 47

<u?> 096 | 0.85 | 0.66 | -- 0.40 | 0.27 | 0.12 {0.08

Figure 29 shows a plot of <u">m versus x/D. For x/D > 5, <u">m

decays exponentially according to
<u?> = 0,65 exp (-0.048x/D) (35)

It’s interesting to note that both the turbulence decay rate (k) and the
:iecay rate of Au_ are nearly equal. The decay of the turbulence intensity of

the flow goes hand in hand with the establishment of the laminar profile.

We can easily compare the decay rate value k, = 0.048 obtained here
with those obtained by other researchers for pipe and channel flows. From
[12] it is possible to estimate the decay rates obtained previously for

different Reynolds numbers as follows :

Sibulkin [14]: (pipe flow)
Re = 1200, k = 0.064
Laufer [13]: (pipe flow)
- Re = 1400, L = 0.038
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Figure 29 : Decay of the maximum value of the mean velocity
fluctuations <u'>>p with distance, Re = 1670.
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Badri-Narayanan [16): (channel flow)

Re = 1250, k, = 0.039
Re = 1730, k, = 0.023
Re = 1960, k, = 0.008
Re = 2500, k, = 0.002

Figure 30 shows these decay rates together with the one obtained here. It is
clear that the decay rate k, obtained in our study is again nearly twice the
expected value for the same Reynolds number if we were using similar set

up to the one employed in the studies shown above.

It should be mentioned here that in drawing Fig. 22 (and also Fig. 23
and Fig. 24) it was assumed that the velocity fluctuations u’(t) about the
time mean value u is symmetric. There are as many particles with speeds
lower than the mean as there are with speeds higher than the mean.
However, a study on the symmetry of the velocity distributions along the
centerline ( Section 3.3 ) shows that most of the time the flow exhibits a
small but nevertheless clear asymmetry in the velocity fluctuations about
the mean value. This unfortunately means that these figures give only an

approximate picture to the real turbulence intensity profiles.
3.2,2 Re = 3680 and Re = 16700

Although the flows with these Reynolds numbers had different velocity
profiles specially near the end of the tube (Re = 16700 had a fully
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developed profile at x/D = 47, Re = 3680 had not), nevertheless thier
turbulence profiles as can be seen from Fig. 23 and Fig. 24 show a great
deal of resemblance which may justify putting them both under one

subtitle.

Figure 31 shows that for Re = 3680 the turbulence intensity at the
centerline decreases rapidly from it’s initial value of 17 % to a lower value
of 7 % after an inlet length of only 10 diameters. Up to this point the
decay follows the one obtained for Re = 1670, beyond tﬁat the turbulence
intensity of the lower Reynolds number flow keeps decreasing while the
turbulence intensity of the transitional flow stays more or less the same.
Similarly the centerline turbulence intensity of the Re = 16700 decays
from 6 = 12 % at the entrance to ¢ = 5 % after the same distance of 10

diameters and stays nearly constant downstream.

Regarding the average turbulence intensity o,, both flows again show
very similar behavior. o,, decreases from it's initial value to a minimum
value at x/D = 10 and then start increasing again. This can be clearly seen
in Fig. 26 which is a plot of o,, values given in Table A.9(a) versus x/D.
The ratio of the ¢, value at x = 10 D and the o_, value at the entrance is
around 0.6 for both Re = 3680 and Re = 16700 (Table A.9(b)). The fact
that after a distance of only 10 diameters the flow is 40 % less turbulent in
our opinion is very important. It suggests that in certain situations where it
is essential to keep turbulence under control, for example in the case of

flow in curved pipes where turbulence increases after going through the
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Figure 31: Variation of the centerline turbulence intensity G¢

with distance from inlet.
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curve, it is possible to eliminate much of the created turbulence by
inserting a short tube ( or a bundle of short tubes ) in the flow stream on
the condition that the tube’s length does not exceed 10 diameters. This is
just an idea originated by the results obtained here and it has to be tested

in an actual set up before it is approved effective.
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3.3 Skewness and Kurtosis

To our knowledge, no one attempted before to study the higher
statistical moments of the velocity profiles of a relaminarizing flow. The
third moment (Skewness) and the fourth moment (K urtosis) are defined as

[30] :

R Y Tk

Skew = 43 |32 (38)
kun = L3 [522] 39
Uﬁ—wigo_ o (39)

In order for these higher moments to be meaningful, it is a must to

f’nave a large number of measured values (x;'s). In our experiment, this is

true only in the measurements taken at points along the centerline.
Therefore, the following discussion will be confined to the variation of
these moments along the tube’s axis. The data of Fig. 32 and Fig. 33 are
given in Table A.11 and Table A.12.

Skewness is a nondimensional quantity that characterizes the degree of
asymmetry of a distribution around the mean value. The skewness value
of a normal (Gaussian) distribution is zero. A positive skewness value
signifies a distribution with an asymmetry tail cxtending out towards
higher values around the average value, while a negative skewness value
indicates that the asymmetry tail extends out towards lower values around

the average value.
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Figure 32 : Variation of the skewness value at the centeline with

distance form inlet



5
O Re=1670
o
@ Re=3680
4 A Re=16700

2
N
o
-
b
<
a
2 -
1 hd ¥ 14 L ¥
0 10 20 30 40 50

x/D

91

Figure 33 : Variation of the Kurtosis value at the centerline with

distance from inlet.
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The skewness values obtained in our experiment were between 0.6 and
-0.6. Figure 32 describes the variation of the skewness value at the
centerline with distance from the inlet. It can be immediately seen that
there exists a clear trend for the skewness to start with a positive value at
the entrance, probably induced by our turbulence generating cage and, as
the flow approaches it’s fully developed profile, the skewness value changes
from positive to negative inside the tube and close to zero ( the Gaussian

value ) near the end.

The asymmetry of the velocity distribution is mostly affected by both
the upstream history of the flow and by the sign of the radial velocity v

and, therefore, on the direction of the turbulent transport.

A velocity distribution with a negative skewness means that the most
probable value of the velocity is higher than the mean velocity, which in
turn indicates that the flow was at a higher speed upstream. Similarly, if
the the flow had a lower speed upstream then the veloéity distribution will
have its most probable value lower than the mean value and hence the

distribution will be positively skewed.

The effect of the direction of the turbulent transport on the asymmetry
of the distribution was studied by Ribeiro and Whitelaw [31]. Velocity
distributions were obtained in the self-preserving region of a round free jet
at 57 diameters. Their results showed that velocity distributions on the
centerline is nearly symmetric and no dependence on the sign of v exists.

Away from the centerline a positive v ( outward transport ) is associated



93
with a Gaussian u distribution, and a negative v ( inward transport ) is

associated with a positive skewed distribution of the axial velocity.

For the case in hand, close to the exit, true for Re = 1670 and Re =
16700, the velocity profiles are supposedly fully developed and hence there
should be no change in the velocity profiles. Thercfore, the centerline
velocity distribution is expected to be Gaussian. Figure 32 shows that this

the case indeed.

In the developing region of the flow, although the velocity distributions
along the centerline are expected to be positively skewed ( since the flow is
at a higher speed upstream all the time ), The obtained distributions infact
show the opposite skewness sign. A satisfactory explanation of this
gisagreement should include a study of the effect of the other flow
parameters, especially the effect of the radial velocity on the axial velocity

'distribution in the developing region.

Kurtosis is also a nondimensional quantity that measures the relative
peakedness or flatness of a distribution relative to a normal distribution. A
normal distribution has a Kurtosis value of 3. As far as we can tell from
Fig. 33 which is a plot of the Kurtosis value of the centerline velocity
distribution against the normalized distance, there exists no physical

correlation between the Kurtosis value and other flow characteristics.
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CHAPTER 1V

CONCLUSIONS AND
RECOMMENDATIONS

4.1 Summary of Results

Following are the conclusions that can be drawn from the the results

of the present investigation :
1. Experimental Set Up .

- The present design of the LDA optical components utilized in this
experiment enabled us to successfully obtain the needed information

with great ease.

. It was essential to come up with a way to produce a uniform highly

turbulent profile at the entrance to the tube. Although simple in
design, the cage used to generate turbulence was capable of
generating nearly homogeneously distributed turbulence intensities

that exceed 10% even for bulk velocities as high as 50 cm/sec.
2. Relaminarization :

- For relaminarization in tubes it is not necessary to have a diffuser at
the inlet. Our tube immersed in the flow clearly showed that a

laminar profile was established at x ~ 45 D for the initially highly
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turbulent, low Reynolds number flow Re = 1670. This inlet length
was determined from eq-27 which expresses the deviation Au_ of the
experimentally determined centerline velocity from the value for a
fully developed laminar flow as a function of the distance inside the

tube.

Au_ = 54.2 exp (-0.053x/D) (27)

The exponential decay of Au, clearly described by eq-27 is a major
characteristic of relaminarized flows. If we choose Au_ = 5 % as the
limit after which the flow is assumed to be fully relaminarized, then
substituting this value in eq-27 will inmediately yields the above inlet
le;lgth value. This value agrees well with one calculated from
Schlichting’s formula L = 0.03 D Re. Our results confirm the
previous conclusion by Narasimha and Sreenivasan that only a
critical Reynolds number governs the processes in which viscosity is

responsible for achieving relaminarization.

Both the rate at which the velocity profiles approach the fully
developed laminar profile and the decay rate of velocity fluctuations
were found to be higher than those reported by previous researchers
who achieved relaminarization in pipes by allowing the flow to go
from one section of the pipe where the flow has a Reynolds number
higher than a certain critical Reynolds number (Re_) via a diffuser to
another section where the flow has a Reynolds number lower than

the critical Reynolds number.
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3. Inlet Length

- No fully developed profile was obtained for Re = 3680. It is clear
that the distance required for full flow development exceeds S0 tube
diameters which is the length of the tube used in this experiment. In
fact the existence of a fully developed flow in the transitional region

is questionable.

- The inlet length value for the Re = 16700 flow was estimated to be
in the range of 31 to 47 tube diameters. This result is in
disagreement with what is predicted by some of the empirical and
semi-empirical formulas given by previous researchers.This could be
due to the fact that these formulas were originally written to fit the
inlei length values obtained for flows with much higher Reynolds

numbers.
4. Skewness and Kurtosis :

- The deviation of the velocity distributions along the centerline from
the Gaussian profile was not large. However, the clear trend of the
skewness value to start with a positive value at the entrance and
changes to a negative value near the end indicates that there may
exist some correlation between the skewness value and other flow
parameters such as turbulence intensity and blockage factor. No such
correlation i_s expected however between the kurtosis value and other

flow parameters.
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If the results concerning the variation of the skewness value with
distance along the tube were later verified by a more detailed study at
points not only on the axis but also along the whole cross section, in
our opinion we may have reasons to doubt that the basic
represcntation of the instantancous velocity in case of a turbulent

flow as symmetric velocity fluctuations about a mean value
u(t) = u £ u'(t)

is not completely true.

4.2 Recommendations

As a continuation of this line of investigation, we propose the

following,

For a better representation of the velocity profiles and a more
accurate estimate of the average values, it is necessarily that
measurements should be taken at more radial distancés, preferably at
points much closer to the wall. However, this requires the fabrication

of a scanning device with a very high precision.

If it happens that later study was conducted on a flow with
turbulence intensities that exceeds 20%, it is recommended that a
frequency shifter be used to have a distinction between positive and
negative velocities of equal magnitude. A burst counter type

processor may also be useful for better signal processing.
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In this study it was found that the average turbulence intensity of the

16700

transitional and turbulent flows with Re = 3680 and Re
dropped nearly 40 % after only a distance of 10 diameters. It was
concluded that by placing a bundle of small tubes near locations
where turbulence is expected to be created (e.g. curved pipes) then it
is possible to keep turbulence under control and possibly reduce the
overall resistance of bends etc to a flow. Of course this concept has

to be tested more thoroughly in a future study.



Appendix A

For representation of the values in Appendix A .
various discrimination levels are taken into account
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