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SUMMARY



SUMMARY

The development of a Laser Doppler Anemometer
technique to measure the velocity distribution in a
commercial plate heat exchanger is described. Detailed
velocity profiles are presented and a preliminary invest-
igation is reported on flow behaviour through a single
cell in the channel matrix.

The objective of the study was to extend previous
investigations of plate heat exchanger flow patterns in
the laminar range with the eventual aim of establishing
the effect of flow patterns on heat transfer performance,
thus leading to improved plate heat exchanger design
and design methods.

Accurate point:- velocities were obtained by Laser
Anemometry in a perspex replica of the metal channel.
0il was used as a circulating liquid with a refractive
index matched to that of the perspex so that the laser
beams were not distorted.

Cell-by-cell velocity measurements over a range of
Reynolds number up to ten showed significant liquid
mal-distribution. Local cell velocities were found
to be as high as twenty seven times average velocity,
contrary to the previously held belief of four times.
The degree of mal-distribution varied across the channel
as well as in the vertical direction, and depended
on the upward or downward direction of flow. At
Reynolds numbers less than one, flow zig-zagged from one
side of the channel to the other in wave form, but
increases in Reynolds number improved ligquid distribution.

A detailled examination of selected cells showed
velocity variations in different directions, together
with variation within individual cells.

Experimental results are also reported on the flow
split when passing through a single cell in a section
of a channel. These observations were used to explain
mal-distribution in the perspex channel itself.
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NOMENCLATURE

The variables used in the present study are listed

below, together with units and a brief description.

Variable Unit Description

A m? Area of plate

A cm? Area of tube

a, - Experimental Constant

a b" ¢ - Constants measured from

cosinusiodal function

a, b1 - Distribution Constants

b mm Beam separation at
arbitrary measurement point

b' m Mean plate gap

Cp KJ /Kg°C Specific Heat

D m Beam displacement produced by
mirror and beam splitter
combination

De m Equivalent diameter

d cm Distance from the arbitrary
measurement point to the
beams e¢rossing

F cm Focal length of the lens

FP - Far point

G Kg/s Mass flow rate

9, 9, 93 = Amplitude for each turning
point at delay times t1 t2
and t3

(x1%)



Variable Unit Description

- Amplitudes at times t
gn gz plil n

and tz on the correlation

curve
g (1) - Correlation function for
time 7t
g(pdt) - Correlation function for

number of photons counted

for interval separated by

time pét

H m Height of intermating troughs

ﬂhA &hB cm Height changes in each tube
"A" and "B"

K1 K2 - Wave vecto;s

Ks - Scattered wave vector

K KB - Performance criteria of

| cell based on tubes "A" and "B".

k W/m?°C Overall heat transfer
coefficient

m - Fringe visibility factor

N - Total number of terms in
summétions

Nu - Nusselt number

n(t) - Number of photons arrival
events occurring with an
interval of time 6t at a
time t

ny - Number of photons qounted in
the ith interval

n - Number of fringes

(Xv)



Variable Unit Description

n' - Number of samples under
investigation

ng - Number of passes

P - Number of values of the
function

0 m®/s Volumetric flow rate

Qy Cm? Total flow measured

Qnp : Cm? Total volume leaving both
tubes

3
QCA QCB Cm Calculated flow inputs from

tubes "A" and "B"

3
QMA QMB Cm Flow measured at outlet of
tubes _"A" and HB"

R - Amplitude ratio

Re - Reynolds number

r Hm Beam radius

re um Beam radius at focus
S m Fringe spacing

T o o Temperature

t s Time

t
0

o Average of three turning
points at delay times

t. £, ang t

1 "2 3
st s Small interval of time
U m/s Average velocity of flow
v m/s Velocity of flow

(xvi)



Variable Unit Description

V! m/s Velocity of moving particle

v, m/s Observed velocity
W m Plate width available for flow
Xy - Ratio of measured velocity to

average velocity for sample i

|

- Mean average of velocities

across the channel

2 - Experimental response

o - Angle of the scattering signal

8 - Angle of component resolved

v, v, ' - Doppler shifts

AV - Change in frequency of light

8 . deg Angle of beam separation

6" - Number of heat transfer units
(HTU) X

n - Turbulence

A | °A Wavelength of laser light

u Kg/ms Viscosity of fluid

p | ~ Kg/m? Density of fluid

- - Standard deviation

T s Sample time

) - Ratio of developed to projected
area

(xvii)
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1. INTRODUCTION

1.1 LASER DOPPLER ANEMOMETRY (LDA)

For many years two techniques were widely used to
study flow patterns. One involved the use of mechanical
probes to obtain information on fluid velocity, while the
other used dye solutions injected into the flow to observe
the streamlines produced as they are carried along by the

current (applicable-to low velocities).

In 1964 Yeh and Cummins (1) demonstrated the tech-
nique of using the Doppler shift of laser light to determine
velocities. The basic principle is simple, small particles,
either naturally or artificially introduced into the flow,_
act as light scattering centres. Particles having
suitable characteristics will follow the flow faithfully
without interference so that the light scattered in a
given direction can be related to the particle velocity

and hence to the flow.

1.2 PLATE HEAT EXCHANGERS

l.2,1 BACKGROUND

The earliest form of plaEbheat exchanger (PHE)
appear to have been invented in Germany in the 1870's -~
the Alfa Laval's group hold patents dating back to 1878.
Modern designs appeared in the 1920's and essentially
similar plates exist today differing only in fine details
of design. Manufacturers offer various plate sizes and

spacings; mostly "tailor made" for specific duties.



These exchangers were originally used widely in the dairy,
brewing and food industries, but their versatility is
shown by the range of other industries in which they are
now used. For instance, they have been used successfully
for handling sulphite pulp, plastic emulsions, paints,
organic solvents, chemicals and carbon-dioxide absorption
liquors. In addition, they are now used in the nitrogen,
electrolytic, phosphorous, sulphur, alumina, soap, plastic
and detergent industries; and for heat recovery in
ceramic, cement, glass and dyeing industries. Recently
PHE's have been used in gas fields and offshore oil fields
in the North Sea, as mentioned by Fuller (2) and Bond (3)
and further developments are leading to the use of PHE's

in nuclear power stations (2).

1.2.2 GENERAL DESCRIPTION

The Plate heat exchanger consists of a number of
rectangular thin metal plates, clamped together in a pack
and mounted between a top carrying bar and a bottom guide
bar. The plates are clamped together tightly between a
fixed head piece and a movable follower or tail piece.
Although the plate thickness can be O.6mm (4), the packs
are capable of operating at working pressures up to 21
bar and temperatures of 260?:(3)2 Ports in the corner

of each plate allow fluid to enter and leave each channel.

Each plate is stamped out of sheet metal in such a
fashion that its surface has a corrugated or wavy appearance.
When plates are clamped together, the corrugations on

Successive plates can interlock to form narrow, parallel

2
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flow channels with minimum points of contactE The
patterns of the corrugation: varies between manufacturers
and the purpose.of the wavy pattern is to pggggég
turbulence (5) even at low velocities, thereby increasing
the effectiveness of heat transfer, It is claimed that
PHE's obtain heat transfer coefficient approximately 2%
times those in a shell and tube heat exchanger (9) for

the same duty. The corrugations also increase the rigidity

of the thin plates enabling it to bEtt%;Hﬂaphstand the ... . e
\oadS> D i o S SR
stresses to which it is subjected. Adifferent érranéé;’wmﬂ

NS Conn .
ment=ocf~-plates results in a three dimensional channel with

multiple points of contact and a more rigid structure.

The heat transfer plates are arranged face to face
(generally known ‘as right-hand and left-hand plates) with
the heating and cooling streams flowing on opposite sides
of each plate. The distance between plates in the fluid
channel is determined by the gasket which seals the outer
edge of the plates and around the ports, and by pips
pressed into the plate surface. The pack is compressed
by tightening the mechanism which forces the plates
together in a manner similar to a filter press. The/ dadle
gasket provides a good seal between the two fluids, making
intermixing virtually impessible. Special cg;askets‘_(."&E.;rﬂ(:-.;c}m/j

/nhowadays used into which vents are moulded to give
immediate indication of leakage at any position without

risk of liquid contamination (3).



A fluid enters at a corner of one end of the compressed
pack of plates. It passes through alternate channels
between plates in either series or parallel passages, the
routing determined by whether or not the corner opening.
on each plate on to the channel is blocked off. Each
channel containing a heat exchange fluid is sandwiched
between two channels carrying the other heat exchange

fluid except at the end of the unit,

A large number of potential flow arrangements exist
in PHE's but they can be classified into three categories:
series flow pattern, parallel flow pattern, and complex
flow pattern. These have been discussed in detail by
Fattah (7) and more recently Ito (8) has presented sixty-
four possible flow arrangements with detailed diagrams,

although descriptions are omitted,

l1.2.3 PLATE GEOMETRY

Currently there are in excess of 150 individual
plate channel designs which provide greater plate strength
and promote turbulence in the fluigd. At present there

are two different type of configurations available:

(1) The transverse intermating configurations pressed
deeper than the plate spacing as shown in Figure 1.1l
which are nested into the adjacent plate pack when
assembled, There is a passage maintained between

plates by embossed pips to provide interplate contacts



H = Height of Intermating
Trough

Mean Plate Gap

FIGURE 1.1 INTERMATING PLATE CROSS-SECTION

‘(2=dimensional channel)

FIGURE 1.2 CRISS CROSS PLATE SECTION

(3—dimensional channel)




every 1300 to lQOOmm2 (3). The cross section

provides a series of expansion and contracting zones
which provides a two-dimensional passage variation,
so giving a constant change of velocity and flow gap.
Passage gaps in these types of corrugation vary
between 1l.5mm to 5mm and result in a considerable

differentialpressure to ensure fluid flow.

(ii) The -currently more popular plate used in industry
has corrugations pressed to the depth of the gasket,
and it is often called "chevron" or "herringbone"
pattern. These plates form a criss-cross pattern
of troughs' as shown in Figure 1.2, The chevrons
are reversed on the adjacent plates, so that when the
plates are clamped together, a greater density of
interplate contact point exists giving rise to one
every l3Omrn2 (3) and enables high pressures to be hand-
led . (5)., This provides flow paths in three-dimensions
which induce a constant change in flow direction and

a high heat transfer coefficient at low rates.

These types of plates are the subject of this detailed
investigation of hydrodynamic characteristics using advanced

nodern technology for velocity measurement.

Compared with all different types of compact heat
exchangers (6) such as spiral, flat-plate, fin-plate and
tube, PHE's have the most complex geometry. This causes

great difficulty in applying analytical methods to predict



flow patterns and heat transfer coefficients. Therefore
design methods for PHE's have been based on previous
experience and experimental investigations carried out
mainly by commercial manufacturers who are not yet prepared

to divulge detailed design procedures,

The present study was carried out to investigate the
flow characteristics in a commercial three-dimensional
channel of a type widely used in industry, manufactured
by APV Ltd., as type SR1l. A single channel was fabricated
from transparent polymethylmethacrylate, and the Laser-
Doppler Anenometry technique was applied to measure point

velocities in many positions.

1.3 GENERAL OUTLINE OF PRESENT STUDY

For over sixty years plate heat exchangers have been
designed for industry with very little published knowledge

of their thermal and hydraulic characteristics as Bond (3)
pointed out very recently.

This present study is an extension of work initiated
by Price and Fattah (10) in the early 1970's, They
carried out a study of a single transparent replica of an
APV Junior (research size) channel and visualised flow
patterns by using agueous dye. The current study is to
provide clearer understanding of flow measurement in a
commercial APV plate heat-exchanger channel named the SR1,

by using the Laser-Doppler Anenometry technique.



A verv close reproduction in plastic was made of the
standard SR1 metal plate, using the method outlined by
Fattah (7) as a good representation of a single channel

in a pack of plates.

Initially water was employed as a working fluid but
due to extreme difficulties encountered in making experi-
mental observations, this was abandoned and a more suitable

liquid was searched for and found.

Point velocities were measured at selected positions
in the channel, mainly near the inlet region, part way
along the channel and near the outlet of channel. All

measurements in this study were made in the lamimar flow

regime.



CHAPTER 2

THEORY AND DESCRIPTION OF LASER DOPPLER ANENOMETRY



2 THEORY AND DESCRIPTION OI' LASER DOPPLER ANEMOMETRY

2.1.1 INTRODUCTION

Most conventional devices that are used for perf-
orning flow field diagonstics comprise physical types with
probes such as pitot tubes and hot-wire anemometers
Although they are very successful and useful in many
applications, they have substantial shortcomings:
disturbance of the flow when measurements are being made
means that correction factors have to be introduced to
re-establish the unperturbed conditions; poor spatial
resolution; poor directional sensitivity; they are
usually non-linear and always require calibration. The
)streak and strcbe photographic techniques are useful,

but analysis of data is tedious. In spite of all these
problems these conventional techniques are frequently

used in many applications. However, there are many
difficult applications (and plate heat exchanger channels
are a good'example) in which none of the previously
available means of flow measurement is capable of obtaining
the required measurements. The development of the LDA
technique has opened many doors to previously inaccessible
topics for practical study and revolutionised the field

of experimental fluid mechanics.

2.1.2 PRINCIPLES OF LASER DOPPLER ANEMOMETRY

The LDA technique as its name implies, is based on

the Doppler effect whereby the frequency of a wave phenomena



appears to change in direct proportion to the relative
velocity between the observer and the source. An
audible example of this phenomenon takes place when a
train passes by an observer. A similar effect occurs
when light (or sound) is scattered by an object that is

rnoving with respect to a stationary source.

A stationary observer Q will detect a Doppler shift v
in the scattered radiation proportional to the relative
velocity between the object P and source S, see Figure

2.1.

A vigdrous derivation (1ll) of the equation of the

Doppler shift in this case will yield:

Av = -%—Y Cos B Sin (%) (2.1)
where Av = change in frequency of light

v = velocity of the object P moving

a = angle of the scattering signal

A = Wavelength of laser light

R = angle of component resolved in the

direction of the scattering vector.
The Doppler shift 1s typically a very small fraction
of the base frequency of the laser (106 HZ out of a base

1

frequency of about 5 x 10 4HZ) and these can be easily

detected with a suitable photomultiplier.

10



FIGURE 2.1 DIAGRAM SHOWING DOPPLER SHIFT ON

SCATTERING BY A MOVING OBJECT P
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2.1.3 ADVANTAGES OF LASER ANEMOMETRY

The discussion in Section 2.1.1 provides good
reasons to exploit the main characteristics of LDA

system, in this study i.e.

(1) all the information is carried via light
beams, there is no disturbance of flow

(ii) both magnitude and direction of the velocity
can be measured simultaneously.

(iii) fast response and no calibration required:

(iv) the LDA is independent of fluid properties.

2.2 CLASSIFICATION OF LASER DOPPLER ANEMOMETRY SYSTEMS

All the LDA optical arrangements can be classified in

three following categories:

(1) Reference beam mode
(2) Dual scatter mode
(3) pual beam or Doppler Difference mode.

These various classifications will be discussed in detail.

2.2.1 REFERENCE BEAM MODE

This arrangement was used by the pioneers of the
LDA, Yeh and Cummins (1) in 1964. A simple arrangement
is shown in Figure 2.2. Light from the laser is divided
by the beam splitter, most of the light being focused by
a lens to a point in a pipe where the velocity measure-
ment is required. Light scattered by particles

(artificially induced or already existing) moving with

12
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fluid is received by the photomultiplier tube. The

weaker beam from the beam splitter, the unshifted reference,
is directed to the detector by the mirror. ?he output
from the photomultiplier contains a signal of the
difference frequency between the two beams which is of

course the Doppler shiftAav which is given by the equation:
o2 2
AV = Y Sin(z) (2.2)

where V is the velocity of particles passing
2 is the wavelength of light

© is the angle of beam separation

Yeh and Cummins (1) examined water flow in a circular
tube and obtained the normal laminar velocity profile.
Foreman et al, (12) measured flow velocities in gases
and subsequently many other workers used this method.
Further details can be found in Drain (l1l) or Durst

et al. (13).

2.2.2 DUAL SCATTER MODE

This interesting variation of optical arrangement
shown in Figure 2.3, developed by Durst and Whitelaw (14)
in the early 70's. In this arrangement, an illuminating
beam is scattered in two directions simultaneously.

The light is made parallel by a lens and then follows a
conventional optical path to the probe volume. There-
after the scattered light is observed from two positions,

the signals from which are combined to give a different

14
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Doppler shift known as a beat signal. The Doppler beat
frequency is given by the equation:

A v =Dy (2.3)

where D is the beam displacement produced by the mirror
and beam splitter combination
V is the velocity of flow
F is the focal length of the lers
A is the wavelength of light.
This arrangements provides more than one component of
velocity simultaneously by receiving scattered light

from a number of directions.

2.2.3 DUAL BEAM OR DOPPLER-DIFFERENCE MODE

This arrangement was developed by various workers.
Drain (11) points'out that the idea was conceived by a
number of investigators at the same time (15-19).
Althouéh some authors such as Greated and Durrani (20),
Watrasiewicz and Rudd (21), credit Rudd (22) for this
work, ISL laboratories mtented this technique in 1967,

whereas Rudd described this phenomena in 1969.

This method is sometimes called "Doppler Difference"
technique, "Dual beam" or Fringe method. A simple
arrangement for a dudl beam system is shown in Figure 2.4.
The two illuminating beams derived from the laser are
focused into a small region by a conventional lens:

Scattered light from the particles in flow in

16
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this region is focused onto the photodetector. Since
light scattered from the beams reaches the detector simult-
aneously, a bieat is obtained of frequency equal to the
difference in Doppler shifts corresponding to the two angles
of scattering. Then beat frequency aAv is related by

the following equation

av= & Sin(-g-) (2. 4)

where V is the velocity of particles passing through the
active region
A is the wavelength of 1light

8 is .the angle of beam separation
This equation is the same as equation (2.2).

This particular system is the most popular and
commonly used. Both the reference beam and dual scatter
mode are difficult in practice to align when setting up the
optical geometry and have a restricted accuracy of frequency
measurement. Furthermore, frequency shifting devices can
not be easily accommodated because they usually have a very
restricted aperture (11)(23) (24). In order to minimise such
practical difficulties, it was considered that the dual-beam

scatter system was the most appropriate to use in this study.

18



2.3 DOPPLER DIFFERENCE TECHNIQUE

This technique has been briefly summarised in the
previous section but will now be outlined in qreater depth.
Firstly the two different theoretical interpretations
of this technique and then the optical arrangement will be
outlined, and secondly how this techﬁique is applied with

the commercially available LDA system used in this work.

2:3+1 THE DOPPLER SHIFT INTERPRETATION

The scattering geometry of Doppler difference
arrangement is as shown in Figure 2.5. T™wo focused beams

of similar intensity with wave vectors K, and Kz, inclined

1
at angle 6 scatter light in a third direction from the
particle moving with velocity V' in the flow. The Doppler

shifts for each beam are given by the equations (24)

i = 1

vy “é Kl)V

It 5 L]

and vy = (%1 K2)V

= - -
where vy and vy, = (K2 Kl)V KOV'
but |K1| lK2| ._':_n_

so that K0 = (Kz- Kl) = 2 Sin(g) %ﬂ

if Vv is the component of V' in the direction of K

. - _ 4nv' sin
then ul v2 = 3—- C—)
= 2V sin (8 ) (2.5)
% ¥ X (i)

18



FIGURE 2.5 SCATTERING GEOMETRY-DOPPLER DIFFERENCE EFFECT

FIGURE 2.6 FRINGE PATTERN PRODUCED IN THE CROSS-OVER

REGION DUE TO INTERFERENCE OF TWO BEAMS

20



Where V is the component of V' in the direction of KO

® is the angle between the two beams

KS is the scattered wave wvector

A is the wavelength of the incident radiation

Thus the velocity of flow can be measured in a selected

direction by adjusting the optical arrangement.

It is important to realise that equation (2.5) is
independent of the direction of reception, thereby providing
a greater flexibility in positioning the photodetector,
thus allowing unwanted reflections to.be minimised.' This

was another reason for using this technique in this study.

2,3.2 INTERPRETATION BY FRINGE ANALYSIS

There is another and simpler analysis of this technique
which presents a much clearer phenomenological picture of the
event that takes place when the particle is passing through

the volume at the intersection of two beams.

As previously described in Section 2.3.1, the laser is
split into two equal beams and focused on the position of
interest in the flow. Because of the coherence of the
source, the beams will interfere constructively and
destructively with one another and therefore establish a
set of closely spaced, planar, stationary interference

fringes at the crossover region as shown in Figure 2.6.

21



The spacing S between these fringes will be given by

the equation

A

S = 5 5Ins/2 (2.6)

where ) is the wavelength of incident light

8 is the angle between the two beams

Consider a particle in the flow crossing these
fringes. It will block off a great deal of light in a
bright fringe and only a little light in a dark fringe.
Therefore, the light which is transmitted can be collected
and will fluctuate at the rate which the particle crosses
the fringes. This will modulate the light at a frequency

v by the equation

0l

(2.7)

<
[

Now substituting equation (2.6) into equation (2.7) we

get

i 3% Sin (6/2) (2.8)

showing equations (2.8) and (2.5) are the same.

In the current study, the fringe spacing S needs to be

calculated. In order to do this some assumptions have to

22



be made, i.e.
)’ (1) the nature of the beams is Gaussian
(1i) when the beams cross at the measurement point,
the fringe spacing is constant

Then from equation (2.6)

A

S = 35in(8/2)

from Figure 2.7 for small angles Sin (6/2) = k72

a
where b = beam separation at the arbitary measurement point
d = distance from arbitary measurement point to the

beam crossing
A = laser wavelength of beam
Ad
Hence eq. (2.6) becomes S = 5= (2.9)
The arbitary reference point is commonly taken as the
exit from the beam splitter (but in this equipment used any

point on the bisector of two beams can be taken).

As mentioned previously in Section 2.3 the interpretation
of this method is given to Rudd (22) although wrongly.
There are a number of leading workers in this field who
refuse to accept the existence of fringes in the probe
volume, Research workers at the Royal Signals and
Radar Establishment, Pike (25,26) Abiss (27) argue strongly

that fringe picture method has only a heuristic value -

23
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Even though the fringes can be projected on to a flat
surface by using suitable lenses, they believe that the
fringes exist only in the eye, because no damage can be
done to the fringes. The writer feels that this cont-
roversy will continue for a considerably long period since
there is no way of refuting this argument at the moment.
The concept of the fringe pattern is useful in under-

standing what is happening because of its simplicity.

2.4 SIGNAL PROCESSING

In order to obtain maximum information and accuracy
from LDA experiments, serious consideration must be given
to signal processing to transform the raw signals from
the detector into velocity information. There are various
types of processing techniques available, spectrum
analysers frequency tracking filters and simple counters.
In this study, the simple counting technique was considered

to be suitable and will be discussed below.

2.4.1 PHOTON CORRELATION

When scattered radiation is received at the detector
or photomultiplier (PM) high intensity is converted to
electrical signals. These photomultipliers as shown in
Figure 2.8, are vacuum tubes in which electrons are
released by light falling on a special photosensitive
surface (or arrival of photons at photosensitive surface).
The signal thus originates in digital form which can be

easily processed by the photon correlator.

2
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FIGURE 2.7 OPTICAL GEOMETRY OF DOPPLER-DIFFERENCE

ARRANGEMENT
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FIGURE 2.8 PHOTOMULTIPLIER DETECTOR

il

I = Light intensity t time

Photons

IRIIATN]

([T
t

e e s i

FIGURE 2.9 RANDOM PHOTON ARRIVAL PATTERN
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FIGURE 2.10 CORRELATION FUNCTION OF PHOTONS
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Photon correlator measures the variation in light
intensity as a result of fluctuations of the mean time
intervals between photon arrivals. Usually sinusoidal
variation in intensity as shown in Figure 2.9 would appear
on the arrival of photons. The events occur at random
but at any given timethe probability of occurence is

proportional to the light intensity.

Assﬁme that a correlation function g(r) describes
the probability of two events being separated by a time T

then the function can be defined by the expression
g(t) = n(t) n(t+t) (2.10)

where n(t) is the number of photons arrival events
occuring with an interval of time d§t at

a time t

This produces a correlation function g(7) which
would have the behaviour of a sinusoidal function shown

in Figure 2.10.

In order to implement the technique, photons are
counted in successive small intervals of time 8t (typically
lus). The number of photons counted in intervals
separated by a time pét (where P is an integer) are
correlated. The function computed is:

i
g(pét) = i ) (2.11)



where ny is the number of photons counted in ith interval

N is the total number of terms in the summaticns. If

P values of the function g(t) are needed then P

summations are necessary simultaneously. One of the
methods for doing this is by the arrangement shown in’
Figure 2.11. Counts from the photomultiplier are directed
to the main storage channel and are added or not depending
on the setting of a gate which is controlled by the contents
of the corresponding one bit shifting register, i.e. the
gate is open if the number in the register is 1, closed if
0. Each sampled time clock pulse shifts the contents of
this register one place to the right and enters the new
clippéd counts from the clip gate. To form the single
clipped corfelation function this delayed clipped data is
then multiplied by the unclipped input. Thus a very
simple form of multiplication is formed. And this

results in a function in the storage channels approximately
close to the true correlation function, (for further
detailed discussions of the theory and design of a

single~clipping correlator, see Cummins and Pike (28).

The correlation function generated in the correlator
can be plotted to produce a cosinusoidal decay function.
Such a function is shown in Figure 2.12, An equation
computer fitted to this function would take the following

form:

28
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g(t) = Correlation function
T = Sample time
[N
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FIGURE 2.12 THE COSINUSOIDAL CORRELATION FUNCTION
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FIGURE 2.13 ANALYSIS OF CORRELATION FUNCTION
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2 2
1l 2 2 2
gl(t) = -39- expC’rg ) [1 + 3m c°s<—gi"> (2.12)

g(t) is the correlation function
a is experimental constant
V is the velocity of particle or flow
T 4is the sample time
r 1is the beam radius
m‘ is the fringe visibility factor (O<m<l)

is the fringe spacing

A detailed analysis of signal processing and photon
correlation has been presented by Pike (25) and Abiss et
al. (24), and a theoretical development of the above

equation is given by Abiss (27).

2.5 THE AUTO-CORRELATION IN LAMINAR FLOW

Vhen the signal is treated as outlined in previous section
a typical autocorrelation function of a process that meets
the demands of the model (used in this study) is obtained

as Figuré 2e:13.

The far point represents the amplitude of the coefficient
that implies Uncorrelated data, this is measured directly

from the correlator channels.

The Cosine term in eq. (2.12) arises from the intensity
fluctuations caused by particles cutting the fringes and

modulating scattered light.

31



The first three turning points on the Cosinusoidal
of the correlation function are required, and can be

achieved by adjusting sample time.

The amplitude for each of the turning points gy
g, and 95 and the delay time at which they occur,tl, t,

and t3 help to calculate velocity and turbulence estimates.

Hence the effective fringe visibility m is given by

_ c
m = ) /2 (2.13)
where a = g, = FP
b’ = g, = FP
€=9 "9

FP = Far Point

a, ¥ and c are measured sections from Fig. 2.13.

Hence equation (2.13) becomes

2(g9,-9,) .
m:.——....?...——]_‘._ (2.14)
(92+gl-2FP)

The number of fringes n in the beam radius r are given by

2r
n = < (2.15)
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At this stage a 'simple rule of thumb' (25) formula is
applied to the first few cycles of the correlation to give

the value of turbulence n. We have

n= /1 (D) +1 (2.16)
T2 8n?

when R is the ratio

R=92 " %
92 7 93

The 'observed' velocity, Ve is that obtained from the
period of the Cosine, the best estimate is obtained by an
averaging of the three turning points, t_,

=1

tr = 3 (tl+t2+t3)
In order to make any calculations of velocity and

turbulence estimates, the turning points 9yr 9, and 95

and the delay times tl' t2 and t3 are required, as outlined

below and also in the operating Manual (29).

These are calculated by differentiation of the
correlation and the zero crossings of the resultant function.
The differentiation is performed by subtraction of adjacent
channel, for channels h and h+l, this gives an estimate for
delay time h + %, providing location of each turning point

to within one channel resolution of the correlator.
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The exact turning point is located from the approximation
using parabolic interpolation over the three points as

shown in Figure 2.14.
The first estimate locates (ql, %1)' subsequently

allowing g, and t, to be evaluated assuming a para-

bolic form
g = a(t-t )2 + (2.17)
pA £ ‘

Differentiating eqg. (2.13) and using measured (%%)

values allows the estimate to be obtained as

=t - - (49
t, =t - 0.5 - (g (2.18)
2 a
- Qg . 4
where a = 1/2 [(db)H "&E’L]

]

and 9,=9, "~ a(tn---t.z)2

S
hence v B e e {2‘19)
. o] T tav

where 1 is the correlator sample time.

This observed velocity vo is then corrected for its
systematic error (due to effects of both turbulence
and finite beam width) to give true velocity V.

2
V=V l - n2 - ——333—5 (1 + %r) (2, 20)

mnm
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In the present work, calculations were carried out
by an algorithm that evaluated velocity and turbulence
and was provided by the manufacturers (29). The

procedure for using this algorithm is outlined in a

summary form in Appendix A - 1.0.

2.6 APPLICATIONS OF LASER DOPPLER ANEMOMETRY

Since the present project is dependent on the
application of Laser Doppler Anemometry for measurement
of point velocities in PHE channels, it is considered
useful to outline work already carried out in related

fields.

THE LDA technique is now a powerful tool and has
been widely used in various fluid flow systems in research

and industry.

In the last few years several conference proceedings
(31,32) and books (11, 13, 20, 21, 32) have been published
on LDA. These will be reviewed in this section, together

with more recent papers published in technical journals.

Watrasiewicz and Rudd (21) describe the use of LDA
in wind tunnels for the measurement of wind velocities.
But a much more detailed book (13) summarises specific
applications in different flow situations, for example
laminar, turbulent and complex flows Such as those
associated with shock waves, measurement in compressors
and in a variety of combustion configurations. in each
case the authors have paid great attention to optical

36



and electronic systems.

A very recent book by Drain (ll) discusses
applications of LDA to aerodynamics, combusion and
measurement in microscopic and biological systems.
Various areas in which LDA has been applied successfully

are presented in Table 2.1 (34).

Several workers (36~38) have used the LDA in wind
tunneis. Meyers (35) at NASA - Langely Research Centre
made measurements in a 6.6 x 4.4 m high wind tunnel, and
tunnel velocity of 51 m/s and a Reynolds number (Re) of
2 o - 106. A much smaller tunnel was used by Weinert (36)
of size 150 mm.sqg. but the flow rate was higher, Re range
of 3-10 x 107, that is supersonic velocities, and made an
attempt to measure flow in dead-air region. Boutler et
al. (36) reported measurements in wind tunnel 1.75m long
and 0.9m wide by using two-dimensional two colour fringes
in back scatter mode. They do not report the size of
their flow rate but the maximum velocity measured was
50 m/s. A comparison was made of LDA values with the
pitot tube and a good agreement was achieved. Boutier
recommended glass windows as a suitable material to
allow passage of the beams and pointed out that perspex
should be avoided because much of the light of beams

scatter within it.

In the last few years interest has been developed in
the investigation of flow in internal combusion engines
(39-45), One of these references (39) describes measure-
ment of mean velocity and characteristics of isothermal

incompressible flow within a piston cylinder.
37



TABLE 2.1 APPLICATIONSOF LASER DOPPLER ANEMOMETRY

rPHYSICAL-INDUSTRIAL BIOLOGICAL
WIND TUNNELS CELL MOTILITY
TURBINE DESIGN PROTOPLASMIC STREAMING
LIQUID FLOW SURFACE BLOOD FLOW
SOUND SPEED RETINAL BLOOO FLOW
TURBULENCE HEART VALVE EVALUATION
ENGINE EXHAUST FLUID CIRCULATION IN FISH
SURFACE MOTION AUDITORY STIMULUS AND RESPONSE
VIBRATION ELECTROPHORESIS
FLAMES
PARTICLE SIZING
STACK EFFLUENCE
NUCLEATION
ELECTROPHORESIS
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A perspex piston was driven in simple harmonic motion,
inside a perspex cylinder of 7.5 mm wall thickness, at
a rotational speed of 200 rpm, ensuring highly turbulent

flow within the cylinder.

It was shown that the entrance gave rise to a strong
vortex near the piston, as the air was deflected radially
along the piston face and cylinder wall. However
there ié some information missing since the authors fail
to indicate the size of scattering particles used in the
flow stream. They did state that fringe spacing was
4 uym at the intersection of two beams, hence it can be
concluded that the particles were smaller than 4 um.

The authors do not also state whether the silicon-oil
particles used were passed through any graded filters

before they entered the chamber.

A major difficulty in this work was the signal
quality obtained. Witze (42) used plastic windows and
oil-droplet particle seeding, this gave rise to wetting
of the wiﬁgaxf ?gfﬁgce and led to an unacceptable signal
to noise - ¢« when the engine operated. The
plastic window was changed to quartz and the problem of
seeding was overcome by changing oil-droplets to Nacl
particles of 0.6 um diameter. These were suitable
but these soil the window after a short period. The
T102 of 0.2 uym diameter were tried and these did not

soil the window but deteriorated the signal quality.
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Witze found the paramount problem was the highly back-
ground light problem, which made measurement sometimes
impossible. Measurements were made for 500~2500 rpm in
the high swirl engine. The author compared results with
the hot-wire Anemometer technique and found reasonable

agreement between the two.

Similar experimental difficulties associated with
the window were reported by Rask (43) who finally used
the Quartz window but used a dried solution of salt/water
as the seeding particles of lum. But the windows became
dirty after a short period and regular cleaning was
necessary.- Rask made measurements at 270 rpm and

200 rpm of engine speeds for various crank angles.

Recently Ramos et al. (40) Earried out both theoretical
and experimental studies of turbulence in the internal
combustion engine. Thelr experimental work was similar
to Morse et al., (39) butthe rotational speed was much lower,
at 31.25 rpm. The authors showed good agreement between
theoretical and experimental results. The authors state
that they used fringe spacing of 3 um and filtered the
particles to less than 5 um. However, this could give
rise to a degradation of signal quality because the
particle is large compared with the fringe spacing.

Hence large particles span high and dark bands of a
fringe pattern and therefore average out the variations
of light intensity thus reducing the modulation of a

signal from a moving particle. The authors have not

4o



commented on the signal quality but other workers have

been known to comment on this type of problem, see Ross (46).

Another type of flow geometry that has been invest~-
igated is the measurement of velocity characteristic in
air jets (47,. 48). Danielsson and Lundgren (47) tried
to study instabilities in rotating flows. They constructed
a rotating cylinder system of transparent plastic and
1nvesti§ated the size of throughput allowed before the
general flow pattern collapsed and how this flow affected
separation of gas mixtures. The arrangement is shown in
Figure 2.15. Basically there are two cylinders, inner
and outer. The outer cylinder rotates and is kept cooled
by a water jacket to prevent heating of the plastic
cylinder during rotation. In the inner cylinder the
optical system was set up and measurements of velocity
distribution and radial velocity profiles were obtained.
The authors gave particular attention to the practical
problems encountered during experimental work, e.g.
reduction of light entering PM tube, seeding, type of
scatter technique. It must be pointed out that the
authors failed to obtain any result using gas mixtures
of Freon 14 and Helium, but managed to obtain results with
air. The authors do not point out the thickness of

L}Lgﬁiﬁlastic walls or take account of; this in their calculations.
: W
K‘\ In the last few years interest has developed in

investigating air flow around rotating blades (49~57).

k1
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Adrain et al. (49) made measurements at impeller speeds

of 30 and 60 x 103 rpm, Powell et al.(50) at 16 x 106 rpm

3

and Allos (51) at 63 x 10 and 73 x 103 rpm, while Miles

(52) did not state the speed involved in his investigations.

Most of the workers (49, 50, 51, 54, 55, 56)
reported contamination settling on the windows and this
deteriorated the signal quality, therefore frequenﬁ
cleaning was necessary at regular intervals, but in
order to do this compressox - had to be stopped.

Schodl (55,56) developed a special device to clean windows
while the compressor was still in operation. Most
particles can be cleaned off the window but T102 was
impossible to remove. All thesé workers used various
particles 5102, A1203,Mgo and dust but the light

flare at the windows caused difficulties in measurements.
Allos made measurements approximately 7 mm from the wall

while other workers (50, 56) reached much closer to the

wall.

Although flare from the windows is a common problem,
(49, 50) a method was developed to overcome this problem.
Powell et al. and Schodl used fluorescent seed particles
introduced into the flow to absorb laser light, subseqguently
emitting light at a different wavelength. An optical
filter in the receiving optics filters out the unwanted
light scattered from the surface near the probe volume.
Powell et al,used seeding solution of rhodamine 66 in a
50-50 mixture (by volume) of ethylene glycol and

benzylalcohol, which fluoresced orange when absorbing
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green laser light. Thus when an average-pass filter was
used in the receiving optics, the extraneous green
scattered light was filtered out, also using these fluorescent.

particles Schodl measured flow about 0.5 mm from the wall.

Nearly all the workers mentioned practical problems
except Miles who mentioned no such problems, in fact
there was a significant amount of information missing,
e.g. the type of optical system, fringe spacing, particle

size used in seeding and beam angle separation.

In the last 2-3 years interest has developed in
measurement of electrostatic precipitations (58, 59,
60, 46). Kawase et al. (58) used a model cell of an
electrostatic precipitate made of glass plates and
carried out measurements successfully. There is no
mention of thickness of the glass plates and how
account was taken of refraction through the glass.
Ross (46) carried out similar measurements but found
some problems in the signal quality. He acknowledged
this may be due to large differences between size of
seeding alumina particles (lOum) and fringe spacing
(6um), but he did not confirm this by either using

smaller particles or larger fringe spacing.

Due to the unique ability of LDA to make measurements
in a hostile environment, significant work has been carried
out in combustion systems (61-?1) from flames to industrial

burners.
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Owen (61) made measurements in spray flame burners
of size 100 em long and 12.23 cm diameter, of axial and
tangential velocity profiles. Experimental difficulties
were observed using A1203 and T:LO2 as seeding particles.
The particles were deposited on windows and degraded the
signal to the unacceptable level. Silicon oil droplets
were tried and failed. They evaporated before reaching
the combustion zone. Then microballoons (hollow spheres)
of bakelite phenolic resin of 5 ym were used successfully.
While, Caveney et al. (70) relied on particles naturally
occurring in the flame, although gaseous flame was initially
seeded with alumina or Nacl particles but stopped after
a while, Cenker (71) used alumina, Tio2 and latex spherical

particles of 0.357 um suspended in alcohol.

Similarly other workers (63, 64, 65) made measurements
in different size of combustion chambers with or without
reaction. Although they do not report experimental
difficulties such as experienced by Owen, they have failed

to supply comprehensive information, e.qg. particle size.

The most recent industrial application of LDA system
has been carried out in Poland by Grabek et al. (68).
The authors studied two problems. One was measurement of
gas motion in a cylinder for dust separation. The other
was measurement of flow in industrial furnaces with the
purpose of gaining control of the particle emission.
The authors constructed a conical glass model of a cyclone
of diameter 130 mm and 40 mm at top and bottom respect-
ively with a height of 138mm. Seeding particles of a

mixture of glycerine and water were used. The authors
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attempted to measure three component at tangential, axial
and radial velocity. They failed to obtain any measurement
in radial direction because they found it extremely
difficult to locate the precise position where measure-
ments were carried out. However, the authors fail to
point out how the precise position was determined in the
other two cases. They also faill to point out the thick-
ness of the glass used or make clear whether they accounted
for refraction in determining cross-ovwer pocsitions, Further-
more some information is not given in the article, e.g.

size of particle, fringe spacing.

In the case of a model furnace, the authors fail to
provide size or description of the furnace but give all
the velocity profiles (vertical and horizontal) in the

furnace.

Another interesting application of LDA has been to
measure velocity in a fluidized bed (72). The authors
intended to fluidize a bed of spherical glass beads in
a flow rate of a few cm/s to few hundred cm/s. by using
a refractive index matched liquid (of ethyl and benzyl
alcohol) as the fluidizing liquid. But no measurements
were made due to incomplete installation: of all the equipment.
But the authors demonstrated that a signal can be obtained
using this refractive matched liquid in a rotating flow
system with glass beads. Tolerance of refractive index

mismatch was reported to be 10-3.
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Investigations into jet engine noise patterns and
velocity fields near the working propeller behind a model
ship in a towing tank (73) have been attempted using LDA.
Significant progress has not yet been made in this

direction.

Because of the high resolution possible with LDA
technique, this has been used most extensively in medicine
and biology in flow of blood measurement (74,75,34),
measurement of eye movement (76) and in skin friction

drag measurements (77) much more recently.

Finally it must be pointed out that LDA is still
widely used in the fundamental measurement of flow to
compare results with existing theoretical knowledge and
alternative experimental measurements. The continuing
interest is worldwide for velocity measurements in
turbulent pipes (78,79,80, 89-92) cmstricted and sudden
expansion of tubes (81,82,83,84), flow measurement in
bundles of tubes (85), flow around cylinders (86,87,88),
rescnant hydraulic circuits (93), polymer flow studies (94),
oscillatory flows (95), secondary flows (96), three dimen~-
sional flow in a jet (97). Successful measurements have
also been made in two phase flow (98-10l1), and a modified
LDA technique has been used to provide particles size

information (102-108).

All the previous work outlined above has been in
flow systems where laser beams could easily be passed

through the apparatus. Although the flows were complex
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in various cases, there has been no work reported where
measurements are made in a perspex channel of a plate heat
exchanger, The present work is the first ever reported
as the application of LDA in heat exchangers of a very
complex geometry and will be discussed in the following

chapters.
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CHAPTER 3

LITERATURE REVIEW ON PLATE HEAT EXCHANGERS



3. LITERATURE REVIEW ON PLATE HEAT EXCHANGERS

The following literature survey is a comprehensive
study of the available information on 3-dimensional

trough form plate heat exchangers.

The latest such review was carried out by
Fattah (7), so that the present review takes the devel-
opment of the PHE's from 1975 to the present day. A
brief background to each reported work is provided,

together with suitable critical comments.

Fontaine and Lannoy (109) examined flow distribution
in a plate heat exchanger channel using two plates
clamped together from a POl Alfa-Laval exchanger.

Mains water was used as the working fluid and this was
mixed with distilled water as a tracer. The change of
electrical conductivity in the exit - stream was
measured with time. This change with time was plotted
and related to a residence-time distribution equation

of the type:

z = 1-e" 1t 1 (3.1)
where Z = experimental response
t = time

al and b1 are the distribution constants.

The authors used two different techniques for
evaluating constants ay and bl' One was by direct

modelling of a 'process reaction curve' and the other by
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a regression method.

The 'process reaction curve' method is based on the
sigmoidal shape of the curve of response vs time.
This can be compared to the response caused by a unit
step forcing function. From the model and the shape of

the curve the value of ‘qf and 'bf are evaluated.

The second method was by rearranging equation (3.1)

and taking double logarithms, i.e.

b
(1-2) = e 21% 1 where o<1-z<1

and taking iogarithﬁs

-In(l=-2) = tbl then 1ln(1-zZ) < O

21
taking further logarithms

In[ -In(1-2)] = 1ma; + b Int (3.2)

The above equation represents a straight line and
therefore both coefficients ay and bl can be evaluated.
Fontaine and Lannoy made measurements in the
turbulent flow regime but the range of Reynolds number

was not quoted, only 4 different flow rates at

72 1/hr, 85 1l/hr, 112 1/hr and 114 1l/hr.
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They also do not comment to any extent on their
results but merely point out that the direct method was
better than the regression method because in the reg-
ression method, extrapolation may be necessary and may

not be accurate.

At the beginning of the paper (109) the authors
state their intention of learning of stagnant areas
which decrease the efficiency of PHE's, but they do not
at all comment on this in their conclusions. Essential
information is not given and the mathematical development
of the direct method model is confusing. The most
interesting factor regarding this work is an attempt to
examine a single channel, but there is no information
about how the plates were clamped together or whether

the arrangement of plates is 2-dimensional or 3-dimensional.

Although the authors do not state whether the flow
was upwards or downwards, examination of the arrangement
of flow diagram indicates clearly that the flow is upwards.
It would have been useful if comparison had been made with
downwards flow. They fail to point out whether the inlet
and outlet ports were on the same or opposite sides of

the plates.

Roig et al, (110 ) obtained data of Residence Time
Distribution (RTD) for the holding section (presumably
the channel) of a PHE (Alfa-Laval Model P20-HB). Two
flow rates, 4 and 2 1/min were reported using water as

the working fluid for the RTD data which were obtained
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by imposing a step change in the concentration of red
dye at the inlet and measuring the concentration of dye
at the outlet. Samples of the outlet were collected

at approximately two-second intervals.

The response to a step change (F curve) was plotted
with time, for both rates. The data for both flow
rates produced similar shapes. They found that average
resideﬁce times were inversely proportional to the flow
rates, and also showed that the RTD data followed closely

the theoretical model of five tanks in series.

Considering this work, it is clear that there is no
indication of the type of flow i.e. laminar or turbulent
in the PHE channel. It is likely that the flow was
turbulent but particular dimensions for calculating the

Reynolds numbers are not quoted.

If the flow was not turbulent, effective sampling
of the outlet stream would be extremely important in
order to get representative results for analysis.

Furthermore, there is no indication 'whether the flow

was upward or downward,

Ito and Masubuchi (. 8) examined the dynamic

analysis of PHE systems for various types of flows.
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They classified the flow patterns as: series,

parallel and complex. The authors prepared generally
derived equations, with boundary conditions, based on a
heat balance and the dynamics in the form of frequency
responses to the change of either the inlet fluid

temperature or the flowrate.

Although the authors suggest that the plate is
a commercial type they provide no details. The
diagram given in the publication appears to be the
three~dimensional APV junior plate which is a rather

small plate to be described as "commercial".

Ito and Masubuchi prepared equations for the heat
transfer coefficients of plates, applying various
assumptions which they claim have been justified in the

past e.g.

(1) The heat loss to the surroundings is negligible.

(i1) There is no heat conduction in the direction of
fluid flow in the plates and the fluids.

(iii) The temperature and flow rates are uniform across
the flow passage

(iv) The film coefficient of heat transfer is greatly
dependent on the fluid velocity and is proportional
to an exponential function of the fluid velocity

or the flow rate.

Ito and Masubuchi have based their equations on

these assumptions, but Fattah (7) and Okada et alf(lll)
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showed that assumption (iiil) is incorrect. Fattah

found that at low Reynolds number the flow up the channel
was mainly in the small recess adjacent to the gasket,

on the same side of the channel as the ports splitting
away to flow in a zig-zag manner up the channel as Re
increases. Okada measured temperature profiles in a
two-dimension PHE's for upwards and downwards flow, in

the Reynolds number range from 100 to 21600.. Since

the publication is only available in Japanese, a general
impression of its contents have been obtained. It seems
they found that for many different flow rates there was
variation in temperatures across the channels. They
presented their data as contour forms of temperature and
found differences in different types of flow, i.e.
diagonal and vertical flow in the channel. This certainly
showing that neither is flow constant across the channel
nor is temperature, hence showing clearly that assumptions

by Ito and Masubuchi are not justified.

Again in the article by Ito and Masubuchi, it was
not clear whether the flow was laminar or turbulent, but
only reported flow rates of 2.4 1l/min. on the hot side
and 1.6 l1/min on the cold side, using water as the working
fluid. If the assumptions made by the authors are

acceptable then their models prepared are justified.

The experimental investigation was carried out in
two parts, firstly for the fluid temperature input and

secondly for the input of a flow forcing signal.
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The frequency responses for the temperature were
obtained using sinusoidal changes in temperature of the
inlet hot side fluid, and then measuring temperatures
along the flow to calculate amplitude ratios and phase
angles. The sinusoidal changes were made by mixing hot
and cold water using a feedback temperature signal at the
inlet of the heat exchanger. They obtained freguency
responses of fluid temperature at five positions for
parallel and complex flow for four and eight flow

passages.

Also frequency responses were obtained for the
input flow using sinusoidal changes of the flow rate of
the hot side fluid, measuring temperatures and calculating.
amplitude ratios and phase angles. The sinusoidal changes
were méde by means of a control valve using the flow
controller corresbonding to sinusoidal signals. Frequency
responses of the input forcing signal were obtained for
four flow passages. There were no plots of eight flow

passage and no reason was provided for this omission.

Although there was a good agreement between theoretical
and experimental work, there are significant errors in
the assumptions made. The authors emphasise in their
conclusion that these experimental and theoretical results
are based on the assumption of uniform flow and uniform

temperature across the flow passage. This is a most

unsatisfactory assumption. The results do not indicate
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what is happening locally in individual channels,
information which would be more useful to design engineers

of PHE's.,

In 1977 Marriott (112) published an interesting
paper in which he discussed the importance of channels
formed from plates of the Alfa-Flex systems (an arrange-
ment of plates where the chevron angle differs on
adjacen£ plates). It was claimed that energy savings
of up to 25% can be made by this arrangement compared
to a conventional PHE. Using the basic relationships
of heat transfer without phase change he developed an
equation to estimate @, the number of heat transfer

units (HTU) as shown below:
e = ns k.ZA/(G.Cp) {3:3)

where 0 = number of heat transfer units (HTU)

n, = number of passes

overall heat transfer coefficient w/m2°C

area of plate sg.m.

k
A
G = mass flow rate per channel kg/s
C

o = specific heat KJ/kgoc

It is well known that the hydrodynamic characteristics
of a channel bounded by plates having cross corrugations
are very dependent upon the angle at which the corrugations
cross each other. Marriott mentioned two chevron angles

of plates, 65° and 130° and showed that with these angles
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three quite different geometries can be obtained, as

discussed below:

: 2 Two plates of small chevron angle (65°) - low &
plates - are placed together, forming a channel
which permits the passage of a relatively large
fluid flow at a given pressure drop

2 Two plates of large included angle (135°) - high o -
pPlaced together, forming a channel that permits the
passage of a small ‘fluid flow at the same pressure
drop when compared to low & channel.

3. One of each type of plate placed together forming
a channel of intermediate characteristics =- the

medium e'channel.

Then Marriott carried out calculations for the
number of plates required for a single pass for both
high and medium 6 channels by considering a practical
situation. He estimated savings of up to 19% by using
medium 6 channels as compared to the best available

"pure" channels,

In this paper Marriott only considered relationship
of ¢ and channel arrangements and explained the advantages
of mixed plates; no attempt was made to consider the
flow behaviour in a channel; the arrangement was
considered as a "black box". This approach is useful
in estimating sizes of heat exchangers assembled from
pPlates. Previous experience can be applied to predict
whether or not a particular arrangement will be satisfactory.
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Exactly how the performance of a given plate depends on
vhat happens in the entrance and exit regions of a

channel was not considered.

Cooper et al, (113) carried out an interesting
study concerning the effect of fouling in PHE's by

using water as a test fluid from a cooling tower.

T@e PHE tested was an APV model R405, 1l.14m high
and 0.45m wide madelof stainless steel containing
seven plates creating three countercurrent passes for
the cooling water and heating medium, The test unit
was installed on a petrochemical plant mounted with
two small stainless steel shell and tube heat
exchangers., The PHE was heated using hot steam
condensate and the fouling was determined from the
degradation of the overall heat transfer coefficient.,
Comparisons were made between two different types of

heat exchangers.

Five tests were carried out for several velocities
0.2 to 1 m/s and surface temperatures of 321-334 K.

The fluid velocity was calculated by the standard

relationship:
_ G
U = =5 O (3.4)

where G is the mass flow rate  (Kg/s)
p is the density of fluid (Kg/mi)
A is the cross=-sectional area of flow based on

two smooth plates as if there were no corrugation (m?)
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Surface temperature was measured at the mid point
of the plate. At the end of each test, deposits were
photographed and sampled for chemical analysis. Then
plates were cleaned and the unit reassembled for
another test to be carried out. Each test produced
primary elements of phosphorous, zinc and chrome f£rom
the water and silicon from suspended solids in the
water and these deposits were on the upper third of the
plates, the region near the hot water inlet and cold

water outlet (a region of high temperature).

Cooper et al. found that the PHE fluid velocity of
0.45 m/s fouls about one-half as much as a tube-side
exchanger‘at 1.8 m/s, this was shown by the deposit
analysis, Cooper et al. are the only group of
workers who comment seriously on the flow velocity as
a crucial parameter in PHE's. Although for convenience
they have used the basic relationship of equation
(3,4), they recognise that the definition of flow
velocity in PHE's should be different and cannot be as
straightforward as flow velocity in tubes. They
recognise that in PHE's the flow velocity is character-
ised by constant fluctuations as the fluid passes over
corrugations. They believe this induced turbulence
which is superimposed on the flow velocity as a factor

which must diminish fouling tendencies.
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A detailed investigation on PHE's in recent years
was carried out in the Soviet Union by Leginky et al.
(114). The authors studied heat transfer in eight
channels; seven kinds of PHE's enhanced by turbulence
promotors in the form of hemispherical projections,

and one with no turbulence promotor,

One of the interesting points to note about this
work was that the authors used a single channel. For
the first time beside Fattah (7) and Fontaine and Lannoy
(108) this option was taken seriously. The authors
passed héated alr over the heat exchanger plate and
discharged it to the atmosphere. The air flow rate
ranged from 5 to 36 m3/hr. The heat exchanger surface
temperatures corresponding to the temperature of
condensing steam, range& from 372 to 374K. The air
temperature difference measured by three simultaneous
acting differential thermocouples arranged uniformly
over the channel height, ranged from 55 to 75K. This

was carried out for each channel.

Leginky et al. tried to relate the data in the
form of Nu = £ (Re)
where Nu = Nusselt number

Re = Reynolds number in the range of 1240 to 8000.

I

In this study the experimental work was carried out
in turbulent flow regime, no attention was paid to the

laminar flow conditions,
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‘Although a great deal of information was provided on
the types of plates examined, it was not made clear whether
these plates were commercial or not. None of the plates
examined in this stud& have a corresponding geometry in the

western world.

In the last few years many workers (115, 116, 117,
118) have stated that the flow distribution in a PHE
channel is uniform and there are no dead or stagnant
areas. This can be a misleading concept since in 1978
a publication by Price and Fattah (10) showed that there

were stagnant zones in their qualitative study.

Price and Fattah had prepared a transparent channel
of an APV junior paraflow and examined flow distribution-
using water and aqueous glycerol as working fluids. They
injected aqueous dye and found that at low Reynolds number
the flow up the channel was mainly in the small recess
adjacent to the gasket on the same side of the channel
as the ports. Small streams split away to flow in a zig-
zag manner up the channel as Re increased. This certainly
showed that parts of the channel were not being used
effectively, hence stagnant zones. Also Price and Fattah
provided pressure drop data for Reynolds number range from
3 to 5000 and found a significant effect on the friction
factor and Reynolds number relationship caused by the ports
and gap between plates, They also attempted to rationalise
definitions of various terms normally encountered in flow

situations.

Other work by Okada and Ohno (119) also supports the
work of Price and Fattah. Okada had examined temperature
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profiles in a 2-dimensional channel. - He'showed that there
were various temperatures across the channel and vertically
up the channel. Okada plotted these temperature profiles

in contour form for Re range of 100 and 9000. Unfortunately
this paper cannot be discussed in great depth because it is
in Japanese and there is no English translation available,

only a general impression can be made of this work.

Raju and Chand (120) have recently commented on the
flow distribution in PHE's when making comparisons with
shell and tube exchangers. They stated that "the
distribution of flow through the plates in a pass is
usually assumed to be uniform. This may not be the case
when fluids are viscous, throughputs are high and plate
packs are long. Calculating the actual flow distribution

is not easy".

Rosenhow (121) recognised the problem of non-uniform
flow and attempted to provide a theoretical approach to the
problem and tried to explain the causes of poor distrib-
ution in the laminar flow regime. The author focused his
attention by drawing the analogy of parallel tubes in shell
and tube and parallel plates in PHE's ,He showed that
three main causes of non-uniformity of flow distributions were:

(1) Superimposed grass natural convection in

horizontal orientation.

(11) The effect of viscosity temperature relations

permitting two different flowrates for the
same pressure drop when liquids are cooled.

(1ii)Having non-uniform size passages resulting

from large manufacturing errors and tolerance.
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It must be pointed out that these recommendations
are based on theoretical basis and applied to parallel

plates.

Most of the previous work outlined above has been
on the study of 3-dimensional PHE's, There has been
an alternative approach to improve the performance of
PHE's at Harwell (9) by leaving the plates plain and
developing turbulence by including elements in the
gasket material. The gasket would cover the whole
surface between the plates and certain channels whose
shape, depth and surface would provide a useful range
of heat transfer,pressure drop properties. It is
claimed that these exchangers cost between 30 and 50%
of conventional PHE's. Only brief comments were
provided on this new PHE. However, this technique
would be extremely impractical in industry since PHE's
plates are regularly stripped and cleaned. It
would be very difficult to clean, and the gasket would
easily break up in the cleaning process. In the long
term these PHE's will not provide a good investment

and hence are: less attractive for commercial purposes.

Most recently in April 1981, an article by Bond
( 3 ) discussed the effective heat transfer of PHE's
and pointed out that ""there is little published-data
on the fundamentals of fluid flow and heat transfer

in channels, which are used in plate heat exchangers".
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It is apparent that most of the work reported in
the literature has been an high Reynolds number and
only Price and Fattah (10) examined low Reynolds
number as a qualitative study using dye injections.
There is a deep lack of understanding of fluid flow

and heat transfer fundamentals in PHE',

With this background of available literature
and recalling the comments by Cooper et al. (113)
on flow velocity, the present study was a serious attempt
to examine hydrodynamic characteristics of a particular
commercial PHE channel on a better understanding of

heat transfer in PHE channels as a long term objective.
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CHAPTER 4

EXPERIMENTAL WORK



4, EXPERIMENTAL WORK

4.1 TRANSPARENT CHANNEL MODELS

4.1.1 COMMERCIAL PLATES : SR1 (APV LTD)

In order to investigate the realistic hydro-
dynamic behaviour of a three dimensional APV SR1 PHE,
a transparent plastic replica of the stainless steel
plate surfaces shown in Plate 4.1 was prepared. The
technique was similar to the one previously developed
by Fattah (7), in conjunction with Stanley Plastics
Ltd., Hambrook, Chichester. Although Boutier et al.
(36) do not recommend perspex as a suitable material
because of scattering of light beams; it was considered
to be the only suitable material which would minimise
difficulties in producing an acceptable replica of the
actual channel. Furthermore the model channel prepared

would have two other advantages in this work:

(i) The identical shapes of the replicas compared to
the metal plates would produce flow behaviour
through the model channel of a very similar
nature to that in an actual channel.

(11) The transparent plates allow correct positioning
and assembly of both plates forming the channels,
thus ensuring that the point to point contact normally

maintained is achieved.

To obtain a channel "positive" and "negative"

reproductionsof a standard plate were produced by casting

on the two opposite ‘sides of a metal plate. The overall

dimensions of the plastic plates were 59 x 22.4 cm with
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PLATE 4.1°- STAINLESS STEEL PLATE FOR SR1 PLATE HEAT. EXCHANGER
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a minimum thickness of 1.1 cm, while the metal plate
measurements were 57.025 x 21 cm, with minimum thickness
of 0.6 mm. Thus a 1 cm wide flange was provided around
the edge of the perspex plates. The depth of the
corrugations in chevron pattern was the same for the
replica and metal plates. Previous work by the author
(122) clearly showed that the plate surfaces must be
protected from physical damage. This was achieved

by covering the flat surfaces with transparent, adhesive
sheet, while chevron surfaces were protected by a coating

of wet plain flour covered with paper.

The flange was utilised by drilling 26 holes of
6.35 mm diameter for clamping bolts. Initially a steel-
flange of 6 mm thickness and 25 mm wide containing
matching boltholes and overlapping the edge of the
plates was used'in conjunction with large diameter
washers. These washers were used on both sides in
order‘to spread the sealing load. However this method
was found to be unsuccessful due to leakages, when flow
was passed through the channel. Therefore, the steel
flanges were replaced by specially prepared large
rectangular washers of 25 x 20 mm, Six additional
boltholes were drilled, three at the top and three at
the bottom of the channel, parallel to the gasket strip
isolating the unused ports. This provided a better

seal, stopping any leakage of flow.
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1t was very important when assembling the channel,
to take great care when tightening the bolts to similar”
stress. Overtightening or unbalanced stresses could
cause one of the plates to crack and subsequently would
have to be replaced, which consequently would delay the
project. Furthermore, visual inspection of the assembled

channel showed, when peaks of the corrugations were in

contact.

Tﬁe neoprene gasket provided by APV Ltd., normally
used with metal plates was utilised in the plastic
channel to establish a "standard channel" representing
a channel of an actual pack of plates. The gasket
was glued to the plastic channel using standard adhesive.
A thin layer was applied to the gasket groove carefully,
since adhesive contains chemicals which are likely to

affect the perspex in varying degrees.

The inlet and outlet ports do not have a single
radius but comprise a cross-section of two different radii
inclined at an angle of 15° as shown in Figqure 4.1(a).
These semi-circular ports are 18 and 17 mm radius of the
top and bottom section resvectively, In order to
establish flow distribution as close to the metal channel
as possible, it was considered necessary to reproduce
the geometry of these ports in the perspex. Therefore,
the ports were carefully machined into the perspex
plates. A feed pipe of 36 mm bore and 3 mm wall thickness
was fabricated from perspex rod and secured to the channel

and to connecting flanges with "Perspex cement No. 7" as

shown = in figure 4.1(b).
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FIGURE 4.1 (a) INLET/OUTLET PORT
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FIGURE 4.1 (b) CONNECTION BETWEEN CHANNEL AND INLET/OUTLET

FLANGES 69



This cement involves polymerization of the monomer
(methylmethacrylate) by adding a catalyst then applying
the polymer when it is still soft resulting in welds of
high mechanical strength. This provided a good seal

between the channel and the pipe sections.

d+1+2 RESEARCH PLATES : JUNIOR PARAFLOW (APV LTD.)

To provide a better understanding of the flow
distribution in three-dimensional PHE's, another approach
was also considered, in addition to point velocity
measurements in the channel. It was strongly felt that
an overall picture of the flow distribution in channel
was important, particularly how elements of fluid

pursued along the channel.

A consideration of the complex geometry of the flow
channel highlights the difficulties of predicting ..
the preferred path that a fluid element is likely to
follow. In the general movement from inlet to outlet
port, the fluid encounters a uniform grid structure
containing many points of contact and consisting of the
corrugated chevron pattern of peaks and valleys crossing
cne another. To be able to predict how the flow splits
in different directions when approaching a point of
contact would be helpful in the design of the future
channels, Therefore, a study was undertaken of flow
through a single "cell", defined as that volume in the
channel bounded . by four adjacent points of contact and

the crossing valleys of the chevron pattern.
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This understanding of flow in one cell would allow
the preparation of a mathematical model describing flow
in a channel, as a long-term objective. This mathematical
description could be used to predict flow all over the
channel, and could therefore eventually be used to
explain the velocity measurement made in the channel.
Such a model would also provide a useful understanding
of the flow already reported in a previous work by
Fattah (7). To prepare a mathematical model of a single
cell, the Navier-Stokes equation used in the study of
fluid mechanics for flow in three-dimensions were
considered. This option was rejected since it is not
possible to solve these equations for the complex
boundary éonditions associated with the geometry of the.
shape of a cell. Furthermore, such work would be
beyond the scope of the present study, Another option
was considered, by involving the preparation of a single
cell and studying the flow behaviour through this cell.

This. option was found to be feasible.

In order to explain how the flow behaves in one
cell the most appropriate method would be to define
some form of performance criteria; These criteria would
be assessed by measuring the flow entering the channel
and then measuring the division of the outlet flows,
thereafter calculating the ratio of outlet to total
input flow through each outlet side would provide the

performance criteria. .

A small perspex section as shown in Plate 4.2 of

the Junior Paraflow (prepared and used by Fattah (7) in
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PLATE 4.2 - ASSEMBLY OF SINGLE CELL
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his work) was used in the experimental work. This
section was cleaned and polished carefully, using "Brasso"
polish and then perspex polish without damaging any

part of the surface of the channel section.

A line diagram of the experimental rig is shown
in Figure 4.2. The chapnel section is blanked with
candlewax leaving only one cell available for flow to
take place. Araldite was tried initially to £ill the
valleys, but was found to be unsatisfactory in operation.
Water was used as the working fluid to examine flow
distribution. The inlet and outlet tubes of 9.525 mm
diameter were connected to the channel section using
Araldite, The inlet tubes were connected to very

long (about 2m) tubes to provide suitable flow rates.

Initially trial experiments were carried out to
determine the suitability of the experimental assembly.
It was found that if taps 3 and 4 were open and taps
1 and 2 were closad, it was easier to make measurements.
So throughout the experimental work, taps 3 and 4 remained

open. Seven main experimental runs were carried out:

(1) The first and second experiments were based on
establishing flow splits through the valleys,

A and B, in the cell.

In the first experiment for flow through valley
A, tap 2 was closed and tap 1 was opened for a
few seconds interval and then closed. The
amount from each of the outlets was collected,
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measured, and recorded.

In the second experiment for flow through
valley B, tap 1 was closed and tap 2 was opened

for a few seconds and then closed.

(ii) To study the effect of equal pressure drops on
each side of the cell the third experiment
started with equal levels of water in the feed
tubes. Taps 1 and 2 were opened simultaneously
for a very short period of time and then both
closed. The amount collected from each outlet
was measured, and the level change of each

inlet side was also recorded.

(1i1) The fourth experiment was intended to determine
whether different levels of water in the feed
tube affected the performance of the cell.

The procedure was the same as in (ii) above,

but the starting levels of water were different.

(iv) In the fifth experiment the height level of one
tube side was twice that of the other. The

procedure followed was outlined in (ii) above.

(v) In the sixth experiment, thz influence of flow
in one valley over the flow in the other valley
was examined. This would show how much the flow

in one valley is affected by the resistance of
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flow in the other valley.

This was carried out by opening tap 1 and after
a short interval tap 2, and then instantaneously
both taps were closed. The amount collected

from each outlet tube was measured.

(vi) Finally in this experiment, the main objective
was the same as in (v) above, to observe the
influence of flow in one valley over the other
valley. This time tap 2 was opened first and
after a short interval tap 1, and then instant-
aneously both taps were closed. The amount

collected from each outlet tube was measured.

For each experimental run, eight different
measurements were made. In the experiments described
in sections (ii) to (vi), no time interval was recorded,
due to practical difficulty of trying to operate the
taps and a stop watch simultaneously. Also the term
"instantaneously" refers to manual operation of two
taps by one person since the inlet levels dropped
very rapidly. Furthermore, experimental difficulties
were caused by ailr pockets being trapped near the
outlets, so the volumetric flow rate collected at the
outlets was not in agreement with change in levels at
the inlets. Such results were rejected. Only the

results which showed agreement of t4cm were reported.
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4.2 LASER ANEMOMETRY EQUIPMENT

The significant components of the LDA system used
as an integral part of the equipment in this study will

be discussed in the following sections:

4.2.1 THE LASER

A 35mW Helium-Neon laser (XA = 6328 A°)
provided the coherent light source. The laser
operating in the transverse mode (TEMoo) had a beam
radius of 550 microns. A lens of 14.4 cm focal length
was used to provide sharper beam radius of 52.737119
microns at the focal length. This lens was placed
between the laser and beam splitter as recommended by
Abbiss et al. (24), to improve the performance of the
beam splitter, but was not used in the early stages of
the study. The calculations of beam radius using the

lens are shown in the Appendix A-2.0.

The beam splitter RF 307 attached directly to the
laser, is a bi-prism and can be adjusted to move the
beams to intersect at the chosen point. Thus a perfect

intersection can be obtained at the position of interest.

Further detailed information of laser and the beam

splitter is available from supplier's manual (123).

4,2.2 PHOTOMULTIPLIER

The photomultiplier was a type RF 313, having a
cathode voltage of 735 to 1000 V negative, and a
maximum anode current of 100 mA. Attached to the
photomultiplier were collecting lenses of adjustable
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focal lengths variable between 75 mm and 205 mm. Three
different size pinholes of 100, 200 and 400 um were
available to be fitted between the collecting lens

system and the photomultiplier tube.

4,2.3 PHOTON CORRELATOR AND DISPLAY UNIT

To process: the signal from the photmultiplier
tube, a Malvern K7023 photon correlator was used which
allows four operating modes, digital cross-correlation,
signal enhancement, digital auto-correlation and
probability analysis. The auto correlation mode was
used and an oscilloscope type 0S255 was attached to the
photon correlator to display the auto correlation function
A detailed description of the K7023 correlator is

avallable in reference (124).

4.2.4 COMPUTING DATA PROCESSOR

The computing data processor used in this study
is a Commodore PET desk top computer, interfacing the

Malvern K7023 correlator.

More information is provided in the Appendix A-1.0,

and the operating manual (30).
Results were also recorded on a hard copy using

an IEEE488 peripheral device to redirect results to a

Newbury 8300 R line printer.
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4,2.5 SETTING UP PROCEDURE OF OPTICAL CONFIGURATION

The general arrangement of the optical configuration
is shown in Figure 4.3. It was described in Chapter 2
as the Doppler pDifference mode. Now the experimental

operation of this arrangement will be discussed.

The laser was horizontally polarised by rotating
a )/2 plate fitted to the beam splitter to equalise the
beam intensities. In practice this was done by
adjusting the 1/2 plate lever and observing the refracted
spot on the side of the inside wall of the beam
splitter box. When the spot is at a minimum then the
beam intensities are equal. A lens of 14.4 cm focal
length was used to sharpen the beams. The beams could
be adjusted with knobs to the point of interest. The
front knob on the beam splitter, adjusts the distance
of cross over from the front of the beam splitter,
while the rear knob, separation of the beams, when

leaving the beam splitter.

The next step involved aligning the PM tube.
This is normally placed at an angle of 10° - 14°
downwards from the main centre line of the beams in a
forward scatter position. The eye-piece from PM
assembly shown in Figure 4.4 was removed and the whole
body adjusted until a bright circle of light could be
seen in the barrel of the eye piece. The latter
was replaced and the image of the intersection point

focussed by the collecting lenses onto the pinhole.
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The pinhole is shown in Figure 4.5. When the crdssover
is difficult to focus, the optical bench of the PM
assembly can be adjusted until a sharp image of the
crossover is obtained. The PM tube is then moved
slightly until the intersection point passes through the
pinhole, leaving a small circle of red light around the
hole. This alignment can be checked by observing through
the reflex eye-plece, as shown in Figure 4.5, where a
typical view of the intersection of beams and the cross-
wires is given. If the cross-wires are not in line with
the intersection of the beams, then fine adjustments can
be made to line up the cross-wires with the pinhole.’
This is achieved with small allen screws fitted to the

reflex system.

When alignment was complete the iris was closed and
the PM assembly supply was switched on (#15 V supply
and Extra Higﬁ Voltage (E.H.T.)). The signal lead
from the photomultiplier was connected to the correlator
and the 'single clipped auto correlation" mode was chosen.
The correlator was adjusted to a 1 micro-second sample
time and 10°® samples. The oscilloscope was switched
on and the start button pressed on the correlator at
which point the correlator stop lamp is 1lit. The plot
on read out function switch was then selected and
the first address 00 would display the counts in one
second from the photomultiplier. For a good signal to
correlate the count rate should be roughly always less
than or equal to 250,000 and not greater than 106,

Sample time on the correlator was adjusted until a
cosine curve with exponential decay as shown earlier in

Figure 2.12 appeared on the oscilloscope display.
82



MATIA NYId - YIMITA XJTddd 40 WYYDVIAd AVd S°F JdNOId

P2TITubRu

MITA whm///f

sueaq
I9se]
2Toyutd
S9ITMSSO0ID)
bUTsSnNoH W4
IYbTT

pai1933eos

I0xXTW

JHH sueaqg
Isse]

ISA0SS0I) sweag

83



Sometimes this curve did not appear and some similar
correlation appeared then the clip level (a facility

on the correlator) can be adjusted to observe if better
correlation curve can be obtained. If the clip number
did not affect the correlation, then the following
adjustment can be made to the correlation depending on

the type of correlation curve:

(1) If the correlation function was similar to Figure
4.6, then laser beams need adjustment. There are
too many fringes in theprobe volume. Therefore
fringe spacing has to be increased, that is the
ratio of (b/d) in equation 2.9, has to be
increased. This would reduce the number of
fringes according to equation 2.19.

(2) If the correlation function was similar to Figure
4.7 then laser beam needs adjustment. This time
there are not enough fringes in the probe volume,
therefore the ratio of (b/d) has to be decreased.

(3) When the correlation function was similar to Figure
4.8, the sample time and the clip number was
reduced in proportion simultaneously.

(4) When the correlation function similar to Figure 4.9
appeared, then the sample time and clip level was

increased in proportion simultaneously.

When all the above methods failed to produce a
correlation curve of the type Figure 2.2 then the flow

is very turbulent or the PM tube is looking at one beam.
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FIGURE 4.6 TOO MANY FRINGES IN BEAM DIAMATER

FIGURE 4.7 FEW FRINGES IN BEAM DIAMETER

FIGURE 4.8 OSCILLOSCOPE DISPLAY OF FLOW
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FIGURE 4.9 OSCILLOSCOPE DISPLAY OF FLOW
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When satisfactory correlation curve was obtained,
then the computer system was attached to the correlator
and the results were evaluated. The programme that
evaluated velocity and turbulence was provided by the

manufacturers.

A more detailed operation of this LDA equipment is

provided in the manufacturers operating manual (124).

4.3 EXPERIMENTAL

4.3.1 INITIAL EXPERIMENTAL ARRANGEMENT

The general arrangement of experimental equipment is
shown in Figure 4.10. In this line diagram of the
set up, onlf a brief outline of the optical arrangement
is shown, since the detailed LDA arrangement has been
shown earlier in Figure 4.3. The dotted section of
Figure 4.10 has been expanded in Figure 4.11, to show
how the perspex plate channel was assembled in conjunction
with the rest of the rig. In this arrangement the
- perspex channel can be moved upwards, downwards and
sideways conveniently, on a movable chassis. Thus the
channel can be moved while the laser and the photo-
multiplier tube remain fixed to make measurements at

any chosen point.
In Figure 4.10, the set up is shown with Up-Flow

in the channel; but Down Flow was also investigated.

The delivery of Stuart Turner No. 12 centrifugal pumps
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was expected to fluctuate, so it was decided to rely on
a constant-head tank to ensure constant flow. Never-
theless, the feed pump was used to drive air out of the
system and to circulate the fluid when mixing was
required. The physical limitations of theavailable
head, e.g. the height, was determined by the size of

the laboratory. A factor expected to influence the
fluid flow profile in the channel was the entry
conditions of flow at the inlet port. If the flow was
fully defeloped at the inlet, a potential source of
disturbance which would have a significant effect on the
channel flow would be reduced or eliminated. Furthermore,
the desirability of examining both Up and Down-Flow adds
complexity to the pipework arrangement. Therefore to
overcome this,substantial pipe lengths of diameter
15.875 mm "QVF" and fittings were used wherever possible
in the arrangement. Flexible PVC tubes were introduced
to connect the glass piping to the inlet and the outlet
of the channel in order to provide smooth flow. The
flexible PVC tubes used in their connections enabled
quick and easy modifications whenever the direction of

flow had to be reversed.

All the vessels, pipe sections, valves and reducers

were assembled from standard "QVF".

4.3.2 WATER AS WORKING FLUID

The experimental arrangement used has already been

described in section 4.3.1 and is shown in Figure 4.10.
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In this set up, water was used as the working fluid

because of its availability and non-dangerous nature.

Flow rates of water were measured using a "Fischer
and Porter"FP-4-17-G-10 flowrator with %-GUSVT-410
stainless steel float. The calibration of the flowmeter
was essential to allow the range of Reynolds number to be
calculated, and was carried by direct weighing of
effluent. Mass flow rates were measured for periods of
one minute, the calibrat;on was plotted, and a best
straight line was drawn as shown in Figﬁre 4,12,
Unfortunately no manufacturers calibration was available

to make a critical comparison.

Water became heated in the system during circulation
around the arrangement, but this did not affect the
flow significantly. The flow fluctuated a little, so
a frequent check of temperature was made at the channel
outlet and in the recycling vessel, using a mercury-in-

glass thermometer with 0.1 divisions.

The following description shows chronologically
how the project work developed, showing possible deductions

and hypotheses being generated and established or refuted.

The "positive" and "negative" plates were polished
with perspex polish on all four sides, i.e. the inner
working surfaces of the channel as well as the outer
surfaces. Polishing proved to be a lengthy procedure
wherecare had to be taken not to damage the channels

by polishing very heavily. Polishing was an essential
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part of this study to ensure that the beams passed
through the thick perspex plates with minimum scatter as
learned in the previous study by the author (122).

The polish was applied on the surface by first pouring
onto a suitable cloth, and gently applying to the
channel. Then by using a smooth, clean cloth, the
surface was polished several times using ' perspex

polish over and again, until it was considered that no
further improvement was taking place. The plates could
then be clamped together and connected to the rest of the

experimental set up.

From the flowmeter calibratiocn, the range of laminar
flow regime, Re < 10, in the channel can be calculated as
shown in the Appendix A-3.0. It is shown that the laminar
regime exists provided the float does not exceed a scale
reading of about 15 on the flowrator. This would keep
flow well within the laminar flow regime. The flow was
maintained at this level throughout this experimental

work, in Up~Flow direction.

When steady-laminar flow was obtained through the
channel, the laser was switched on, and the beams were
focussed onto the flow in the channel. As the beams
passed through the channel, it was found that excessive
distortions of the quality of the beams occurred, in
spite of the extensive polishing. The distortions

were clearly seen on a white background mounted beyond
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the channel. Instead of the small.circles of red
light expected from sharp laser beams, large diffraction
patterns were observed. This was attributed to several
factors: distortions in the walls, refraction between
‘the perspex wall and the water; reflection from the
inner surfaces of the channel; the internal geometry of
the channel acting as a form of lens causing deflection
of the beams (also observed before (122)); and flare
occurring at the solid/fluid boundaries. The beam
splitter was rotated to find the position of minimum
flare. This position was found to be when the plane
of the beams leaving the splitter was parallel to the
corrugations. As the channel was moved by adjusting
the counterwight shown in Figure 4.11, there was also
variation of the beams flare. This flare was greater
near the gaskets than in the middle of the plates.
Therefore a position of relatively small disortion of
the beams was chosen to make measurements and was found

to be in the middle of the cell volume.

The LDA equipment was arranged in the forward-
scatter position as shown in Figure 4.3, but originally
without the lens in the beam splitter. . The beam
splitter mounted parallel to the corrugations was
adjusted for the beams to meet in the centre of the’

cell volume.

The water used in the experiments was not
artificially seeded because an analysis of a sample showed
that there were sufficient solid qust particles

to provide scattering centres. To estimate a point
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velocity, the procedure outlined in Section 4.2.5

was followed.

The first address 00 on the correlator measured a
count rate of 2.5 x 10° in one second. Even at that
stage of the project. this figure was extremely high,

a value of 10°® being considered as more acceptable.
Subsequent work and discussions with the supplier
eventually established that a count rate of 250,000 (125)
should be used, as indicated in section 4.2.5. Even
though the initial count rate of 2.5 x 10° was very high,
an attempt was made to correlate the flow, but no
correlation could be obtained. Therefore the first main
step was to reduce the count rate sufficiently, to obtain )
a correlation curve. Excessive flare from the perspex
surface was thought to be affecting the count rate.

The simplest method of reducing flare was to polish the
surface even further. This was carried out with a great
deal of time spent in polishing the four surfaces, until
no further improvement could be made, A position of
relatively minimum flare was chosen and another attempt
made to correlate the flow, but the polishing had made

hardly any difference to the large count rate.

Another method to reduce flare from the surfaces
was made by cutting a small rectangular slit in black
paper and attaching this to both outer surfaces of the

channel. It was found by trial and error that this was

95



easier to align in the PM tube using siit on one side of
the plate. With some careful positoning some of the
flare was blanked off and the light entering the PM
tube was reduced, but not sufficient to obtain good
signals. A possible cause of poor signal quality was
considered to be the particle size (11, 23, 46, 126)

in the water. A sample was microscopically analysed

showing that particle sizes varied between 5 - 40um.

An‘approximate calculation showed that the fringe
spacing was about 20um, As Drain (11) points out in
the Differential Doppler technique, an important factor
in signal quality is particle size diameter. When this
particle size diameter becomes large compared with the
fringe spacing, the particles span light and dark bands
of a fringe pattern, thus averaging out the variation of
light intensity. Therefore the modulation of a signal

from the passage of a particle deteriorates.

However, Pike (25) states that the particle size
has no effect on signal quality, since he does not
consider that fringes exist. The present author, having
seen the fringes in the intersection volume by means of
objective lenses from an optical microscope expected
Drain's explanation to be plausible. It was deduced
that the high count rate and poor signal quality stemmed
from the size of scattering centres. Therefore, filtration

was to be considered necessary to control particle size range.
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Two filters (not shown) were added to the experimental
arrangement in Figure 4.10. These filters to reduce
particle sizes to less than 5um were introduced just
after the recycling pump, since the flow would pass
through them on the way to the main constant head-
tank. The flow was circulated through the rig and
the particle sizes were analysed from the main
recycling vessel. The analysis showed that these

were in the range of 5-10pm, mostly in 5Sum.

Further attempts were made to correlate the
flow. Although the count rate had dropped slightly,
no significant improvements were made to the signal
quality. It was still felt that flare was the major .

obstacle in obtaining a good correlation.

Flare has caused great difficulty to other
workers (42, 47) as mentioned in Chapter 2, additional
literature on LDA was consulted, but most workers
hardly commented on this problem, largely because
the surfaces which beams passed were simple and thin.
Therefore, a useful technique had to be developed

to solve the present problem.

Since flare could not be reduced any further,
the operating manual (124) was consulted in depth,
and it provided the suggestion that if no correlation

curve could be obtained, there would be two main
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possibilities:

{1) the flow may be turbulent (which was
certainly not so in this case) or,
(i1) the beams may not be crossing at the desired

point, i.e.misalignment in the flow channel.

The latter was considered as a possibility, so in
order to check this the procedure outlined in the

operating manual was followed.

The count rate of each beam was measured
separately by blocking each beam in turn, then the
count rate of both beams was measured. If both
beams were crossing at the point observed by the
photomultiplier, then both beams separately would give
the same count rate and each should be greater than
the count rate of the combined beams. It was found
that the count rate of each beam was greater than
Ehe combined beams but the individual count rates
were not equal, showing that the beam intensities
were not equal. This indicated that the beams were
not crossing in the channel. One possible reason
for this was that the beams were not entering the
channel at the base of a valley in the corrugations,
thus being deflected by refraction at the solid
liquid interface and possibly being diffused by the
lens effect of the curved surfaces. Very fine
adjustment was needed to arrange for the beams to

cross in the channel, as indicated by obtaining
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an equal count rate from each beam. Then further
correlation attempts were made, but still unsuccessful.
This gave rise to suspicion that the equipment may

not be working properly, so a simple test was made.

The LDA equipment was set up for measurement of
flow using a fan and this produced satisfactory
results. It was considered that the perspex
thickness of the model plates may influence measure-
ments, so tests were carried out by blowing air between
two thick perspex sheets in order to see if
measurements were possible in such an arrangement.
Satisfactory results were obtained, indicating that

the perspex thickness did not affect measurement.

Once again the LDA equipment was arranged in
one chosen cell of the channel where there was minimum
flare. Alignment was carefully tested and a
correlation waslcarried out. An acceptable cor=-
relation curve was obtained. This was repeated for
about fifty minutes during which time the signal
quality deteriorated and then completely collapsed.
The count rate check showed a drop from 700,000 to
200,000 during the fifty minutes without recovery.
The equipment was switched off for a period of a few
hours, and another attempt made, when satisfactory
correlation curves were obtained. Again the signal
collapsed after 30 minutes, and the count rate dropped
from 500,000 to 200,000, At this point it was felt

that the photomultuplier was becoming saturated,
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causing the decay in signal quality. At this stage
Malvern Instruments, the manufacturers of the
equipment (125) were consulted for a possible solution;
they advised that the count rate in one second should
be about 250,000 which is not reported in the manual.
It was found after another check that for one second
the count rate was still 2 x 10°%, showing that eight
times greater than the acceptable light was entering
the photomultiplier and causing saturation. The

next step was to reduce the amount of light entering

PM tube.

In order to do this, a neutral density filter
was used which allowed passage of only 1/16 the incident
light. This was placed in front of the beam splitter.
This proved unsatisfactory, because the scattered
light was also reduced drastically, and very poor
signals were obtained, although the count rate dropped

to 700,000 in one second.

A further attempt was made by drilling a small
hole in the lens cap of the photomultiplier, and
fitting a standard pinhole of 200um diameter. This
completely blocked most of the light giving no worth-
while results. The pinhole was replaced by a piece
of paper containing a small, central hole and this
was attached to the lens cap. This decreased the
light entering significantly to a count of 500,000

and some correlations were obtained. Although the
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correlations were obtained, the count rate still
dropped from 500,000 to 200,000 in a span of sixteen
minutes and did not recover. Therefore further light
reduction was necessary. Another possibility
considered was to work in back-scatter mode. This
has been recommended by Drain (11), who points out
that the amount of light is reduced, in order of two
to three times as compared to forward scatter
experiments, and this is most useful where the flow
system is moving and the optical systems are fixed.
This suggestion did not reduce the light further than
already achieved on the forward scatter mode with
paper on the lens cap. Some results were obtained,
but the count rates dropped in 40 minutes, the

correlation collapsed and failed to recover.

At this stage, the possibility of reducing the
flare from surfaces by means of an anti-reflection
coating was considered. It has been reported by
Cole and Swords (127) in their study of measurements
of an engine, that severe problems of flare can be
controlled by a suitable coating. They used a
magnesium fluoride film on the observation windows
as the anti-reflection coating and minimised scattered
light by painting all the internal surfaces of the
cylinder, matt black. This possibility was considered

in the present study, but for three main reasons was

not carried out.
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Firstly, if a coating was applied this may restrict
the range of fluids that could be used in the channel
and could conceivably react with or attack the perspex.
Secondly, polishing the plate was regularly necessary
and this would affect any coating applied. Thirdly,
the plates were very expensive and the coating process

caused an unacceptable risk of damaging the surfaces.

Again Malvern Instruments were consulted and
a technician worked on the experimental rig to
provide assistance in overcoming the problem. it
was suggested that the curved perspex surface was
distorting the beams, and it would be appropriate to
sharpen the beam by means of a lens. This would not
only reduce the flare-at ‘the surface:where ‘the beams
entered, but-would also reduce the volume of inter-
section and increase the power per unit area at the
crossover point. The smaller the volume under
inspection, the nearer would be the approach to
measurement of a point velocity while the increased
power should improve signal strength. Comments were
also made on the lightness of the table supporting
the optical equipment and on the lack of rigidity in
the arrangement for moving the channel during runs.
It was suggested that these factors could contribute
to collapse of signal after an interval, possibly due
to differential thermal expansion and affecting the

optical paths out of alignment.
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A much more rigid structure was constructed to
hold the channel and better optical benches were
obtained. A lens was placed in the position
provided in the beam splitter holder to provide much
sharper beams and improve the focussing in the back-
scatter mode. To reduce some subsidiary reflections
from the beam splitter onto the channel, a black
tape drilled with two holes was used to cover this
region; thus allowing the beams to pass through but
absorbing all reflections. Further attempts were
made to correlate the flow and although some results
were obtained, the count rate still dropped and the
signal collapsed after 30 minutes. Flare had been
reduced significantly and it did not seem possible to

reduce it further.

Again the equipment suppliers were consulted,
and they suggested that the drop in count rate was
caused by a lack of scattering particles as time

proceeded.

This was a real possibility since at the beginning
of a run the particles were settled at the bottom of
the recycling vessel and at the bottom of the constant
head tank. But as the flow circulated for a period,
these particles circulated and were removed by the
filters, thus the concentration of particles decreased
as the run proceeded. Therefore the sample of water

was drained from the system and a fresh sample was
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tried together with a small quantity of methyl=-soluble
dye to encourage scattering properties. In fact no
correlation curve was obtained using dye as scattering
centres. A small quantity of milk as recommended by
Drain (11) was tried, but no results were obtained.

A small quantity of latex particles of 5um were

added, this also did not improve the correlations.

A small gquantity of chalk was tried, but this made

no improvement to the correlation. Finally, the
filters were removed and this did not increase the
count rate nor produce continuous results. It was
realised that saturation of the photomultiplier was

a continuous and constant problem. Therefore it

was decided to make measurements all over the channel,

irrespective of the saturation problem.

The channel was adjusted to another position
(another cell), the beams were crossed in the flow,
aligned and the correlation procedure was followed.

No correlation curve was obtained. All the possible
considerations affecting the correlation were examined
which only resulted in total failure to obtain any

correlation, although the count rate was about 400,000.

Several attempts were made at different positions
to correlate velocity measurements, only to result
in total failure. Alignment was checked over and
over again, but no significant measurements were

made. Occasionally one measurement out of every
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twenty readings was successful . Since the results
were not repeatable it was decided to abandon using
water as a suitable liquid to study flow distribution

in PHE's channel.

It was learned after a detailed study of the
failure of being able to make any further measurements
that the fault was largely due to the beams being
unable to cross effectively in the channel because
of the internal geometry of the surfaces. The
probability of the beams meeting properly in the
channel was extremely low. The results obtained
were situations where the beams fortuitously did
cross in.the channel. A much more detailed explanation
for this failure to repeat the results in PHE channel

will be discussed in Chapter 6.

Therefore it was decided that the only possible
methods to overcome this problem of flare causing
saturation of the photomultiplier was by refractive
index matching. It might be possible to construct
another channel using a meterial of the same
refractive index as water (1.33), except that no such
suitable material exists. The other possibility
was to choose a suitable liquid of the same refractive
index as perspex. This would obviously reduce the
investigation to only one liguid but would overcome
the problem of inadequate intersection of beams by
completely overcoming the flare from the inside:

surfaces of the channel.
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4.3.4 REFRACTIVE INDEX MATCHING

The earlier experimental work described in
section 4.3.2 using water as the working fluid, was
only marginally successful because of the path
distortion suffered by the beans. To ensure that
the beams would cross in the channel without distortion
required that a transparent refractive-index matched
liquid be identified and obtained for use as the
working fluid. Although there might still be
refr#ction in the walls of the perspex plates, at
the solid/liquid interface, the beams should pass
through the channel as a continuous system if the
refractive index is matched well. This would also
reduce or eliminate the problem of flare from the

internal surfaces of the channel.

Initially a literature study was made to find if
any previous researchers had used refractive index

matching as a technique in flow problems.

From the literature of - LDA work by Wang et al.
(72) as reported in section 2.6 used this technique.
They prepared a match of refractive indices of glass
beads with a liquid mixture of ethyl and benzyl
alcohols. But no previous workers have attempted
to match refractive index of perspex with a suitable
flowing liquid. Drain (11) recognises the difficulty
in refractive index matching of suitable ligquid with
perspex since only organic liquids like toluene are

available, such liquids tend to dissolve perspex.
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Furthermore, many organic ligquids are flammable and/or
toxic. Since large quantities of liquid would be
required for the present study, it was decided that
such organic ligquids would be unsuitable. Since
there was no suitable liquid immediately available,

a detailed literature survey was undertaken as an

absolute necessity to overcome this problem.

Search showed (128) that the refractive index
of perspex is 1.49, therefore a transparent liquid

was required of similar refractive index.

The initial search (129) showed that the liquids
with nea?est refractive index to 1.49 were mostly
organic, e.g. benzene, p-xylene and pyridine. A
much more detailed review available from the University
of Karlsruhe (130) of liquids for refractive index
matching showed that from 124 different liquids only
about twenty of these were potentially suitable.

But all these liquids were organic type.

A further literature survey (129) was carried out
to find if suitable inorganic liquid existed. There
are inorganic complex solids which have refractive
index of 1.49 but in solution their refractive index
decreases considerably yielding colourful solutions
and therefore unsuitable liquids. However sugar
solutions were considered since aqueous solution of
sucrose (cane sugar) of 80% w/w should provide a

refractive index of 1.49,. Experiments were carried
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out, to prepare sugar solution of 80% by weight, but
no satisfactory success was achieved. The sugar

crystallised out as soon as the solution reached room

temperature.

One other possibility was considered that if
two liquids can be found of higher and lower
refractive index than 1.49 then those could be
mixed together to provide the appropriate refractive
index. In a more detailed literature survey
(129, 131) one possibility emerged of using mixture
of oils., The table 4.1 shows the range of oils
available for the refractive index matching for an

acceptable temperature range.

TABLE 4.1 - REFRACTIVE INDICES OF OILS

TYPE OF OIL REFRACTIVE INDEX
Mineral (Code 50) 1.4581
Mineral (Code 40) 1.570?

Tung 1.8774%*
Cod-liver 1.481%*
Perilla 1.481%

* Refractive index at 25°C

! Temperature nctspecified
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Table 4.1 indicates that a mixture of Tung oil
and one other o0il would provide suitable refractive
index of 1.49, It was decided to try a mixture of
Tung and Cod-liver oils, because those were easy to
obtain and safe to use in the large quantities

required.

A sample of 500 Cm? cod-~liver was obtain from
the suppliers, British Cod-~liver 0il Ltd., Hull;
and 500 Cm®* of tung oil were obtained from Lloyd W.S.
Ltd., London. When received the sample of cod-liver
oil was transparent but yellow in colour while the
tung oil was a dark brown high viscosity liquid.
Initially this caused concern for the transparency
of a mixture. Since tung oil was not transparent
and laser beams would not penetrate this oil by
itself, but when these oils were combined,
beams passed easily through the mixture. An
'ABBE 60' high accuracy refractometer .. was employed
to mea. re the refractive index of each liquid.
This instrument indicates the refractive index value
to five figures after the decimal point whereas the
literature quotes to four. The measured values were
1.4783 and 1.51779 for cod-liver o0il and tung oil
respectively at temperature of 20°C showing a slight
difference between those reported (129) and the
measured values. Various mixtures of these oils
were prepared to find a suitable ratio which would
provide a refractive index of 1.49. Two mixﬁﬁres
containing of 37.04% and 35.22% tung oil by volume
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had refractive indices of 1.49135 and 1.48911
respectively. Both mixtures were used in the
perspex plate channel and the laser beams passed
through the channel without the deflection and
distortiong encountered when water was the working
fluid. Visual inspection showed the 37.04%

tung oil mixture, to the nearest match of refractive
index, with only a pinpoint of light occurring at
the point where the beams passed through the
solid/liquid interface. Although this showed

that the match was not perfect, it had the advantages
that flare at the boundary had been eliminated and
that the actual position of the boundary could be

determined from the pinpoint of light.

4,3.4 OIL AS WORKING FLUID

The experimental rig used for this fluid was
similar to the original arrangement described in
section 4.3.2 and shown in Figures 4.10 and 4.11.
However, the volume of the constant head-tank was
much smaller, due to the amount of oil available.
Since physical properties of the mixed oils were
essential to calculate Reynolds number, and there
was little information available in the literature,
it was decided that the viscosity would be measured
but that a weighted mean density would be acceptable
since the densities of the separate oils were very

similar.
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The viscosity was measured using a 'TECHNICO 300
VISCOMETER' and gave a value of 0.0927 Kg/ms at 20°C
temperature. Density of each o0il reported in the
literature (129) to be 925 kg/m® at 25°C and 934 kg/m?®
at 15°C for cod-liver and tung oil respectively.

Hence an average density of the mixture was calculated

to be 929.5 kg/m® at 20°C.

Since the apparatus had previously contained
water and it would be desirable to avoid forming
an oil-water emulsion through the mixing action of
the circulating centrifiugal pumps, the equipment was
carefully dried using hot air blowers. The flowrator
described in section 4.3.2 was recalibrated with the .
oil mixture. The calibration was only possible for
half the range of flowrator because at lower flows
the calibration becomes discontinuous. Figure 4.13

shows the calibration curve for the oil mixture.

It was decided to make measurements at 20°C
temperature since the physical properties of the
fluid were measured and calculated at this temperature.
A check of o0il temperature was made at the outlet of

channel and in the recycling vessel.
The perspex channel was polished with perspex

polish as discussed previously in section 4.3.2

and assembled into the experimental arrangement.
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From the calibration curve and the calculation
in Appendix A-3.3 laminar flow exists for all the

flow rate range.

When steady flow was achieved through the
channel, the laser was switched on and the beam
splitter was adjusted to the horizontal plane.

The beams were adjusted to cross in the centre of
the cell volume. In order to determine the exact
centre position of the cell volume, a special

technique was developed.

From the drawings of the SR1 plate, the
corrugation pattern was reproduced on transparent
acetate cellulose sheet of the type used with overhead
projectors. This provided an exact representation
of the channél corrugations, as shown in Figure 4.14,
whgre each point of intersection represents peak to
peak contact. This sheet was attached to the
perspex channel, on the same side as the photomultiplier
tube and was used to assist identifying the particular
cell. To accurately locate the centre of a
particular cell, a graphical representation was
generated with a defined co-ordinate system. Photo-
copies of graph paper of size A4 of 10 mm squares
were reproduced on acetate sheets. These were

attached in three sections to cover the channel.
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FIGURE 4.14
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The middle section was A4 size acetate sheet, while

top and bottom sections were cut to particular
shapes to fit the channel. In each section, there
were two sets of co-ordinate parameters, used as
shown in Figure 4.15. The X and Y co-ordinates
would help to identify a particular square on the
acetate, while the co-ordinates X1 and Y1 would

provide the exact position in the cell, to the nearest

millimetre.

The position of the perspex channel was adjusted
to locate the centre of a chosen cell, all the
co-ordinates X, Y, X1 Y1 were recorded before measure-
ments were carried out following the procedure in
section 4.2.5. Although the count rate was initially
high this was reduced and brought under control by

using lens cap technique described in section 4.3.3.

The flow was not seeded, since an analysis of
oil sample showed that sufficient natural particles
already existed. Particle diameters ranged 5-20um

but mostly were 10um in size,

Fringe spacing was calculated by projecting the
beams onto a white surface positioned beyond the
channel and the distance between the surface and
the middle of the channel. These measurements

were used in the computer program to calculate fringe

spacing.
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Fringe spacing remained fixed until adjustments

were made to the channel or the beam splitter.

During the experiments it was observed that
the temperature of oil was rising much higher than
the chosen temperature of 20°C, although the float
in the flowmeter remained in its initial position.
The increase in temperature was caused by the
mechanical work imparted by the recirculating pump
to the oil being converted partially to heat energy.
Therefore, a cooling heat exchanger was fitted between
the recycling pump and the constant head tank to
control the oil temperature. Experience showed that
the operating temperature should be raised to 22°C
since this was the optimum temperature achievable.
A small immersion heater was sometimes used in the
recycling vessel to boost the initial oil temperature

until steady state temperature was achieved.

Since the operating conditions had been changed
new physical properties were required. Accurate
measurement was made of density, 931.98 kg/m’ at
22°C and viscosity over a range of temperatures
using the 'TECHNICO 300 VISOMETER'. Literature
(132) shows that there is a linear relationship
between viscosity and temperature, Therefore
best straight line was fitted as shown in Figure 4.16.

The equation of the best straight line was:
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FIGURE 4.16 PLOT OF VISCOSITY VS TEMPERATURE OF OIL
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w =(1.5052 - 0.027577) x 1072 (4.1)

Temperature in (°C)

where T

i

H Viscosity in (Kg/ms)

Therefore from the above equation, viscosity

was calculated to be 0,08986 Kg/ms at 22°C oil temperature.

Initially velocity measurements were measured
in the centre of the channel with the beam splitter

in the horizontal plane for Up-flow.

Further velocity measurements were measured
r with the beam splitter plane arranged parallel
to the corrugations, giving a velocity component at

60° to the vertical.

These measurements were mostly made at three

zones in the channel.

(1) inlet region - where flow just enters the
channel and is distributed over the heat
transfer surface,

(i1) middle region - where flow could be fully
developed (part-way along the channel),

(1ii) outlet region - where flow is collected

ready to leave the channel.

The measurements were made in selected

cells as detailed in Chapter 5.
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4.3.5 MODIFIED EQUIPMENT ARRANGEMENT

In the early description of experimental work,
low flow rates were achieved, at Re< 1, due largely
to the high viscosity of the oil mixture. So to
examine higher flow rates,a significant modification

to the equipment was necessary.

Figure 4.17 shows the new experimental set up,
with the LDA arrangement as shown in Figure 4.3.
The dotted section in Figure 4.17 is connected to
the arrangement shown in Figure 4.11. Since the
height of the laboratory limited the available head
it was decided to use a more powerful Stuart Turner
No. 22 centrifugal pump, as the delivery pump.
Although fluctuation in flowrate could be expected with
this type of pump it was found that after a short
period, the float stopped fluctating and remained at
the set flow rate. Larger bore "QVF" pips and
fittings of 35.f'mm diameter were used, as well as
flexible PVC tubes and bellows wherever necessary. For
the inlet a long PVC tube was used to allow the fluid
flow profile to become fully developed before entering

the channel.

A by-pass valve was introduced after the pump in
order to balance the amount of flow required through the
flowrator while avoiding cavitation in the pump. Two
rotameters of metric tube size 47F with stainless steel

floats type S were fitted.
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During trial experiments it was found that the oil
temperature increased with duration of run so an ice-
water bath was arranged around a pipe to cool the oil to
achieve good heat transfer. The optimum temperature
of oil was found to be 34°C, measured in the recycling
vessel. The fluid temperature leaving the channel was

the same as the temperature in the recycling vessel.

The operating temperature was changed to 34°C
and new physical properties of the fluid were obtained.
The density was measured to be 933.98 kg/m® and the

viscosity was calculated from equation 4.1 to be .0.05678 Kg/ms.

It was extremely difficult to carry out any
calibration of the rotameter due to the very high flow-
rate. A calculation procedure outlined in Appendix
A-3.4 was deveioped to estimate the flowrate, so that

the Reynolds number could be calculated.

Photographs of the experimental rig can be seen
in Plates 4.3 to 4.5, perspex channel in Plate 4.6,
the Channel with LDA optical arrangement in Plate 4.7
and the signal processing equipment is shown in
Plate 4.8. Furthermore, a close=-up view of the laser
beams passing through the channel is shown in photograph

of Plate 4.9.

Steady laminar flow was arranged through the channel,
the LDA equipment was aligned in a chosen spot and the

procedure for making measurements was followed as out-
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1 - WATER/ICE BATH
2 = PUMP
3 - RECYCLING VESSEL
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PLATE 4.4 - EXPERIMENTAL EQUIPMENT
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lined in Section 4.2.5.

The flow was not seeded since another analysis
showed that there were sufficient scattering particles
in the flow. Fringe spacing was measured as outlined

in the earl}er section 4.3.4.

Measurements were carried out for the Up-flow
in vertical component because rotating the beam splitter
showed that most of the flow was in an upward direction.

Measurements were made in the three regions as outlined

previously.

A series of experiments was carried out for Up-flow
~with different orientations of the beam splitter to

identify local directions of the measured velocities,

Measurements were also carried out to examine the
variation of velocity within individual cells, by moving
the point of intersection of the laser beams across the
cells. Results are given in Chapter 5 and discussed

in Chapter 6.

4.4 DEVELOPMENT OF EXPERIMENTAL TECHNIQUE

4.4.1 INTRODUCTION

Several difficulties arose in applying Laser
Anemometry in the present study. Those problems are

discussed briefly with the development of the
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technique, since commencement of the current research
work., Some of the difficulties have already been
discussed in section 4.3, but the following problems
appear to be extremely trivial but took a gfeat deal of
time and effort to be solved. To prevent subsequent
workers suffering the same difficulties, they are
reported here. Although several references (11,13,20,21)
also discuss these problems to some extent, they are

reported here from the practical standpoint as they are

encountered.

The current work followed the previous study (122),
in which the author established the technique of LDA
in a ciréular perspex tube and made preliminary attempts
to investigate hydrodynamic characteristics in a
perspex model of a three-dimensional Junior research

size Plate-Heat Exchanger Channel.

- The perspex tube was polished with perspex
polish both inside and outside of the tube until the
surface was very clear and smooth, thus allowing
beams to pass through the thin walls of the tube
without significant flare. No scattering particles
were necessary because there were sufficient scattering
centres in the tap water used as the working fluid.
All the measurements were carried out in the forward
scatter arrangement. There was no requirement of
refractive index matched liquid since the walls were
very thin, hence no significant refraction. There
were few difficulties encountered, sensible results\

were obtained and much valuable practice in the basic
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procedure of using LDA equipment,

4.4.2 SURFACE CONDITIONS

In the Junior perspex channel, flow was controlled
from a constant head tank using water as the working
fluid. The laser beams suffered refraction and
reflection from all four surfaces, so that the photo-
multiplier became saturated and measurements could
not be made. There was significant light diffusion
at all four solid/fluid surfaces, scattering light in
all directions. The amount of scattered light was
greatly reduced after the lengthy procedure of polishing
the surface using perspex polish . The polished
surfaces did not reduce the flare sufficiently to enable
measurements to be made but clearly showed there was
internal scatter in the walls of the plate, presumably
caused by changes in the perspex structure during

ageing.

It also showed that smooth, well polished surfaces
of the flow system was an extremely essential condition
for measurements. This led to regular polishing of
the SR1 plate channel, after every few weeks. It was
found that wherever beam quality deteriorated in the
channel, it was the appropriate time to clean and
polish the plates. This deterioration could be seen
visually by looking through the reflex viewer in the

photomultiplier assembly. It was found that the
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deterioration was largely due to particle settling

on the surface of the channel.

4.4.3 SCATTERING PARTICLES

One of the most serious problems in the present
study was the identification of particle size and type
suitable to act as light scattering centres. It is
helpful to inspect samples from the recycling vessel
for particle size and concentration. It is considered
good practice to ensure that particle size is smaller
than the fringe spacing to obtain good signals. If
many particles are larger than the fringe spacing then
the fluid should be filtered, or the fringe spacing
should bé increased to accommodate particle size.

In this work there was a good agreement in the particle
size and the fringe spacing. Excessively large
particles do give inaccurate measurements, and the
impact of an occasional agglomerate or air bubble on

the correlation curve was obvious on the oscilloscope

display.

Following the various experiments using different
particles described in section 4.3.2, it was concluded
that suitable particles from the room exist in tap
water and the oil mixture, either as atmospheric dust
or as an integral component of the oils. Moving
particles can be seen passing through the beam inter-

section region as little flashes of light in the reflex
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viewer of photomultiplier, Such flashes are more
apparent in the oil mixture than in water. It is

helpful regularly to stir the oil mixture in the re-
cycling vessel to provide uniformly distributed particles,
rather than allow particles settling at the bottom of the

recycling vessel.

4.4.4 ALIGNMENT AND SIGNAL PROCESSING

Although the standard procedure of alignment has
been outlined in section 4.2.5, it will be repeated
here in more detail, since it is the most important
factor determining whether or not a velocity measurement

could be made.

The qualitative appearance of correlation curve
displayed on the oscilloscope was totally dependent on
the accuracy of alignment. One of the continual
problems was to ensure that the beams were crossing at
the chosen point, so the procedure outlined in the
operating manual (124) was intially followed rigorously.
However, this was found to be unsatisfactory and it was
decided that a more direct visual method would be
developed. One of the beams was focussed on the
pinhole as observed through the eyepiece of the photo-
multiplier assembly. The other beam was adjusted
until it was also focussed on the pinhole, at which
point the photomultiplier would be aligned on the cross=~

over point. This was also checked by using the reflex
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eyeplece. This procedure was sometimes reversed by

using the eyepiece first followed by viewing through

the direct eyepiece.

Forward scatter was found to be a better arrange-
ment when water was the working fluid even though flare
was higher compared to the back scatter mode. The
reduced flare was acconmpanied by a significant decrease
in signal quality. When oil mixture was used, all
the flare was removed and signal quality was found to

be five times better in forward scatter compared to

back scatter.

Sometimes, when the beams had been correctly
aligned, a poor correlation curve of the type shown
in Figure 4.7 was obtained. The operating manual
suggests that such curves are caused by there being
too few fringes in the intersection volume., One
obvioqs method would be to adjust the fringe spacing
and hence the number of fringes by moving the beams
slightly. Alternatively, the photomultiplier may not be
perfectly aligned on the cross-over point and it was
found that a diminutive adjustment of the fine position
controls of the photomultiplier tube would produce a

better correlation curve.

In the optical forward arrangement, the PM tube
always produced a better signal if it was placed 15-20°

from the central optical axis.
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Minor vibrations were a constant problem in
affecting alignment, and therefore the value of the
measured velocity. So, once the equipment was set up

physical contact was kept to  minimum.
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CHAPTER 5

RESULTS



B RESULTS

5.1 JUNIOR PARAFLOW SINGLE CELL

The results acquired for flow through a single
cell of the Junior PHE's perspex channel using water,
will be outlined for different experimental conditions.
Experiments which showed any procedural errors were
excluded as were those whose mass balance could not

be obtained due to experimental errors.

5.1.:1 SINGLE INPUT FLOWS

Table 5.1 shows the flow through tube A" (see
Figure 4.2) inlet only for different time intervals

and the ratio of the outlet flows.

Similarly, Table 5.2 shows the results of flow

through tube'B "inlet only.

5.1.2 SIMULTANEOUS INLETS AT SAME INITIAL PRESSURE

Table 5.3 shows the results of flow through a
single cell, with the same initial levels of water in
both tubes, together with the volume balance since the

density is constant.

If the calculated flow through tubes is QT and
ahA and AhB are the height changes in each tube of

equal diameter.
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TABLE 5.1 FLOW THROUGH TUBE "A" ONLY

Run |Volume cOllecteﬁ Volume Collected|Time|Ratio of outlet

No. |From Tube "A" From Tube "B" (s) |Volume, Tube "B"
Outlet (Cm?) Outlet (Cm?) Tube "A"

1 10 40 4 4

2 5 37 3 7.4

3 | 7 40 3.8 5.71

2 7.5 42 4.5 5.6

5 12 46 4,2 3.83

6 9 36 3 4

TABLE 5.2 FLOW THROUGH TUBE "B" ONLY

Run |Volume Collected | Volume Collected|Time[Ratio of outlet
No. |from Tube "A" From Tube "B" (S) |Volumes, Tube "B"
Outlet (Cm?) Outlet (Cm?®) Tube A"
1 22 23.5 3 1.07
2 | 25 38 6 1.52
3 22 24 2 1.09
4 21 31 2 1.48
5 52 46 10 0.89
6 20.5 21.5 2 1.05
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TABLE 5.3

FLOW THROUGH BOTH TUBES AT SAME INITIAL PRESSURE

Initial Calculated | Calculated | Total flow | Flow Measured | Total
Inlet Flow input | Flow inpat | calculated | at cutlets Flow
Levels Fram Tube | fram Tube input for Measured
3 nan ngn 3
(Cm?) (gm : ?CA (gn ;?CB S;tlz.c'lr:tjl)aes Qm QMB QM (Cm*)
A B (Cm’) (Cm’)
93.25 93.25 6.95 14 .07 21.02 5 16.59 21.5
70 70 . 17.19 30.22 47 .41 22 26 48
71.9 71.9 8.05 30.21 38.26 185 21 39.5

TABLE 5.4 FLOW THROUGH BOTH TUBES AT DIFFERENT INITIAL INLET

PRESSURES
Initial |Calculated |Calculated |Total flow | Flow Measured | Total
inlet Flow input |Flow input |calculated | at ocutlets Flow
levels From Tube Fram Tube | input for Measured
nan non 3
(Cm) (gn 3?@ (gn 3?&, lzgtt‘-;l)'mbes Qv Qp |Qy (Cx)
2 B Op (aw) | (o)
45.7 50 15.25 17.48 32:73 13 21 34
55.2 58.3 4.28 19.48 23.76 10 11 22
83.6 72.5 17.91 30.36 48 .27 19 25 44
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Then Q (ah, +A»hBl*At (5.1)

%A * %p

Area of tube (Cm?)

where A

t
Qcp & Qp = Calculated flow input from tubes
nan and "B" (le)
Qp = Total flow calculated input for both tubes (Cm?)

A, was calculated to 0.7126 Cm?

No time interval was recorded, due to difficulties

in the experimental procedure of operating valves and
recording times. Therefore, volumes are quoted and
these can be used effectively in place of mass balance

since the desnity is constant.

5.1.3 VARIATION IN INLET PRESSURE

Table 5.4 shows theresults of flow, with tubes,
at different height levels of water, through the single

cell,

In two of these results, tube "B" was at higher
levels of water than tube "A", and in the other tube "A"

was at higher level than tube "B".

5.1.4 DOUBLE INITIAL PRESSURE IN ONE INLET

The initial height level in one tube was twice that

in the other tube. Because of experimental difficulties
in that the tubes emptied very quickly, only a few

measurements were successful and these are reported in

Table 5.5. 140



In both runs, tube "A" contained higher water

level, other runs where tube "B" had the higher water

levels did not satisfy the mass balance were rejected.

TABLE 5.5 FLOW AFTER DOUBLING ONE INLET PRESSURE

Initial| Calculated| Calculated| Total Flow| Flow Measured |Total Flow

Inlet Flow input| Flow input| Calculated| at ocutlets Measured

Levels | from Tube | from Tube | input for qq(Cmﬂ
namn ng W

(Cm) {ganCA (?m:?ca botlz.cqn';:?es Qa Qn

A B Qp (am®) (Cm)

60 30 15.18 12.32 27.5 1" 14 25

50 25 10.97 i 12,97 23.94 12 10.5 22.5

5.1.5 NEW FLOW INTO ESTABLISHED FLOW

Table 5.6 shows the measurements of flow through a

single cell when tube "B" was opened first to establish

the flow and then tube "A" was opened after a short

interval.

Table 5.7 shows the measurements of flow through

a single cell when the

tube "A" being opened first.

procedure was reversed, with

Only one run was successful,

other runs were rejected because of disagreement in the

mass balance.
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TABLE 5.6 FLOW THROUGH TUBES WHERE TUBE "B" OPENED FIRST
AND THEN TUBE "A"
Initial | Calculated | Calculated | Total Flow| Flow measured | Total Flow
Inlet Flow input | Flow input | Calculated | at outlet Measured
Levels | from Tube | fraom Tube | inputs for QM (Cm?)
(Cm) A" ) - g both tubes
3 e | () Qp (am) | Om e
- (Cm*) (Cm®)
175 99.5 15425 51.64 74 .89 48,5 25 7355
52 139.5 18.88 62,57 81.45 51 30:5 81.5
26.6 48.3 9.69 24 .44 34.13 21.5 14 35.5
TABLE 5.7 FLOW THROUGH TUBES WHERE TUBE "A" OPENED
FIRST AND THEN TUBE "B"
Initial | Calculated |Calculated | Total Flow { Flow measured| Total Flow
Inlet Flow input | Flow input [ Calculated | at ocutlet Measured
Levels | from Tube |from Tube | inputs for O (Cm®)
(Cm) L "B" Q both tubes
—— ey | o) o (@) % Y
(Cn’)  (Cm’)
133 41.5 5.34 11.76 1710 10 7 17
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5.2 VELOCITY MEASUREMENTS IN THE SR1 PERSPEX CHANNEL

Reynolds

number was calculated using the standard

dimenstionless group given in Appendix A-3.0 and

repeated here:

U Volumetric Flow Rate - 0
Area of Flow b'w

b' = De (§/2)

Re = pDe U

where U

Re =

De =

Standard

were used to

Average velocity of flow (m/s)
volumetric flow rate (m’'/s)

Mean plate gap (m)

Plate width available for flow (m)
Reynolds number

Density of fluid (Kg/m?)
Equivalent diameter (m)

Viscosity of fluid (kg/ms)

Ratio of developed to projected area

parameters provided by the manufacturers

calculate the Reynolds number and average

velodity of flow. Some of these parameters are

summaried in

SRl plate.

Table 5.8 with general information of the

143



TABLE 5.8 PARAMETERS OF THE SRl PLATE

Parameters Value
Developed/projected area V:id2
Plate flow width 0.171m
Equivalent diameter 4.7498 x 10 *m
Plate Pitch 3,505 x 10 °m
Plate thickness '0.6096 x 10 *m
Plate heat transfer area 0.08556 m?
Developed mean plate Length| 0.4975 m

The measurements which will be reported in
following sections apply to oil as the working £fluid,
for different flow rates and operating conditions.
Although the author did obtain some velocity measurements
using water instead of oil, it was judged prudent not
to include these as conclusive results, since they
lacked repeatability owing to the severe experimental
problems already outlined in section 4.3.2. The
total number of individual measurements observed in
the present research work is around 25000 using oil
as the working fluid. In addition, some further 150000
attempts were made using water as the working fluid,

but very few of these were successful,
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5.1.2 LOW FLOW RATES

The velocity measurements were made for flow
rates varying between Relof 0.0817 and 0.1616 using
oil as the operating fluid. It was found difficult
to present these results in any standard graphical
method which would clearly indicate the velocity at
a particular position in the channel without causing
serious confusion. Therefore it was decided to

propose a new method for clearly presenting these

results.

The appropriate method based on the reproduction
of the projected cell matrix of the channel onto twe
dimensional co-ordinates. Velocity values could then .
be printed at the appropriate position representing

where the measurement was made.

A computer program was prepared (133) in coll-
abofation with a postgraduate student following an
M.Sc. course in which a computer project was an integral
part. The program would reproduce the structure of
the channel, that is peak to peak contact and the
ridges of the corrugations similar to Figure 4.14.

The program was written in Fortran 77 high level
programming language on the HARRIS HS500 computer
facility available at the University of Aston. To
display the structure of the channel, access was made
to the software facility GINO, the graphical system

available on the HARRIS computer.
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This graphical display of the channel accommodated
the most convenient method of showing the velocity
measurements at appropriate locations, Therefore
for each parameter in the graphical display a velocity
measurement can be identified, providing immediate

access to flow distribution in the channel.

During velocity measurements fringe spacing
varied for different cell positions, but was always
maintained to be greater than 10um since most particles
were of this size. Measurements were carried out in
Up-flow and Down-flow in three z2ones of the channel;

inlet, middle and outlet:

(1) Inlet region - near where flow enters the
channel

(i1) Middle region - where velocity profile may
be fully developed in the channel

(i11) Outlet region = flow is collected and leaves

the channel.,

Although a turbulence level was also calculated
for each velocity measurement by the "Malvern Program",
this is not fully reported since it may only represent
unstable flow at that point. Unstable flow may cause
variations at a point arising from minor variations
in flow at that point. It may not be of major
significance and is therefore commented only in

qualitative terms.
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A preliminary set of measurements were made

in the centreline of the channel to establish the

technique. Figure 5.1 shows measurements in the Up-
Flow direction for horizontal velocity component, at

a Reynolds number of 0.1616 and average velocity of
0.3254 x 10 fmvs. Each velocity measurement is an
arithmetic average of thirty to fifty velocity
observations. This average was needed because

small fluctuations were observed in the rotameter

float positions during the experiments. In some

cells at the top section of the channel two measurements
were made in each cell. One measurement is in the

middle of the cell volume, while the other measurement

is neaf the wall.

Part way through the sequence of experimental
work, it was . realised that the temperature was
affecting measurements significantly, so the temperatures

are also reported.

Turbulence ranges varied for each measurement in
the cell. At the inlet region bottom section of
Figure 5.1, in the same cell there was 0% turbulence
and in the remaining cells turbulence range varied

7=13%.

This pattern was repeated until part way along

the channel, that is until velocity at 3.03 x 10~? m/s.
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FIGURE 5.1
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Then minimum turbulence was found to be in the range

of 5-8% and a maximum of 18-21%.

Turbulence at the outlet region with two measure-
ments in a cell showed changes. Turbulence at the

centres of a cell velume was 0% but at the walls varied

in the range 17-27%.

.Figures 5.2 to 5.5 show the measurements in the
three main sections for Reynolds numbers ranging from
0.0817 to 0.1616, in the Up-Flow direction. In each
section various cells were selected as shown in the
figures to form a view as to how the flow was behaving
in the channel. In certain positions, especially near
the ends of the channel there is no continuity of the
selected pattern. The reason for this omission was
the excessive flare from poor surfaces in some areas.
Due to lack of time available and the long sample time
needed for these measurements, the number of observations
recorded were reduced. Each velocity measurement shown
is an average of a minimum of five observations, and
each measurement observed was at least in agreement with
one other velocity measurement, These measurements
were made in the middle of the cell volume, unless

stated otherwise.

In the inlet section of flow there was very low
turbulence generally0% but this increased near the
gasket on either side, at the edges of the channels
to between 0%-10.5% while in the middle section,
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FIGURE 5.2
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FIGURE 5.3
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FIGURE 5.4
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FIGURE 5,5

1583






turbulence was even higher between 0%-12.5% at the

edges of the channel and mostly 0% at the remaining

points.

It was impossible to make any measurement in
parts of the outlet section because no flow could be
measured. Hence it was decided to examine this
section in greater detail. In some cells, when it
was difficult to make measurements in the centre of
the cell volume, they were made wherever possible in
the cell. The most suitable position in the cell was

often found to be near the wall of the channel.

Turbulence in the outlet region was found
greater near the gaskets in the range of 0-8% but mostly
on the higher range side, but the turbulence in the rest

of the secion generally remained 0%.

During the experimental work, it was observed
that there was variation in both velocity and turbulence
from front to back on the centreline of a cell. This
was not fully quantified but it was noted that the
velocity varied by 40-100% of the centre point velocity,

while the turbulence varied between 0 and 15%.

Figures 5.6 to 5.9 show wvelocity profiles in the
channel in Down-Flow for Re, 0.0871 to 0.1616 using oil.
In the three regions of inlet, middle and outlet,
measurements were made in the pattern used previously.
At some positions there were difficulties in making
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FIGURE 5.6

155






FIGURE 5.7
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FIGURE 5.8
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FIGURE 5.9
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measurements and these are shown on the figures.

Each velocity measurement shown is an average of a
minimum of four observations, and at least one measure-
ment was in agreement with one other velocity observation.
The majority of the measurements were made in the centre

of the cell volume unless stated in the velocity profile

of the channel.

In the inlet region the overall turbulence was
in the range 6-15%, but much higher at the edges of the
channel in the range 10-22%, mostly in 18-22% range.
Turbulence range on the righthand section of the channel
was twice as high compared to the turbulence range on'
the lefthand side of the channel. In the middle region,
the overall turbulence was in the range 8-15%, but much

higher at the edges of the channel, in the range 15-23%,
In the outlet region, the overall turbulence in
the channel varied from 6-22%, but a little higher at

the edges of the channel in the range of 14-22%.

5.242 HIGH FLOW RATES

Figures 5.10 and 5.11 show velocity measurements
for Reynolds numbers of 5.291 and 7.078 respectively
for Up-Flow in the three main regions examined. The
majority of measurements are made in the middle of the
cell volume unless stated in the display of velocity
profiles. Each velocity measurement is based on at
least eight observations, and each measurement is in

agreement with one other velocity measurement at the
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FIGURE 5.10
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FIGURE 5.11
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same pattern.

Turbulence remained 0% for both flow rates across
the channel but increased near the edge of the gasket,
especially on the righthand side of the channel.
Turbulence variation at these positions increased with
the region, that is inlet region of 0%, middle region

of 2-4% and in the outlet region 8-13%.

. VELOCITY COMPONENTS

Figure 5.12 shows various velocity components in
Up-Flow direction at a Reynolds number of 7.078. These
measurements are made in each of the three sections,
at a chosen position (as shown in Figure 5.12) and are
made in the middle of the cell, Each measurment is an

arithmetic average of ten velocity measurements.

Turbulence was 0% for nearly all the velocity
components but varied for the compoent at 45° to the
vertical. At the inlet, middle and outlet flow regime,
turbulence varied in range of, 0-9.6%, 4-5% and 0-3%

respectively.

5.2.4 VARIATIONS ACROSS SELECTED SINGLE CELLS

Velocity measurments across selected single cells
in the middle of the cell volume are shown in Figure 5,13,
for Up-Flow at Reynolds number 7.078. In each
measurement the vertical component was measured at

three sgections of the flow on both sides of the channel.
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Each measurement was made in the middle of the cell

volume and based on average of ten observations.

Turbulence was 0% for all the measurements

in all the three sections of flow.
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FIGURE 5.12
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FIGURE 5.13
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CHAPTER 6

DISCUSSION ON FLOW DISTRIBUTION



6 DISCUSSION ON FLOW DISTRIBUTION

6.1 GENERAL

In this chapter, the analysis of results will
be discussed, with some theoretical explanation in
greater detail of the experimental problems encountered.
Although some of these problems have already been
mentioned in chapter four, their importance to the

research project will now be treated in depth.

The discussion outlined is largely based on
the present research work because no previous study
has ever been reported on flow distribution in the
junior PHE single cell or on velocity measurement
at the micro-level. Hence no direct comparisons
can be made with existing knowledge. General
comparisons have been made with the qualitative
study reported by Fattah ( 7) who used a dye injection

technique in a Junior paraflow channel.

6.2 ANALYSIS OF JUNIOR PHE SECTION

6.2.1 FLOW SPLITTING AT CELL OUTLET

Tables 5.1 and 5.2 show the results of flow through
single inlet tubes separately. Table 5.1 shows with
flow in tube "A"the outlet ratios varied between 3,83
to 5.71 with a mean of 5.09, clearly showing that most
of the flow, from tube A" is collected at the opposite
outlet. While Table 5.2 shows that for flow through
tube "B" only, the outlet ratios varied between 0.89

to 1.52, with an average of 1.18, indicating an‘approx-
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imately equal split of flow in the outlets. Therefore
it is apparent that there is a difference of flow at

the outlet dependent on which inlet tube is feeding the

¢gell.

Ideally there should be an egual distribution of
flow leaving the cell, with a ratio of flows at the
outlets of 1. This is not the case for either of the
inlets. Flow through tube "B" provides a better
distribution than tube "A", hence indicating there is
much greater resistance for flow from tube "A" to split
equally compared to flow through tube "B". This
greater resistance is gengrally reflected in other
measurements shown in Tables 5.3 to 5.5 where flow at
the outlet tube "B" was mostly higher than at outlet
tube "A". In these measurements no initial <. levels
of tube were recorded because at that stage of
experimental work it was not realised that height levels

would affect flow distribution.

Values in Tables 5.3 to 5.5 are rearranged in the
form of inlet and outlet measurements and split in
flows in Figures 6.1 to 6.3. When considered in
generél terms they show that flow at inlet "A" appears
at the outlet "B", while adding more flow from tube
"B" inlet. This is the same distribution for tube
"B" side showing the higher resistance for flow from

side‘“A" to split up. Although Figure 6.3 shows that
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6.95 14.07

Tube "A" - Tube "B"
inlet inlet
Tube "A" Tube "B"
outlet outlet
5.19 16.5
17.19 30.22

8.05 : 30.21

FIGURE 6.1 DISTRIBUTION PLOT FOR FLOW THROUGH BOTH

TUBES AT THE SAME INITIAL PRESSURE
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15.25 © 17.48

Tube "A' Tube "B"
inlet inlet
. ¥
i)
. )3
Tube "A" Tube "B"
outlet outlet
13 2
4,28 19.48
"
. ),9
10 11
17.91 30.36

FIGURE 6.2 DISTRIBUTION PLOT FOR FLOW THROUGH BOTH TUBES

AT DIFFERENT INITIAL INLET PRESSURES

169



15.18 12.32

Tube "A" Tube "B"
inlet inlet
Tube "A" Tube "B"
outlet outlet
11 14
10.97 ‘ 12.97
\\k ’/
N
12 10.5

FIGURE 6.3 DISTRIBUTION PLOT FOR FLOW AFTER DOUBLING

ONE _INLET PRESSURE
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the total output was less than the total input, it
nevertheless appears that the majority of the flow
follows the course of the valley without any significant
splitting. This shows that for doubling the pressure
on one side of the channel caused the majority of flow

to remain in appropriate valley.

Table 5.6 and 5.7 show that by opening taps at
different intervals, the flow distribution is influenced
when these results are shown, as in Figure 6.4. It
is apparent under these conditions some of the flow
from tube "B" inlet adds to the flow from tube "A"
inlet, although the flow at outlet "A" was higher
than at outlet "B". Again reinforcing the point
made above that there is resistance of flow from
tube "A" to split up while flow from tube "B" allows

some split of flow.
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15.25 59.64

Tube "A" Tube "B"
inlet inlet
TUbe ” A (1] Tub e " B n
outlet outlet
48 .5 25
18.88 62.57

.5

9.69 24.44
5.34 11.76
10 7

FIGURE 6.4 DISTRIBUTION PLOT FOR FLOW OPENED THROUGH TUBES

AT DIFFERENT INTERVALS
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6.2.2 PERFORMANCE ANALYSIS

To analyse the performance of the single cell with
different initial pressures of fluid, a criteria was
developed. This criteria is based on the ratio of
output of each tube to the total input. The development
of this performance criteria is shown in Appendix aA-4.0,

with all the calculations for performances with changing

pressures.

These performance criteria K, and K, are plotted
against total flow rate input QT in Figure 6.5. The
plot shows the ideal case where Ka
compares the difference between the measured and the

= KB = 0.5, and hence

ideal case. The performance criteria KA and KB do not
necessarily add up to 1, due to slight discrepancy
between the total input and total output flow. The
causes of these discrepancies are outlined in section

6.2.3.

In Figure 6.5 the seme performance criteria are
not shown, but are given in Tables A-4.4 and A-4.5,
because these runs were carried out largely to see if
flow in one valley affected flow in the other valley,
as discussed earlier. Although their performance
criteria are calculated, the flow rates through the
tubes were not for equal time intervals and therefore
could not be used, to make any suitable comparison with
other experimental results, Thus they were omitted

from the plot.
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PERFORMACE CRITERIA BASED ON TUBE "A"

0.8 - : . 0.8
FIGURE 6.5 PLOT SHOWING PERFORMANCE CRITERIA VS TOTAL. FLOW
¥* CALCULATED AT THE INPUTS FOR A SINGLE CELL
Tube "A" Performance Criteria
Tube "B" Performance Criteria
0 v Equal Pressure Levels
(@ :+: Different Pressure Levels
0.7 X ' Double Pressure Inlet in one 0.7
tube.
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0.6 0.6
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2
Ideal Performance o
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0.3 0.3
0.23 Total flow calculated at inputs QT(CmS) — }o0.23
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Examination of Figure 6.5 shows that different
pressure gradient influences the performance criteria
of the single cell. Different height levels of fluid
are furthest away from ideal conditions especially for

high flow rates.

The equal pressure performance criteria for two
of the three sets of data are closest to ideality.
For these two sets of data the maximum and minimum
variation lies in the range of 9 - 3.3% within ideality,
respectively. These are consistent results showing
better distribution than for the overall data set.
The third set of data points show maximum variation of
56% and minimum variation of 52% away from ideality;
such high variations from ideality (the highest on all
the results) suggesting experimental error, which may
be accounted for due to the error associated with low

flow rates.

When the inlet pressure levels are different, the
low flow rate (23.76Cm?) maximum and minimum variation
for ideality is 15.82% and 1.02% respectively. But
there is greater variation for middle flow rate (32.73 cm?®)
variation is 20.56% and 28.32% for each data point in
this set for high flow rate (48.27 Cm®) variation is
21.28% and 3.58% away from the ideality. There seems
to be greater variation for higher flow rates. For
lowest flow rate, the flow is better distributed from

tube "A" inlet to tube "B" outlet.
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When the pressure level is doubled in one inlet, the
performance criteria shows for lower flow rate one data
point achieves ideality with variation of 0.24%, while
the other data point has variation of 12.28%. Also
in the higher flow rate one data point achieves near to
ideality, with variation of 1.82%, while the other data
point has variation of 20%. 1In both flow rates ideality
is achieved by flow through both tubes, although the tube
"A" was on higher pressure for both runs. Therefore,
showing distribution is not affected by higher water
level in the particular tube. In fact doubling the

height does not significantly affect the flow distribution.

6.2.3 PRACTICAL DIFFICULTIES IN MEASUREMENTS

During the experiments on small perspex sections of
the Junicr PHE, some practical problems were encountered,
which are important to avoid when obtaining worthwhile

results:

(1) The section itself must be properly alighed,'in
order to make meaningful measurements. Since
the channel section was not fixed to the wall,
there was always the possibility of a slight
inclination of the channel to the vertical.
Although this was checked at regular intervals
with a spirit level, on many occasions it was
found to be slightly inclined. This can severely
affect the measurements, because it favours flow
on a particular side due to the gravitational

effect. ‘
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(ii) Timing was measured in only one particular
experiment, because in other experiments it was
impossible to operate taps as well as record
time. Therefore personal judgement was relied
upon for the timing. This may affect the flow
rate because observing the water level to drop
and operating the taps was on visual basis only.
Error could be caused by both taps not closing
at the same moment.

(1ii) Sometimes, air bubbles were trapped in the out-
lets, therefore affecting the amount of fluid
collected and giving rise to discrepancy between
the measured and the calculated flow. Such

results had to be rejected.

The f£irst factor (i) would influence the direction
of the major flow, depending upon the inclination of the
perspex section. There is a possibility that this may
move for a short period, when taps are opened and

rotate back again when taps were closed.

6.3 SR1 ANALYSIS USING WATER

In the experimental work using water, outlined in
depth in section 4.3.2, the failure to obtain any
satisfactory results requires further detailed

explanation.
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6.3.1 PROBLEMS OF ALIGNMENT

In the initial stages of the work, the major
source of error was misalignment of the optical components
especially without the lens, eventually placed in the laser
beam. There was significant reflection and scatter at
the inner surfaces of the channel and refraction at
various interfaces: air/perspex, perspex/water,
perspex/air. There was also significant internal
reflection within the channel, exaggerated by the
curved surfaces of the corrugations. Beam reflection
is a common phenomena in most LDA studies and was
expected. Refraction was also expected, but not to
the extent that was actually encountered from the fact
that the inner surfaces were profiled. This, and the
scatter occurred at the surfaces resulted in major
difficulties in obtaining and observing a cross-over
point in the channel. Although some flare was reduced
by placing a lens in the beam to focus the split beams
more sharply at the cross-over point, this still remained
a major problem throughout. Even with the lens the
beams diverged due to the nature of the internal surfaces,
as shown in Figure 6.6 (11). In the crossing region
the beams are not plane parallel as they would be at
the "waist" around a true focus. The effective angle
between the beam varies across the intersection volume.
The fringes sketched in are not parallel and if it was
possible to obtain a signal (by reducing background

light) then there could be an error in the calculated
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results. As illustrated, particles crossing the
volume near the wall P1, on one side of the volume will
give rise to a higher Doppler frequency than those with

the same velocity crossing at the other end of the volume.

The crossing angle for the beams will also vary
from (6 -A8) to (8 +48) where & is the nominal angle
between beams, as shown depending on the convergence or
divergence angle of each beam. Although these angles
were small, there would be an error in the number of
fringes in the intersection volume, and the fringe
spacing is variable rather than constant. Under these
conditions, accuracy and signal to noise ratio are
affected hence there is real unreliability in any

velocity measurements made.

Furthermore, reflection from the internal surfaces
caused difficulty in identifying the cross-over region.
Although the lens minimised this error it did not eliminate
the problem. The stray light from reflections reaching
the detector certainly affected any attempt to make

accurate reliable velocity measurements,

6.3.2 LDA SIGNALS

some of the factors which affected signal quality
need to be briefly summarised. One of the important
factors which needs considering is the particle size.
Although large particle sizes generally increase the
scattered light received by the detector, this does not

necessarily improve the LDA signal, especially if the
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diameter of particles becomes large compared with the
fringe spacing. Large particles span light and dark
bands of a fringe pattern and thus average out the
variation of light intensity. The modulation of a
signal from the passage of a particle is reduced. This
is observed by the signals of particles crossing the
region of intersection of light beams. Figure 6.7
shows different types of signal from particles crossing

the intersection region.

Figure 6.7 (a) shows the ideal signal from a
particle tracing a path through the centre of the fringe
pattern formed by intersecting beams of equal intensity.
The maximum depth of modulation possible corresponds to
the high fringe contrast in the central region, provided

the particle size is smaller than the fringe spacing.

The reduced modulation signal, Figure 6.7 (b)
arises from two main reasons, either the particle size
may be large compared to fringe spacing (mentioned above),

or the intersecting beams are not of equal intensity.

A particle following a path off centre, e.qg. P2 in
Figure 6.8, would produce intensity modulation signal

of the type shown in figure 6.9.

One of the major problems was actually locating
the position of the best intensity modulation signal.

This was not necessarily in the middle of the cell volume,
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so fine adjustments were made to the photomultiplier tube
position to find the ideal signal. It appeared from
visual observation that the failure to obtain ideal
signals was largely due to particles not crossing the
fringes perpendicularly but in various angular positions,
e.g. Pqyy Pyr as shown in Figure 6.10. Thus attempts were
made to make measurements wherever possible in the volume,
i.e. wherever the particles were crossing the fringe
pattern perpendicularly, by fine adjustment to the

photmuliiplier tube position.

6.3.30 FAILURE IN REPEATABILITY

Attempts to reproduce some of the measurements
made using water in the channel, were fruitless and some
of the causes have been outlined earlier in sections
6.3.1 and 6.3.2 with the development of the experimental
work in section 4.3.2. The main reason for abandoning

water as the working fluid will be discussed in this

section.

To explain the lack of repeatability of velocity
measurement, the internal geometry has to be considered.
When the beams were projécted in the plane parallel to
the axis of the corrugations, if they passed through the
valley of the corrugation, they would refract, initially
at the perspex wall and then the perspex/water medium,
but both beams would refract équally and hence intersect
in the channel, or more accurately in the cell volune,

as shown in Figure 6.11. Thus the LDA recguirsments are
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satisfied and the signal can be analysed provided the
other conditions, particle size, minimum flare and

particles crossing fringes perpendicularly were satisfied.

This approach was successful in making measurements
a number of times, but was not successful in making
measurements at other positions (cells) in the channel.
The main factors for this failure were thought to be
either that the flow was very turbulent or the beams
were not crossing in the correct manner in the channel.
The former was rejected, since the flow was at a very
low Reynolds number, and local disturbances were most
likely to be sufficient to adversely affect the LDA
technique. Therefore, the second factor remained for

detailed examination.

Checks were made as mentioned in section 4.3.2
and following the procedure in the manual (124), to
ensure that beams were crossing in the channel, satisfactory
results were not obtained. Hence it was clear that the
beams were not crossing correctly in the channel, even
though they appeared to be intersecting one another.
The behaviour of the beams in the working section of

the channel was subjected to deeper analysis.

For intersection at a particular point, the beams
should be projected in a plane parallel to the corrugation
pattern and should enter the volume via the base of the

valley. Refraction will occur at both perspex interfaces
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where there is a change of medium, but the beams should
intersect, if they have not been deflected. In practice
the beams only partially intersected giving inadequate
fringe pattern, even though visually they seemed to be
intersecting properly. It was concluded that beams
have a low probability of a correct intersection because

of the following reasons:

(1) It is extremely difficult to project beams accurately
through the base of a valley since it is impossible
to identify this visually. Therefore a trial and
error method had to be relied upon to ensure the
cross;over in the channel. If the beams do not
cross the working volume exactly through the base
of a valley, the refraction effect would deflect
the beams slightly resulting in partial inter-
section at the best. Furthermore, the curved
internal surfaces would affect the beams to some
extent in a lens fashion. The beams would
diverge or converge to different extent depending
on the surface curvature at the point through
which they pass, therefore affecting fringe
spacing. Situations such as that depicted
in Figure 6.12 would result, where the beams

appear to be crossing in the channel.

(ii) A closer examination of the arrangement of the
beams splitter shows that one of the beams always
remained fixed while the other beam moved to

cross at the required position. When beams are
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projected at the channel, one of them could enter
the channel at a different angle to the other beams
and hence refract at different angles in the plate
walls and then in the water. Thus they may or

may not meet in the channel depending on the amount
of refraction for each beam. The possibility of
beams crossing in the channel could be very much

reduced by this type of beam splitter.

By chance, after extensive trial and error
experimentation, some velocity measurements were made,
but it was totally impossible to repeat these results.,

In fact, it was found that a slight movement in the
equipment of as little as 0.1mm completely destroyed any .
chances of repeating results, even after spending a
great deal of time. This highlighted the extreme

sensitivity of the equipment to positioning and alignment.

The first problem (i) can be overcome by delicate
time consuming trial and error procedure, but the latter
would be the most difficult of all to solve. Accurate
repeatable results measurements would only be possible if
the beams could be projected into the cells at identical
positions for each cell. This was found to be impossible.
The author feels those results obtained were possibly due to
beams only partially intersecting one another, and suffic%ent
to produce a signal but are therefore most unlikely to be
either accurate measurements or repeatable. Thus water
was abandoned as a working fluid and a refractive'index

matched liquid was considered to be the only way that the

problem of beam deflection caused by surface curvature could
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be eliminated.

6.4 VELOCITY MEASUREMENTS ANALYSIS OF LOW FLOW RATES

In this section, the analysis of measurements at low
flow rates would be discussed for both Up-flow and Down-Flow.
An attempt will be made to relate the present work with any

previous study available from those reviewed in Chapter 3.

6.4.1 HORIZONTAL COMPONENT IN UP-FLOW

Figure 5.1 shows point velocity measurement on the
centre line of the channel, for the horizontal component of
the flow. The velocity component could be in either
direction as shown, depending on the actual flow direction
at the chosen point. The particles can cross the vertical
fringes in any direction, (see also section 6.7) although
the overall flow is in the upward direction. The LDA
system used could not compute the direction, this could

be obtained by visual inspection using the reflex viewer.

The cells on the centre line of the channel are larger
than the other cells because of the geometry of the plates
where the chevrons meet. The average velocity was
computed at 0.3254 x 10—2 m/s at 22°C and it was assumed
that this value was not adverseley affected by small
changes in temperature. In some cells two measurements
are shown, this is because during the experimental work,
an interesting variation of velocity was noted in the cell
volume, and a large difference in turbulence values was
found across the cell volume, This will be discussed

further in this section.
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Initial observation of the velocity measurement show
that each single value except one is higher than the channel
average velocity. Although it has been normally accepted
by design engineers of PHE's that local velocities are
about four times the average velocity (116) the present
measurements show that the maximum local velocity can be

27 times the average velocity.

Wwhen the flow just enﬁers the channel, the fluid
elements or particles, flow in a continuous stream and
therefore provide a high’ velocity of 6.77 x 10”2 m/s,
nearly 21 times higher than the average velocity. But
these elements begin to spread in the channel and undergo
continued'changes of velocity while moving higher up the
channel. The channel can be conveniently divided into

five sections and can be discussed as follows:

(i) The channel section having velocities of 1.91 to
1,09 x 1072 m/s have a minimum and maximum value of
3.13 and 5.8 times greater than the average velocity,
respectively. These changes of velocities depended
on fluid elements distributing into the channel
immediately after leaving the inlet port,

(ii) In the channel section of velocities shown from
2.35 to 2.00 x 1072 m/s the range of minimum and
maximum increased between 6.27 and 9.31 times greater
than the average velocity. This can be explained
by packagesof fluid elements coming together in this
section, which were distributed after entering the

inlet in section (i) region.
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In velocity section of 1.78 to 1.02 x 10-2 n/s,
range was found to be decreased 3.13 to 5.47 times

t of average velocity. It appears that there is

a more even distribution of flow once again in this

The section of 0.602 to 0.238 x 10

tion, and therefore a drop in the velocity range.

2 m/s have some

velocities less than the average velocity, unexpectedly,

re is a decrease in range of 0.73 to 1.85 times

greater than average velocity. This greater decrease

(11ii)
the
tha
sec

(iv)
the
can
mor

(v)

be explained by the possibility that the flow is

e evenly distributed.

The remaining section has velocities in the middle

of the cell, as well as near the wall, it was difficult

to

int

Tor

estimate the distance between the wall and the

ersection point near the wall.

the centre of the cell, the velocity range varied

between 4.98 and 27.28 times greater than the average

velocity

. There was an increase in the velocity while

moving up towards the outlet of the channel. Such

increase

the outl

s can be explained because the flow is ready to leave

et and packages of fluid elements are continuing to

cross the beams fringes at a much greater velocity.

For
velocity
than the
velocity

increase

the measurement near the wall of a cell, the
range varied between 2.27 and 26.74 times greater
average velocity. There was an increase in

and an interesting feature noted was the large

of computed turbulence at the wall, whereas the

centre of the cell volume mostly registered 0% turbulence.

191



The variations of turbulence in the channel can be

caused by the following factors:

(1) The overall flow is laminar but, as distribution
occurs in the channel, small fluid elements can
follow many directions, thus giving rise to unsteady
flow and a general increase in turbulence over the
plate channel.

(ii) This increase of turbulence is smaller in the top
section of the channel at the centre of the cell.
Here flow is ready to leave and the fluid elements
or particles combine together to cross the scattering
volume, perpendicular to the fringes, hence registering
0% turbulence.

(1i4i) The increase of turbulence near the wall, in the
top section of the channel, arises from the change
in flow distribution of fluid elements approaching
the channel outlet. At the wall, a high flow rate
of fluid exilsts along the valley of the corrugations,
in a position where it crosses the beam interference
fringes at an angle sufficient to provide a good
signal. The degree of turbulence registered depends
on the angle of the particles crossing the intersection
volume (as shown in Figure 6.10) and variation in the
velocity of these particles crossing. Since the
cell geometry is three dimensional and adjacent cells
are interconnected by flow paths, only one direction
of flow could be considered during a particular
measurement because of the complicated nature of flow.

It was established that the particles were crossing
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the fringe region at an angle suitable for producing a
suitable signal. The long and tedious methods of
fine adjustments of the PM tube discussed in

Chapter 4 validated this conclusion.

Inspection of the overall channel measurements in
Figure 5.1 shows that the changes in range of velocities
or the maximum and minimum variation of velocities
discusséd earlier arise from changes in flow direction at
certain points. Comparison with the dye visualisation
experiments reported by Fattah (7) for very low Reynolds
numbers using glycerol as a viscous liquid, similar trends
in the patterns of flow can then be observed. Fattah
observed for 65.45% aqueous glycerecl solution in the Junior
PHE perspex channel upwards flow, that the flow sequence
started with flow travelling "straight" up the channel
followed by minor splits, with the dye filament shifting
from the left side to the right side of the channel in a
broad sinusoidal wave. Similar trends can be detected
in the velocity measurement results in regions where there

are increases and decreases in values.

Initially the flow enters the channel and moves
immediately straight upwards until the point is reached
where the velocity is 1.09 x 1072 m/s. The majority of
the flow then tries to follow a sinusoidal wave by shifting
towards the right hand side of the channel, (as shown by
higher velocity measurements). This flow reaches the
right side of the channel where by decrease in velocity,
in range of 1.87 to 0.238 x 10-2 m/s, and then all the flow
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returns from the right to leave at the outlet on the left.
This shift is shown by sudden increases to very high

velocities in the top section of the channel.

Therefore the flow pattern appears to be following
that encountered in Fattah's dye injection experiments,
even though there are differences in fluids used, and in
the size of channel employed. General comparisons are
still justified since the overall complex geometry of

the channels involved is very similar.

6.4.2 ANGULAR COMPONENT IN UP-FLOW

The angular component of the measurements was parallel
to the corrugations in the channel, i.e. 60° to the vertical,
as shown in Figures 5.2 to 5.5. This component was
chosen for the main reason that it proved easier to
correlate the flow in this direction and more regular
measurements could be made, while in other directions it
was rather difficult to correlate the flow. This sup-
ported the original belief that the majority of the flow

was in this direction.

There are some measurements missing from the grid
of cells chosen for investigation. Although a line of
note is added to the bottom of each figure it is essential
to comment upon these before proceeding with the analysis

of velocity measurements.

The main purpose of choosing a diamond grid structure

was that an overall view of the flow pattern could be
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obtained across the channel without examining each
individual cell. Where it proved appropriate, more cells

within the grid were examined to clarify the overall

picture.

In the top region, on the right side of the channel,
some measurements were made at the wall of the cell, since
it was impossible to correlate flow in the centre of these
cells.  Experiments showed that the flow was very small
indeed in the middle of the cell volume and was barely
detectable. The only convenient position in the cell,
where reliable measurements could be made, was near the
wall, where the majority of the flow was presumably
parallel to the corrugations. Visual observation of the
beam intersection volume using the reflex viewer on the

PM tube confirmed that there was virtually no flow through

the middle of these cells,

Furthermere, in this region, it was extremely difficult
to correlate flow in some positions because of lack of
flow in this component. Presumably flow must be in some
other component and this is confirmed when values for the
horizontal compbnent values at Re = 0.1616 are examined
in Figure 5.1. The horizontal component values are

2

0.492 and 0.602 x 10" ° m/s, showing that the flow in this

cell is no longer parallel to chevron pattern. The change

of direction in different positions will be discussed later.

One other position where it was impossible to make

measurements is shown because excessive flare from a very

poor surface prevented identification of the centre of the
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cell. Further peolishing did not improve the surface

so no measurement could be made. Generally it was
difficult to make measurements at the edge of the channel,
since perspex quality has deteriorated either during
manufacture or through internal stresses arising from
clamping the plates together. Further polishing had no

noticeable affect on improving laser beam or signal quality.

Examination of the point velocity measurements for
four different flow rates (Reynolds number from 0,0817
to 0.1616) show very similar velocity profiles; Figures
5.2 to 5.5. Every velocity measurement is higher than

the average velocity in the channel.

In the inlet region, when flow leaves the distributor,
there is an unequal distribution of flow. For Re= 0.,0817
the ratio of maximum to minimum measured velocities is
4,568 with similar values for increasing Reynolds number:
5.147, 5.442 and 5. This uneven distribution could largely
arise from the physical design of the distributor unless
the velocity is higher in a different direction at the point
in question. However, the initial experiments clearly
showed that the velocity was at a maximum in the 60°
component. Dye injection by Fattah (7) had showed that
as soon as dye was injected, it favoured entrance to one
particular corrugation via the distributor. Fattah did
not comment on this initial flow behaviour. Perhaps it
was not obvious in the photographic technique used, but
becomes more clear when values are quantified in the current

work. .
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The values across the channel, from left to right
for all four flow rates show an increase of velocity
to the centre line of the channel, then a large drop
and then an increase. This latter increase is
attributed to the flow returning from the edges of the
channel, as also observed across the middle and the
outlet region of the channel. The maximum to minimum
velocity ratios on the left side across the channels
are 4.14, 3.487, 3.44 and 4.081 for increasing flow
rates, showing a slight variation in velocity change
between the four flow rates. The reason for the
initial increase in velocity when moving from left to
right could be that the majority of the flow entering
the channel is curving towards the left side of the
channel. This is also shown by the increase in
velocity along the corrugations on the left side of
the channel, e.g. for Re=0.1616 (Figure 5.5) the velocities

2 m/s. On the right hand side there

7.16 to 24.4 x 10
is also an increase in velocities along the corrugations,
e.g. for Re=0.1616 (Figure 5.5) the velocities 3.24 to

3 m/s. The velocities on the left side of

12.8 x 10~
the channel are higher than those on the right side.
This indicates that the attributed majority of flow

favours the ports side of the channel.

The middle region shows similar characteristics
in measurements across the channel, from left to
right there is an increase, followed by a decrease, but

not as severe as the inlet region, and f£inally an
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increase at the edge ©f the channel. This latter
increase is the return of flow from the edges of the
channel. The ratio of maximum to minimum velocity
measurements across the channel on the left side of
the channel are 5.263, 5.49, 5.11 and 5.224 for
increasing Reynolds numbers. This high ratio is
unexpected and difficult to explain since it was
anticipated that flow would be fully established in
the middle region and that point welocities would be
very similar. Perfect distribution of flow would
result in an ideal ratio of 1.0 at comparable points

across the channel.

The measurements parallel to the corrugations on-
the left hand side of the channel show an increase in
velocity from left to right, e.g. for Re=0.1616
velocity varies from 6.24 to 17.9 x 10-3 m/s. Also
the velocities on the right side are much higher than
the velocities on the left side of the channel. This
is the opposite case to the inlet region. Therefore,
thé cause of these high velocities is attributed to
the flow move curving from the right back towards the
middle and some towards the left shown by high velocity

17.9 x 102 m/s for Re=0.1616 or 10.1 x 10>

m/s

for Re=0,0817 (see Figures 5.5 and 5.2). It appears
that most of the flow, which was curving towards the
left of the channel at the inlet has come towards the
right side in the middle region similar to patterns

Fattah obtained.
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At the outlet region, the chosen measurement grid
was incomplete on the right side of the channel in
Figures 5.2 to 5.5. This was because it became
impossible to make any measurement in the centre of
cell volume since the fluid was flowing in the valleys
and thus starving the centre of flow. Therefore
measurements could only be made near the wall of the
cell (as indicated). To compensate for the loss of
these measurements in the channel, other positions

across the channel were chosen for examination.

At the outlet region just before the fluid is
collected and ready to leave, the velocity measurements
parallel to the corrugations show variation across the
distribution. Towards the edge of the channel, near
the gasket on the left side, the velocities are in the
same range (e.g. for Re=0.1616, 25.9, 27.5, 25.2 x 10 °m/s

3 m/s) and

and for Re=0.0817, 14.2, 15.7, 16.3 x 10
then further along the corrugations there is a reduction
in velocities by half compared to the previous three

values.

The measurements across the channel generally show
a decrease from left to the centre of the channel,
and then an increase followed by a decrease of velocities,
The changes in velocities across the top part of the
channel appear to be different from the other two
regions, but it should be remembered that the
measurements on the right side cannot really be compared

with the others since they were not measured in the
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centre of the cell volume. The ratio of maximum to
minimum velocities across the channel on the left side
for Re=0.0817 (velocity range 21;5to4.21:¢10-31) is
5.107 and for higher flow rates the ratios are 5.522,
5.319 and 5.263 in increasing order. These ratios
are very similar to the middle region showing there

is little overall change in velocity profile between

these regions.

It is clear from inspectionof Figures 5.2 to 5.5
that the velocities are higher on the left side of
the channel than on the right side. This is as
expected because the flow leaves from this side of the
channel and fluid has to be collected in this region.
It appears that the flow which left the middle region
from the right side of the channel (mentioned earlier)
approaches the left side of the channel in this region.
This would also explain to some extent the starvation:

of fluid on the right side of channel.

Examining the flow measurements in Figures 5.2
to 5.5 clearly highlights one of the main features
of the velocities in that they are much higher than
the average velocity used traditionally in the past
for this type of channel. The ratios of maximum local
velocity to the average velocity were found to be
12.34, 11.84, 11.83 and 11.00 for increasing Reynolds
numbers ralthough previously it has been reported (116)
that true velocities due to corrugation were about four

times that of the average velocity.
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Analysis of velocity measurements of the type
reported usually employs some form of statistical
technique to show any degree of variation within the
measurements. Therefore, the standard devia;ion has
been calculated for chosen sets of data taken across

the channel for each of the three region.

The calculation procedure for standard deviation
is summarised in Appendix A-5.0 and the results are
summarised in tabular form in Tables A-5.1 to 5.4

for Up-flow.

These tables show a consistent and interesting
effect that the standard deviation is increasing for
all flow rates from the inlet to the outlet region.
This indicates a significant increase in spread of

velocities while moving up the channel.

At this stage, another comparison can be made
between Figures 5.1 and 5.5 for the velocities on the
centre line of the channel, The comparison of velocity
components in two directions can be made at certain

common cells.

In Figure 5.1 the value near the inlet shows a

3 m/s in the horizontal

measurement of 6.77 x 10~
component, while the 60° component is 25.3 x 10-3 m/s
in Figure 5.5, therefore showing that more of the flow

is in horizontal component. At the next common cell
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the velocities are reversed, the component parallel

to the corrugation is nearly three times that of the
horizontal component. Then again in the next common
cell the velocity in the horizontal component is

2.47 x 10~> m/s but is 12.8 x 107>, /s in the 60°
component. These higher values of the horizontal
component are maintained in the two common cells of the °
middle region of Figure 5.5, where the horizontal

component is still about twice the 60° component.

The next two cells in Figure 5.5 (shown by * * *)
cbitain no  measirement because of lack of
flow in this direction. It was suspected that the
flow may be in another direction and this is confirmed

3

in Figure 5.1 where values of 0.602 and 0.492 x 10°° m/s

in the horizontal component were found.

The cell with a velocity of 24.4 x 1073

m/s in
figure 5.5 has a higher 60° component of flow than its
counterpart in Figure 5,1 which shows a horizontal
component of 0.238 x 10-2 m/s. This is reversed in

the next cell where the velocity in the horizontai
component becomes twice that of the 60° component.
Furthermore, the common cells containing the highest
velocity in both flow rates show the horizontal component

=
(5.26 x 10 "~ m/s) in Figure 5.1 to be 1.8 times larger

than the 60° component (29.7 x 10™> m/#) in Figure 5.5.

These common cells certainly show that in the

very initial and final cells the horizontal component
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is the most dominant for flow .in the middle of the
channel. This was not found to be the case when
measurements were made at other cells, there the majority
of the flow was found flowing parallel to the chevron
pattern. It is also evident that the horizontal
component is also more dominant than the 60° one of

the remaining cells in the middle of the channel.

Turbulence in the centre of the channel was mostly
computed as 0% for all three regions but was higher
at edges of the channel, i.e. near the gasket. In
the inlet, middle and outlet regions, the ranges varied
0-10.5%, 0-12.5% and 0-8% respectively. There is no
significant difference in these turbulences, but the
higher values may be caused by the gasket which would
obstruct fluid elements and disturb the flow pattern.
Random variations in velocity and flow directionswould

affect the computed value of turbulence.

Inspection of the overall flow distribution for
Up-flow at low flow rates, indicates that the flow is
following a sinusoidal wave path, i.e. most of the
flow is shifting from the left (at the inlet) to the
right (in the middle region) and back to the left
(at the outlet region) of the channel. This supports

the findings reported previously by Fattah (7).

Furthermore, the now quantified values in each
cell show that there is mal-distribution during Up-flow

in the channel when only part of the channel is being used.
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6.4.3 DOWN FLOW
Figures 5.6 to 5.9 show point velocity measurements

parallel to the corrugations of the channel, i.e. at

60° to the vertical direction. This component was

chosen for the reason outlined in the prévious

section.

The number of cells investigated was increased to
examine the distribution in more depth. Velocity
values are not shown in some cells of the grid
structure chosen for examination, as indicated in the
brief notes added at the bottom of each figure, for

the following reasons:

(1) At the inlet region, on the right side of the
channel, it was found to be difficult to make
acceptable measurements because there was lack
of flow. This was confirmed visually through
the reflex eye-piece on the fM tube where very

few particles would cross the intersection volume.

It should be noted that successful measurements
could be made during Down-Flow in those positions
where reliable values could not be ocbtained in

Bp~-Flcw, see Figure 5.2.

(i1) In the outlet region, the measurement is in-
complete due to the fact that the outlet flange
connection physically obstructed the beam splitter

from aligning in this region. Similarly
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it was impossible to make measurements at the
inlet, at the immediate start of the distribution
zone, because of obstruction by the inlet flange

connection. .

(iii) In the middle region of the channel, there
are a few cells which do not show any velocity
measurements, because the joints of cellulose
acetate used to identify the position of indiv-

idual cells,affected the quality of the beams.

At the outlet region, some measurements are
shown at the wall of the cells rather than in
the centre. This is because it was difficult
to correlate the flow in the 60° component and
it appeared that the majority of flow was in a
different direction. Nevertheless, measurements
were made wherever possible, and in this case
the only suitable position found was near the

wall of a cell,

Examination of the point velocity measurements
in Figures 5.6 to 5,9 at four different flow rates
with Re in the range 0.0817 to 0.1616 shows similar
flow behaviour. All these measurements except one
show higher values than the average velocity of flow.
Close observation shows that these velocities are
much nearer the average than their counterpart cells

for Up-Flow.

205



At the inlet region, where the flow has just
entered point velocities parallel to the corrugation
are widely varied. Although the flow has already
passed through the distribution zone, it is interesting
to make the comparison of the maximun to minimum velocity
values at 5.261, 5.525, 5.111 and 5.944 for increasing
flow rates. These are similar values to thosecalcul-
ated in Up-Flow, confirming that poor distribution
occurs in the initial stage. Furthermore, the flow
appears to prefer a particular corrugation as observed

previously in the Up-Flow.

In the inlet region, the values across the
channel from left to right for all flow rates
generally show a decrease of velocity to the ;ight,
except at the edges of the channel where an increase
occurs caused by the return of flow at the end of the
corrugations. The rates of maximum to minimum velocity
ratio across the channel for the set 6.77 to 3,97 x 10—3m/s
of Re = 0.0817) was 3.368. Similarly for other
Reynolds numbers the ratio was 3,21, 3.35 and 3.154 for
increasing flow rates respectively. These ratios
are slightly lower than for the inlet reéion of Up-FloQ.
The decrease in velocity across the channel can be
explained by the sinusoidal wave effect taking place:
the flow enters the channel initially on the left side
of channel, some is distributed to the right but the
majority remain on the left side until it turns towards

the right further along the channel.
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In the middle region, the velocities across the
channel are higher; the ratios of maximum and minimum
velocities are 3.074, 3.14, 3.3 and 3.012 for Figures
5.6 to 5.9 respectively. There is a slight decrease
from the ratios at the inlet region but a ratio of 1
would be expected as an ideal case for a perfectly
distributed profile. This shows that velocity profile

is not perfectly developed...

The measurement on the right side of channel in
this region, parallel to the corrugations, e.g. for
Re=0.1616 values of 12.1, 14.6 x 10°° etc., show
that the majority of the flow is on this side but
turns to the left within the measurement grid chosen
as it progresses down the channel. The turn towards
the left is confirmed by the high velocities parallel
to the corrugations compared with the same level on

3 m/s.

the right hand side e.g. from 8.85 to 7.82 x 10
This trend is evident for all the other flow rates in

this region.

In the outlet region, the velocities on the left
side are higher than the right side as would be expected,
Flow is combining in this area prior to leaving the
channel. There is no set pattern for velocities
across the channel but the ratios of maximum to minimum
velocity are calculated to be 5.914, 3.703, 3.505 and
3,521 for increasing flow rates. For example, in
the cells where the velocities are 14.4 to 4.78 x 10”3m/s

(see Figure 5.6 at Re=0,1616), these ratios are higher
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than in the middle region, as opposed to the situation
in Up-Flow, where the ratios in the middle and outlet

region were nearly the same.

It is apparent that the majority of the
flow has been collected from the left side of the
middle regidn, to the left of the outlet region.
Unlike Up-Flow there was no 'starvation' area in the
outlet region, but there was such an area in the inlet

region on the right side of the channel.

Examining the overall picture of flow measurements
in Figures 5.6 to 5.9, the main feature is that cell
velocities (except in one cell) are higher than the
average velocity of flow. The ratios of maximum local
velocity to the average velocity in a cell were found
to be 8.116, 8.792, 7.873 and 7.975 for increasing
Reynolds numbers. Although these are higher than
traditionally expected (116), they are considerably
reduced (by 34.23%, 25.74%, 33:45% and 27.32%) compared

to the Up-Flow situation.

A statistical analysis of the three main regions,
inlet, middle and outlet, using standard deviation is
shown in Tables A-5,5 to 5.8 for Down-Flow, The

calculation procedure was as outlined in Appendix A-5.1.

The measurements chosen for the three regions were

taken across the channel for the purposes of calculating
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the standard deviation. In the inlet region the chosen
points were those on the highest position, e.g. for

Re = 0.0817, the set 6.77 to 3.97 x 10> m/s. 1In

the middle region, there is only one set of measurements
across the channel, and in the outlet region, the
measurements chosen were in those cells shown in

Figure 5.6 where the velocities vary from 8.22 to

2.61 x 10 °m/s.

Tables A-5.5 to 5.8 show that the standard
deviation is increasing from the inlet to the outlet
region. This is repeated for all the Reynolds
numbers in the range examined. This shows that there
is a siénificant increase in the spread of velocities-
when moving from one region to the next. These
standard deviations are less than those calculated for
Up-Flow: thus indicating that the variation of

velocities across the channel is less in Down=Flow.

Turbulence was found to be higher at the edge of
the channel than in the centre area, similar to Up-Flow,
but the values are much higher compared to Up-Flow.

In the inlet region the turbulence on the right side

was twice that of the left side, a possible explanation
for this is that since most of the flow is on the left
side as shown by high velocities, the flow pattern is
more fully developed (indicated by low turbulence).

This is not the case on the opposite side of the channel,
where the flow may be in different directions and could
be unsteady at a point. Consequently calculated

turbulence values would be high.
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Turbulence in the middle and outlet regions were
similar in value. Also as expected, the turbulences
near the gasket are higher than in the centre of the
channel. The increase at the edges of the channel
has already been explained in the previous section on
Up-Flow, but the higher values of turbulence in the
centre of the channel need explanation. The possible
and plausible explanation which can be put forward is
that the flow is less fully developed compared to Up-

Flow in the same regions.

Examining the overall flow distribution for Down-

Flow for low flow rates, it is evident that the flow is
following the sinusoidal wave path, i.e. most of the
flow is shifting from the left (at the inlet) to the
right, then back to the left (in the middle region),
remaining on this side until leaving at the outlet.
This behaviour of flow had been depicted by Fattah

for Re = 7 using water, and, although the fluids and
Re are different, laminar flow exists in both cases

with strong similarities in the results.

The velocity measurements and turbulence cal=-
culations show that there is a difference between Up
and Down~Flow, which could not be detected by Fattah.
He found no difference in his study on the heat transfer
section, but velocity measurements shown indicate

difference in behaviour.

Finally, the velocity measurements show that there

is mal-distribution during Down=-Flow in the channel.
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6.5 VELOCITY MEASUREMENTS ANALYSIS OF HIGH FLOW RATES

Velocity measurements were made at the higher Reynolds
number, only in the Up-Flow mode of operation at Re = 5,291

and 7.078.

6.5.1 REYNOLDS NUMBER 5.291

Figure 5.10 shows point values for the vertical com-
ponent of velocity. This component was chosen because
adjusting the beam splitter showed that the maximum flow
was in this direction. The number of cells examined
was reduced compared to experiments at the lower flow

rates.

Nearly all the measurements were made in the centré
of the cell volume but there were a few exceptions where
measurements were made near the wall of the channel.

In these poisitiohs it was difficult to correlate the
centre flow, even after fine adjustments to the PM tube.
It is éuspected tha£ the majority of the flow was in a
different direction in these cells. Examination of the
results shown in Figure 5.10 indicates that in the inlet
region where the flow just enters the channel, the dis-
tribution is very good since the maximum to minimum velocity
ratio is 1.448. This is three times less than found

in the Up-Flow situation for low flow rates (see section
6ol 2) s The values across the channel show variation,
but the maximum to minimum velocity ratio is 1.567.

This is nearly half that was found in low flow rate, of
the inlet region. The flow is therefore more evenly

distributed across the channel.
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In the middle region, the velocities are lower
compared to the inlet region, unlike the case during low
flow rates. The maximum and minimum velocity ratio is
increased to 7.302 across the channel. Although the
ideal ratio would be 1 in this region because velocity
profile should be developed, this is not the case. It
was considered that the reduced velocity in the direction
could be accounted for by an increase in velocity in other
directions and this will be confirmed in section 6.7.

It appears that a more uniform profile is established for
this component than is the case during any of the previous
flow rates. This distribution is well established until
reaching the position where the velocity in the cell is
2.68 x 107" m/s, after this point there is a five fold
velocity decrease across the full width of the channel.
The last two measurements given are taken near the cell
wall since the centre velocity had been reduced in the
vertical component and the only reliable measurements that

could be made was near the wall.

In the outlet region, the velocities increase com=
pared to the middle region, with higher values at the
left side of the channel compared to the right. This is
expected since this is the region nearest to the outlet.
The ratio of maximum to minimum velocity is 3.557, showing
a velocity distribution well away from the ideal ratio of
1. The velocity measurements near the gasket edge of the
channel, on the right side show areas where the velocity

is reduced significantly.
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Examination of the overall picture of flow measure-
ments causes an interesting feature to emerge in that some
velocities are less than the average velocity. Vel=-
ocities as low as 45% of the average are observed,
totally unlike velocity measurements discussed earlier.
Even so, the maximum ratio of local to average velocity
is found to be 11.22., which is very similar to Up-

Flow ratios at low flow rates. It is difficult to explain
clearly how such low velocities might exist without det-
ailed additional investigations. It could be mainly due
to preference the fluid elements take a particular path
leading to maldistribution or it could be that there

is a much higher velocity component in a different
direction; The low velocities are more obvious near the
right side at the edge of the channel. The flow -

tn these cells is returning from the edge and flowing
along the corrugation of the channel. Previous measure=-
ments were found to be relatively higher, see Figures

5.2 to 5.5. at the low flow rates, but for this vertical
component they are low. Since the amount of flow passing
along the channel is constant, then changes in velocities
in one direction must mean that velocity components in

another direction would also change to compensate,

Results of the standard deviation calculation across
the channel for the three regions are summarised in
Table A-5.8. These show that in the inlet region, there
is a much higher variation in velocities than at low

flow rates, but not for the middle and outlet regions.
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These standard deviations are different from previous
Up-Flow measurements where these are increasing as flow

progresses up the channel.

Turbulence in the channel was computed at 0%.
This may be due to fluid elements being much more
"cohesive" in this region but spreading in different
components as indicated by the changes in velocity when
nmoving through the channel. Turbulence was high at
the edges of the channel as expected (similar to low

flow rates) showing unsteady flow.

From Figure 5.10 it is clear that there are regions
where velocities are lower than the average velocity,
which undoubtedly shows that there is some mal-distribution
of flow. The velocity profile is not perfectly devel-
oped across the width of the channel as expected in the
middle region. It appears that the majority of the flow

remains on the port side of the plate.

6.5.2 REYNOLDS NUMBER 7.078

Examination of the results, in the inlet region,
where the flow just enters, shows reasonable distribution
with a2 maximum to minimum velocity ratio of 1.459.

This ratio is only 0.745% higher than that calculated for
Reynolds number 5,291. Nevertheless,it is still only

one third that calculated for Up-Flow at low flow rates
(see section 6.4.2). The velocities across the channel
show variation, with the maximum to minimum velocity ratio

being 3.069. This ratio is high because of one rather
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low measurement at 2.77 x 10 " m/s.

In the middle region, the velocities are lower than
at the inlet in contrast to the low flow rates. The
maximum and minimum velocity ratio is increased to 5.213
across the channel: but this ratio may be misleading
because only two velocity measurements (at the edge of
the channel on the right side) were low compared to the
rest of the measurements. Such a decrease in velocity can
be accounted for by an increase in other components of

velocities (see also section 6.7).

In this region, the velocity profile is more uniform
at the flow rate until the point is reached where the
velocity is 4.17 x 10™' m/s, beyond which the velocity

drops significantly.

In the outlet region, the velocities decrease com-
pared to the midd;e region. This behaviour is different
from that at a Reynolds number of 5.291 and can be
explained by increases in different components of velocity,
since the flow across the width of plate for both middle
and outlet region is eqgual. The velocities are higher
on the left side compared to the right side of the
channel. This is expected because the majority of the
flow combines together in this area, ready to leave via
the outlet port. The ratio of maximum to minimum velocity
ratio is 1.681 across the channel, showing better

distribution compared to the other regions.
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Inspection of the overall picture of flow measure-
ments shows that all but one of the velocities are higher
than average. It is, of course, possible that there may
be more cells which have velocities less than the average
velocity. The ratio of maximum and average velocity
is 13.68' , which is 18% higher than the ratio in the

previous section.

Standard deviations for each of the regions across
the chénnel are shown in Table A-5.10. These standard
deviations show that in the inlet region there is o’
highest variation of velocities, less variation in the
middle region and even less variation (nearly one sixth
of the inlet region) in the outlet region. These
standard deviation trends are different compared to the
lower Reynolds number of 5.291, with an interesting
exception in the middle regions, where the standard
deviations are nearly equal. This certainly shows that

velocity patterns are very similar,.

Turbulence values at this flow rate were similar
to those observed at Re of 5.291, High turbulences were
observed near the gasket while in the centre of the channel
turbulence remained at 0% for all three regions. The
increase of turbulence at the edges of the channel can be
explained by variations of velocities and their components

in these areas.

Figure 5.11 shows clearly mal-distribution exists in

the channel, according to the measured velocities.
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These velocity measurements strongly indicate that the
velocity distribution is not ideal across the width of
the channel as would have been expected in the middle
region. It is apparent that once the flow has entered
the channel, the majority of the flow tends to favour one

side of the channel.

6.6 RELATING VELOCITY MEASUREMENTS AND PERFORMANCE

CRITERIA

The analysis of the studies of flow through a single
cell in the Junior PHE and the measured point velocities
in the SR1 channel, would be incomplete unless a useful
inter-relationship can be identified. Therefore a simple
technique is developed of relating the two different
measurements as a first step towards formulating a method
of predicting flow distriburion through this type of

three-dimensional heat exchangerchannel.

It is an acknowledged fact that the physical
geometry of the SR1 plate is highly complex with valleys
and peaks of the chevron corrugations -crossing cne
another at an angle. Frequent point-to-point contact
of the peaks occurs at the boundary of each cell resulting
in a complex flow pattern through the interconnected grid
of cells. The simplest description of flow through a
chosen cell is that the fluid can approach from two
directions, pass through the cell and leave in two
directions (corresponding to the valleys in corrugations).
The method that flow divides when leaving the cell, will

have a profound effect on the flow distribution.
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The analysis in section 6.2.2 and Figure 6.5 for
the performance criteria of the Junior PHE cell showed
that the ideal split in flow would be 0.5, but in practice,
it was actually dependent on the pressure driving force
of the fluid entering the cell. Originally, it was
assumed that at some point along the length of the
channel the flow was fully developed and ideal in the
sense of the same flow rate of fluid passing through each
cell. Although experiments on the SR1 channel proved
this tb be impossible, it was taken as the starting point

for preparing a method of predicting distribution.

For example, consider the situation where there are
five cells across the channel and the flow approaching
these cells is perfectly distributed. Then let the
flow in each cell split 60% towards the right and 40%
towards the left. The flow distribution can then be
computed as shown in.Figure 6.13, as it progresses from
row to row of the cells,. Because of the geometry of
the plates, alternate rows contain four cells so th;
flow towards the gasket must be redirected. The cells

are staggered relative to the preceding row.

It is clear in Figure 6.13 how the flow pattern
changes for the hypothetical set of circumstances chosen
for this particular example and can be considered as a
simple example of how mal-distribution occurs. It is
equally clear that any flow network could be examined

in similar fashion by a suitable computing technique.
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FIGURE 6.13 A SIMPLE DEVELOPMENT OF MAL-DISTRIBUTION IN CELLS
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Further developments would be needed to evaluate the
real situation starting from the channel inlet

distributor.

6.7 ANALYSIS OF VELOCITY COMPONENT MEASUREMENTS

Measurement of different velocity components was
initiated after the investigation of high flow rates
at Re 5,291 and 7.078, since large reductions in
velocity were observed when moving up the channel.
Since the flow rate across the width of a channel is
steady then the reduction of velocities in the vertical
component may be explained by a corresponding increase
in another component. Alternatively the experimental
measurements could be seriously in error. Therefore
a series of experiments was carried out to determine

the cause of the observed pattern.

‘Three cells in the three regions were chosen for
detailed examination at the positions shown in Figure
5,12, The vertical component for the inlet and outlet
regions can be compared with corresponding results in
Figure 5.11, because the chosen cells are common to
both experiments. The velocities in these cells show
that in the inlet and outlet region the velocities
are only 5.343% and 2.791%, respectively higher than
the earlier measurements; thus indicating that the
results are repeatable with good agreement at a given

point under the same flow conditions.

Examination of these results in more detail for

the inlet region shows that the dominant
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component 1ig the vertical one with lower values of the
other components. The velocity components at 45° to
the horizontal, is lower by 16.79% and the other
remaining component at 65° to the horizontal, is reduced

by 30.92%

In the middle region, there is no single dominant
component, indicating that the flow distribution is
slightly more uniform. The velocity components at
45° and 65° to the horizontal are about 2.2 times

higher than the vertical component.

In the outlet region, more velocity components
were meagured than in the other regions, since it was
desirable to examine this cell in greater depth because
of the variations in velocities observed in Figures
5.10 and 5.11. There is no: doubt in Figure 5.12 that
there is a significant variation in velocities among the
components. The dominant velocity component is at
45° to the horizontal towards the left side and is
2.3 times greater than the vertical component. The
dominant component arises from the fact that the flow
is ready to leave at the outlet port. Since the
port is positioned above and to the left of the cell,
then most of the flow wouléd follow the sort of path
observed. It appears that the fluid elements prefer
to fol;ow 45° component at the particular point under

the flow conditions in existence at the time.

Relative to the vertical component in that cell,

the smallest velocity measured was “26.5% lower while
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the highest was 2.3 times larger.

Examination of the overall flow component
measurements shows clearly that large variations
occur depending on the direction and the chosen
position. The flow is more uniformly distributed in
the middle region and remains so until near the outlet.
The measurements clearly indicate the effect of component

direction on the magnitude of the measured result.

6.8 VELOCITY MEASUREMENT ANALYSIS ACROSS SELECTED CELLS

The variations of velocities across chosen cellson
both sides of the channel in the three regions are shown
in Figure 5.13, for the vertical component. It was
difficult to assess the exact position of measurement
because of the complex geometry of the cells and the
desire to determine velocities near to the point-to-
point contacts bounding each cell. In some cells
measurements are missing because most of the flow in
the centre of the cell volume was in another direction,
hence it was difficult to correlate in the vertical
component. Some velocity measurements shown were

measured previously and taken from Figure 5.11.

In the inlet region, the measurements in cell Ci
shows velocity in the cell centre to be 2.404 times the
velocity at the edge of the cell; while in cell C, the
velocities at the top and bottom of the cell are
6.683 and 1.25 times the centre velocity. The velocity
on the horizontal axis at the edge of the cell is 3.885
times the centre velocitv.
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In the middle region, the measurements in cell B
are generally higher than in cell B'. At the top. of
the cells, the velocity in B is 1.4 times the centre
velocity of 3.26 x 10_1'm/s while in B' the corresponding
velocity is 2.1 times the centre velocity which is only
1.6 x 10-1 m/s. The velocity in the horizontal axis at
the edge of the cell B' is 1.203 times the centre velocity,
while in cell B, the velocity across the cell, on one
side is reduced by a factor of 2.86 the centre velocity
and 1.126 times the velocity on the other side. The
velocity at the bottom of cell B' is nearly equal to the
centre, but in the cell B the velocity at the bottom is

34.35% lower compared to the centre velocity.

At the outlet region, in cell A', velocity at the
top of the cell is 1.711 times the velocity in the
centre whereas cell A contains a reasonably uniform

velocity profile,

It is clear from Figure 5.13 that there are large
variations of velocities across the cells in the horizontal
and vertical directions. Velocities at the top of the
cells are higher than measurements in other positions,
due to flow coming together from all round the cell
prior to moving to the next cell. In some positions,
it was impossible to make measurements probably because
the majority of the flow was in a different direction

to that measured.
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CHAPTER 7

CONCLUSIONS



2
7.1

CONCLUSIONS

JUNIOR PHE SINGLE CELL

The study of a single cell of the Junior PHE

section provided the following conclusions:

(1)

(ii)

The flow through individual inlet tubes show
different distribution at the outlet from a cell.
Better distribution is achieved using tube "B,
where the outlet split is nearly equal as shown in
Table 5.1.‘ The distribution using tube "A"is
divided into the average ratio of 5£1 at the outlet

as shown in Table 5.2

Flow through both tubes simultaneously
indicated (Figures 6.1, 6.2 and 6.4) consistently
some of the flow from tube "B' inlet adds to the

flow from'tube A inlet.

Thereforé there is more resistance on the
tube ‘A side, for flow to split up compared to flow

through tube "B’ inlet.

The performance of a single cell showed that
the pressure levels influence the flow distribution.
The tested distribution, approaching ideality,
was achieved when there was equal pressure in both

inlet tubes,
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7.2 SR1 VELOCITY MEASUREMENTS

The study on SR1 plate channel provided the

following conclusions:

(1) Laser Doppler Anemometry can be successfully
applied to the study of the hydrodynamic character-
istics in a PHE channel; This technique is
especially successful when a refractive-index
matched liquid , e.g. a mixture of cod-liver oil
and tung oil is used as the working fluid.

Although measurements are possible using water,
repeatability and reliability of these measurements
is not possible for two reasons. Firstly, laser
beam flare at the solid-fluid boundaries was

a major problem, causing saturation of the photo-
multiplier tube, and, secondly, the great difficulty
encountered when attempting to ensure that the laser
beams intersected properly in the cell volume, due
to the complex internal geometry of the channel.
Although the former could be partially solved, the
latter is impossible to overcome consistently to

produce reliable results,

(ii) The surface quality is a prime factor influencing
the LDA signal quality. Regular polishing of the
perspex surfaces using - perspex polish 1is an

absolute necessity for good signals to be obtained.
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(iii) Significant differences exist between Up-Flow
and Down-Flow contrary to the previous opinions
held by Fattah (7) who found no difference between
the two types of flow. Evidence of these
differences is shown in point velocity measurements
in Figures 5.2 to 5.5 and Figures 5.6 to 5.9 for
Up-Flow and Down=-Flow respectively, and in the
calculated values of standard deviation shown in

Tables A-5.1 to A=-5.4 and Tables A-5.5 to A-5.8.

(iv) At low flow rates, Re<1 the majority of the
flow is parallel to the channel corrugations, in
both Up and Down Flow, with the major velocity
component at €0° to the vertical. At higher flow
rates, Re=5.291 and 7.078 the maximum velocity was-
observed in the vertical component, with further
confirmation in Figure 5.12 for the inlet region,
However, at higher Reynolds number, the components
with maximum flow varied with the region in the

channel under consideration.

(v) At low flow rates with Re<1, in Up-Flow, the
flow followed a sinusoidal wave path, with most
of the flow shifting from the left (at the inlet)
to the right (in the middle region) and back to the
left (at the outlet region) of the channel. This
path was very similar to the one observed by
Fattah (7) for 65.5% agqueous glycerol using dye

injection technique.
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(vi)

(vii)

In the Down Flow for Re<1, most of the flow
shifted from the left (at the inlet) to the right
but then some came back to the left (in the middle
region) remaining on this side and leaving at the
outlet, giving a more uniform distribution.

This flow path was similar to the one depicted
by Fattah for a somewhat higher Re of 7 using

water in Down=Flow.

At high flow rate, Reynolds number 5.291 and
7.078, the overall distribution shows that most of
the flow remained in one half of the channel, the
velocity profile does not uniformly develop across
the channel in the middle region, contrary to

expectation.

At low flow rates, the fluid leaving the inlet
distributor was not evenly spread, ratios of
maximum to minimum point velocities varied between
4.568and5.442 in the Up-Flow mode. This ratio was
even higher in Down-Flow: varying between 5.261

to 5,94 for the varying Reynolds numbers examined.

At high flow rates there was more even distrib-
ution in this region during Up=Flow. The velocity
ratio was lower at 1.448 and 1.459 for Reynolds

number 5.291 and 7.078 respectively.

At low flow rates, local velocities measured
in the cells were higher than the overall average
velocity for Up and Down Flow. In Up-Flow, the
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ratios of local velocity in a cell to the

average velocity were found to be 12.34, 11.84, 11.83,
and 11.00 for Reynolds numbers 0.087, 0.1028,

0.1293 and 0.1616 while for Down~Flow these

ratios were lower by 34.23%, 25.74%, 33.45% and
27.32% respectively for increasing Reynolds nunbers.
Measurements during Up-Flow for the horizontal
component of flow in cells on the vertical centre
line of the channel produced a maximum ratio of

27 times the average velocity.

However, at high flow rates of Reynolds number
5.2?1, some velocities were found to be lower than
average velocity, even though the maximum ratio of’
local velocity to average velocity was 11.22,
similar in value to low flow rates. For Re=7.078,
velocities were higher than the average velocity
and the ratio of maximum velocity and average

- yelocity was 13.69, 18% higher than the ratio for

Re=5.291.

(viii) Measurements taken across the channel for low
flow in the Up-Flow direction showed a range of
maximum to minimum velocity ratios in the inlet
region somewhat different to the middle and outlet
regions as shown by calculations in sections 6.4.2.
The extremes of variations between the latter two
regions were 2.96% and 0.041% (for Re =0.0817 and

Re=0.1293) respectively. In the Down-Flow, there
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was a decrease in the maximum and minimum velocity
ratio across the channel, between the inlet and
middle region. The extremes in the changes were
8.729% and 0.492% for Re=0.0817 and Re=0.1293. The
ratio range increased between the middle and outlet
regions; for Re=0.0817, the increase was a factor
of 2, but for other flows was between the extremes
of 15.2% and 5.8% for Re=0.1028 and Re=0.1293 as

shown by ratio calculation in section 6.4.3.

At high flow rates with Reynolds numbers 5.291

and 7.078, measurements in Up-Flow showed that the
range of maximum to minimum velocity ratios in

the inlet region was nearly half that observed

for low flow rates. However, there is an inc;ease
in the range between the middle and inlet regions
of 4,66 times and 1.70 for Reynolds numbers 5.291
and 7.078 respectively. Moving from the middle
region to the outlet region resulted in a decrease
in maximum and minimum velocity ratio ranges across

the channel 51.29% and 67.75% for increasing Reynolds

numbers.
(ix) Maldistribution was identified across the
channel width. A criteria . of performance for

individual cells is proposed as a step towards

an understanding of mal-distribution.
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(x)

(xi)

The velocities measured are dependent on
directions as shown by Figures 5.1 and 5.5 for
Re=0.1616 on the horizontal and 60° components.
Velocities with direction in the various regions
of the channel are shown in Figure 5.12. For
each region, the dominant components are:

(i) Inlet - Vertical component

(ii) Middle - no dominant component
(iii)Outlet - 45° to the horizontal component
for Re=7.078, for overall Up-Flow direction as

analysed in section 6.7.

There is a variation of velocity across
individual cells, dependent on position in the
channel as shown in Figure 5.13. Velocities
are generally higher at the top (outlet) of the
cell, e.g. in the inlet region, the velocity at
the top of a cell was 6.683 times the velocity
in the centre of the cell. In the middle section,
this ratlo decreased to 1.4 but increased slightly
to 1.711 in the outlet region. In the inlet and
middle regions the velocity is generally lower in
the centre of the cell, compared to measurements
at the edges of the cell, But in the outlet
region, velocities at the edges of the cell
diminish by about 9.5% at least, compared to the
centre value. The velocities across the cell's
horizontal axis can be as high as 3.885 times the

centre velocity (as analysed in section 6.8).
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Furthermore there is variation of velocity across
the cell from back to front, i.e. in the third
dimension of the channel, as shown in the top

region of Figure 5.1.

Finally, the velocity measurements made are
certainly repeatable as the comparison measurements
(in brackets measured previously) shownin Figure

513
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8 RECOMMENDATIONS FOR FURTHER WORK

The implications of the present research work on
design methods for PHE are examined by directions that
future work of this type should take. The overall
objectives of this project would be two fold: £firstly
to define completely the flow patterns established in
this type of channel during laminar flow and examine
ways of controlling the flow patterns; and secondy

to generate mathematical models for the velocity and

sheer stress profiles at any position for given conditions,

so that the heat transfer coefficient could be estimated
locally using the heat and momentum transfer analogies.

The following recommendations for further work are

prepared:

8.1 SINGLE CELL

(i) Any perspex section of a single cell should be
fixed more rigidly than was the case with the rig
used in the current work to establish the viability
of the technique. Movement of the cell section

should be avoided while a test is in progress.

(ii) A small injection of the dye could be introduced
into one of the inlet tubes with the apparatus
arranged so that continuous, controlled flow could
be achieved. The split of flow could then be
analysed by measuring dye concentration in each
outlet, and hence the performance criteria would

be calculated and compared with the present work.
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(iii) The tube inlets and outlets could be inclined at
the same angle as the corrugations, to approximate
more closely to the actual fluid path approach
to a cell. The work could be repeated, with
dve injections if possible into one of the tubes
and observing the division of flow as outlined

above.

(iv) The feasibility of experimenting with a single
cell constructed from stainless steel should be
considered. Any change in performance could then
be attributed to the change in surface in contact

with the fluid.

8.2 LASER DOPPLER MEASUREMENTS

The extension of research work using Laser Anemom=

etry can be developed as follows:

(1) Examination in greater detail of all cells in the

PHE channel:

(a) Measure velocities at a large number of
points within a cell to establish the full,
three-dimensional velocity profile within the
cell. Hence the shear stress profile can be
estimated. It is expected that a frequency
shifting device would be essential to ensure
directional discrimination when investigating
points between the front and back surface of the
cell. In the present set-up the LDA equipment,

a suitable device would be Electro-optic phase
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Modulator available from MalVern Instruments
at about £2000. This modulator can be attached

to or in front of the beam splitter to provide
minimum adjustments once the LDA equipment is

arranged.

(b) Modifications should be made to the moving
system of the perspex channel in order that
positioning and alignment can be simplified.

A sophisticated optical x-y-z table would be
necessary so that fine adjustments within each

cell can be made with the maximum adjustment.

(ii) Hicher flow rates should be investigated in both
the quasi-turbulent and turbulent regions. A
frequency shift device would then be essential
to determine vectors, and difficulties will
be encountered in obtaining suitable flow rates

of a refractive index matched liquid.

(iii) The effect of heat transfer on velocity
distribution should be studied with a modified
rig incorporating a channel pack. A perspex
plate could be used on the cold fluid side to
allow visual observation. The hot side could be
a channel containing hot liquid, condensing vapour
or a specially fabricated, electrically heated

plate to provide a constant heat flux.

(iv) A considerable amount of information on the flow

at a point can be obtained if more than one
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8.3

(a)

(b)

velocity component as measured simultaneously.

It is possible to measure two components of

velocity in the same probe volume by forming two
superimposed set of fringes. These can be obtained
from an argon ion laser, which, when operating

in "all-line" mode would provide both blue and
green fringes (11). Two detectors would be
required to observe the intersection volume and

two correlators to analyse each set of signals,

The addition of frequency shift would result in a

very useful research tool.

GENERAL DEVELOPMENT

Further development can be carried out in two main
sectors of computation:

A mathematical description of the channel could
be prepared in a matrix element from where each
matrix element represents one cell. The effect
on distribution of various values of the ratios
of flows leaving a cell can then be examined.

The predicted velocity profile could be compared

with the measured velocity profile.

The computer program developed (133) to show point
velocities measurements in the channel can be
extended to represent point velocities in a better
form. This would be done by replacing the value
by an arrow, where the length of the arrow
represents the velocity and the directioﬁ of the

arrow shows the direction of the component
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measured.

{c) These two programs can also be linked together

where measurements predicted from (a) can be

plotted on the channel representation in (b).
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A-1.0 GENERAL DESCRIPTION OF THE COMPUTER SYSTEM

AND PROGRAM FOR ANEMOMETRY

As indicated earlier in Section 2.5, a computer
system was used in conjunction with the LDA equipment.

This will be discussed in sections relevant to this

project.

A-1.1" BACKGROUND

A computer svstem known as the 6022 Malvern data
processor was used. It is an integrated desk=top
computer designed to give the Malvern correlator
K7023 and its Anemometry system an on-line sample to
answer capability. The programs are written in high-
level BASIC, and can be loaded from tape using an

integral cassette unit,

For a detailed operation of the data processor

and description of the system see reference (30).

A-1.2 DESCRIPTION OF APPLICATION PROGRAM FOR LASER

ANEMOMETRY

The program used in this study was entitled 'Malvern
application program', which was provided by Malvern

Instruments on a cassette tape,

The tape contains two sections; the first called
the 7023ML Loader and the second the application
program. The cassette is placed into the cassette

unit, the "SHIFT" key held down and press and release the

RUN/STOP key, finally releasing "SHIFT", causing the first
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sectitn .to be played in, taking about 30 seconds to load.

This is then followed by an automatic link load of the
following section. About 6-8 minutes are required
to lcocad this programme. Once this is complete, the
algorithm is ready to be used. A general structure

of the program is shown in Figure A-1l.1.

A dialogue starts with the data processor, when
several parameter values are requested, as listed in

Table A-l.1.

Most parameters are self-explanatory but some
require further explanation and are outlined below.

The brackets show current value automatically assigned

by the program.

(1) The Laser wavelength 6328°A, was marked on the
Laser.

(2) Beam Radius had to be calculated, because a
lens was used to sharpen the beams as recommended
by Abiss et al. (24), see also Appendix A-20.

(3) The Laser beam radius was 550 microns (available
from the Laser manual(123).The focal length of the
lens was measured to be 14, 4cm.

(4) Tringe spacing was calculated by providing
values of beam separation and distance to beam
crossing, (both of these were measured for each

individual experiment).
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Parameter Value
Is a printer attached (= NO) Yes
Printers IEEE-488 Address (=4)
Laser Wavelength = a® (=6328)
Beam Radius - microns (=250)
Enter Value, or "C" to calculate c
Laser beam radius - microns (= 700) 550
Lens focal length - Om (= 10)
1 - 100 Cm valid range 14.4
Beam radius - microns = 52.737119
Fringe spacing - microns (= 15.82)
Enter Value, or "C" to calculate C
Beam Separation = mm (= 20)
Distance to beam crossing - Cm (= 50)
Fringe spacing =
Is frequency shift used (Yes/NO) No

TABLE A~1l.l - Questionsrequested by the Program
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(5) The special frequency shift accounts for fringe
movement relative to the particle, but this option

was not used in the current work.

Once the data for the experimental conditions
are completed, then the programme provides the following

choices as shown in Figure A-l.1l:

(1) change in experimental parameters
(ii) enter Auto-sequence program

(iii) execution of experimental program
(iv) enter the error list

The Auto-sequence program ﬁrovides selection of
four different displays on the oscilloscope of the

K7023, these options are:

(a) static display

(b) static display with pause
(c) dynamic display

(d) dynamic display with pause.

The user can choose any cne of these display

options to observe the correlation function when making

measurements.
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START !

(NITIALISATION OF
PROGRAM AND
HARDWARE

CHANGE EXPT.
PARAMETERS

1

REQUEST RELEVANT
EXPERIMENTAL
CONDITIONS

PRESENT 'MENU' OF POSSIBLE ACTIVITIES & OBTAIN USER

SELECTION
2 3 4
ALL OTHER £ .
INPUTS rror
Vector
1 ’ List
INPUT INVALID PRINTOUT TEXT
MESSAGE DESCRIBING ERRORS
AND CAUSES
)
AUTO SEQUENCER Experiment
PROGRAM Execdtion
Program
Y
V “
FIGURE A-1.7 GENERAL STRUCTURE OF MALVERN APPLICATION PROGRAM
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The execution program follows the block structure
as shown in Figure A-1l.2, The first block holds a
dialoque with the user which requests the correlator
frontpanel information, e.g. sample time, and reminds
the user of the parameter values used. Then the
program provides a choice of single shot or cont-
inuous run coperation; single shot being one experiment
only and the result calculated,while the continuous
selection will cause a sequence of experiments to be

performed with a full set of results displayed.

When these run options are completed the processor
displays a page summary of the current values of the
experimental and correlator parameters as a header to
any result generated. The program allows the user to
run the programme, or change parameters or abort the

program completely as shown in Figure A-1l.2.

The Malvern application program provides a further
facility where some of the information can be directed

to a line printer.
In order to preserve the result, a line printer

Newbury 8300S was attached to the data processor with

an interface IEEE~488 connector.
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START

REQUEST CORRELATOR CONDITIONS
AND INFORM
USER OF CORRECT OPERATION

1

REQUEST "SINGLE SHOT" OR
'""CONTINUOUS' EXPERIMENTS

REQUEST SINGLE SHOT

REQUEST CONTINUOUS

RESPONSE

SINGLE SHOT EXIT

OUTPUT HEADER MESSAGE

Y

EXECUTE EXPERIMENTS
ACCORDING TO
RUN OPTION SELECTIONS

RUN OPTIONS RUN OPTIONS
DISPLAY PAGE SUMMARY OF
EXPERIMENTAL & CORRELATOR
CONDITIONS
/ 'PAR! REQUEST INPUT OF 'GO', ' ABORT"
X 'PAR' OR 'ABORT'
ANY OTHER ]
Jeo

CONT INUQUS EXIT

PRINT'RUN
ABORTED'

END

FIGURE A=1.2  STRUCTURE OF EXPERIMENTAL EXECUTION PROGRAM
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A-2.0 CALCULATION OF BEAM RADIUS AT FOCUS

To calculate the velocity of flow using the
"Malvern Program" it was necessary to provide a value
for the beam radius at the crossover point. Although
the beam radius of the laser light leaving the laser
is 0.5mm, this can be changed by using a suitable 'lens

and has to be calculated at the point where the beams

intersect.

The operating manual (29) provides a formula to

calculate the beam radius re at focus:

: TY
where F = focal length of the lens
A = wavelength of laser light
r = beam radius of the laser.

'This was checked in the "Malvern Program" but a

different formula was listed:

To clarify this inconsistency, a few text books

were consulted, and a variation in formulas was found.
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For example Rudd (22) and Drain (11) agree with
the equation in the program, but Durst et al. (13)

provide a different formulae

r- = é .&_F.
4 «=r
; . AF
Greated and Duryani recommend (20) £ = and
i v SAP
Adrain (33) provides o =

It was difficult to decide which equation was the
most accurate, since they differ by a factor of up to
4. The operating manual pointed out this was an
approximate expression and it has only marginal impact
on the calculation of velocity. Therefore it was
decided to use the existing equation, in the "Malvern
Program" particularly since this was the most common

expression appearing in the text books (11,13).

The calculation for the beam radius as focus is
shown below, for He-Ne laser Wavelength A=632.8um,
beam radius r = 0,5mm, and focal length of lens

F = 14,4 Cm;

Using equation rg = %%

-6 =
Substituting data rg = 632.8x10"°x 14.4 x 10"
3.142x 0.5x10 ?

e T ® 52,731129 % 10~°n,

This value was calculated by the program and used in

further calculation as mentioned previously in Appendix A~1.1.
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A-3.0 CALCULATIONS OF REYNOLDS NUMBER

A-3.1 PARAMETERS OF SR1 PLATE

The formula for the calculations of Reynolds number

were adopted as standardised by Fattah (7).

The parameter listed below are provided by APV

Ltd., for SR1 plate:

o s Developed Heat Transfer Area _ 1.22
Projected Heat Transfer Area :

4,7498 x 10™m

The equivalent diameter (De)
0.171m

i

Plate width (W)

.'. Plate gap (b') = De(g’= 4,7498 x 10=® x 1.22
2 2

2.89 x 10"%m

A-3.2 CALCULATION OF REYNOLDS NUMBER USING WATER

The maximum flow rate was at tube reading 100 on
the flowrator as shown in calibration Figure 4,12,

Then the maximum Reynolds number would be:

Mass flow rate (G) 710 x 10=* kg/min

710 x 10=* kg/s
60
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G _710 x 10-?

Volumetric flowrate (Q) = 5 “%0 o © 11.833 x 10=m’ /s
Hence
_ 0 _ 11.833 x 10-°
Average Velocity u = —=— = >89 x 10=7 x 0.171

g

1]

23,944 x 10~*m/s

*. Reynolds number (Re)

e -
oDeu _ 10°x47498x1073%23.944x%10
H 10™2

113.73

Similarly following the calculation as above for tube
reading 10 provided Re = 4,54, average velocity

= 0.9558 x 10~° m/s.
Following above calculations at a tube reading 15

Re = 10, average velocity = 2.105x10~® m/s.

Therefore laminar flow exists on the flowrator

until scale reading 15.

A-3.3 CALCULATION OF REYNOLDS NUMBER USING OIL

The maximum flow rate was at tube reading .00 on
the flowrator as shown in calibration curve in
Figure 4.13. Then the maximum Re can be calculated

at oil temperature 20°C.

Mass flow rate (G) 89.98 x 10-? kg/min

1.4997 x 10-* m/s
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Then

.". Volumetric flow rate (Q)

-3
- % = 1.4997 x 10 = 1.6134 x 10~%m? /s

0.9295 107

Average velocity (U)

Q _ 1.6134 x 10-°

= b ey T 2.89 x 10-°x 0.171

= 3,265 x 10™*m/s

.". Reynolds number (Re)

pDeU _ 0.9295 x 10° x 4.7498 x 1073 x 3.265 x 10-?

H 0.0927.

.« Re = 0.1555

When operating temperature was increased to 22°C, the
calibration in Figure 4.13 was not affected significantly,
so it was decided to maintain this calibration but
calculate the new Reynolds number because of slight

changes in the physical properties.

The new physical properties were at 22°C.

p =931.98 kg/m?

0.08986 Kg/ms

i

and using the above calculation procedure range of average
Reynolds number and velocity were calculated for the

flowrator used as shown in Table below:
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TABLE A-3.1 REYNOLDS NUMBER RANGE FOR LOW FLOW RATE MEASURED

Flowrator Scale|{ Reynolds Average Velocity
Reading Number (Re) U (m/s)
x 1073
100 0.1616 3.254
90 0.1293 2.604
80 0.1028 2.07
70 0.0817 1.645

Therefore the range available on the flowrator
is in the laminar flow regime.

A-3.4 CALCULATION FOR HIGHER REYNOLDS NUMBER USING OIL

It was extremely difficult to measure the effluent
leaving the channel at higher flow rates, although still
remaining in the laminar flow regime, that is (Re<10).

Therefore a procedure was developed to estimate the

Reynolds number,

'Since the maximum flowrate was measured for water
and oil for earlier calibrations (see section 4.3.2
and 4.3.4) using the same flowrator and the float,
this provides the ratio of water and oil flow rates.
Hence this ratio can be used to estimate the flow rate
of oil in the larger modified equipment described in
section 4.3.5 when compared with manufacturer's calibration

curve for water,
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ROTAMETER : FISCHER & PORTER $FP=-17G-10

FLOAT : $GUSVT-410

Maximum water flow rate 710x10=* kg/min.

89.98x10~® kg/min,

Maximum oil flow rate

. _ 710x10~*  _
Ratio of water : oil = §9.98%10~° ° 7.891

-

So there is a reduction in flowrate of oil by 7.891 times.

ROTAMETER : METRIC SIZE TUBE SIZE 47F

FLOAT : STAINLESS STEEL S SIZE 47

Using the larger modified equipment the flow rate of
oil at tube reading 3 can be estimated. The manufacturer's
calibration curve shown in Figure A-3.1, provides the
water flow rate at this position 19.8 kg/min, then the
amount of oil leaving the same equipment would be:

0il Mass flow rate (G) = %2§%1 = 2,509 kg/min

To calculate the Reynolds number for this flow rate,
one assumption has to be made. That is there is not a

significant difference in flow rates at different

temperatures of fluids,

Then at operating temperature of oil of 34°C, the
new physical properties were required. Density, was
measured to be 933.98 kg/m® but viscosity changed which

was calculated from equation 4.1

933.98 kg/m?

O
n

0.05678 kg/ms

: =
]
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SCALE TUBE READING OF ROTAMETER (CM)

FLOAT: STAINLESS STEEL S SIZE 47

30 ROTAMETER: METRIC SIZE TUBE SIZE 4.7F

20 +

15

10'-

Ll ¥ L

10 20 30 40 50 60 70
MASS FLOW RATE (Kg/min)

FIGURE A-3.1 CALIBRATION CHART FOR WATER
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Then following the calculation procedure in

A-3.2, Re = 7.078 and average velocity = 9.0598x10~? m/s.

For the flow to remain in laminar regime, that is

Re<10 the float should remain below tube reading 6.

Table A-3.2 summarises the Reynolds number and
average velocity for particular positions on the scale
reading of the flowrator where measurements were made in

the laminar regime.

TABLE A-3.2 REYNOLDS NUMBER RANGE OF HIGH FLOW RATE

MEASURED
Flowrator Scale Reynolds Average Velocity
Reading Number (Re) U (m/s) _
x 1073
3 7.078 0.906
1.3 5:297 . 0.6772
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APPENDIX A=4.0 CALCULATION FOR PERFORMANCE OF SINGLE

CELL FOR THE JUNIOR PHE SECTION

The basic method to quantify the performance of a
single cell would be by relating output and input flows
for various operating conditions. A basic relationship

is shown below for a single experimental run.

Let
Total calculated flow for input tubes A and B

= Qp =9 * Op

Flow measured at Tube A outlet QMA

and Flow measured at Tube B outlet QMB

Then the performance of cell based on individual tubes,

KA and KB' is given by Flow outlet of a tube
Total flow input

for Tube A K, 8&5
QT

Ous
Qp

and Tube B KB
Using the performance criteria, KA and KB' calculations

were carried out for the tabular results oﬁ 5.3 to5.7

and shown in TablesA-4.1 to A-4.5.

In these tables the performance criteria KA and KB do

not always satisfy the condition K, + KB = 1 in some

A
cases this is simply due to slight variation between the
total input and total output of flow to the single cell.
For these runs KA + KB > 1, maximum variation was 2%,

and for KA + KB < 1, maximum variation was 10%.
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If Ky and Ky had the value of 0.5, then the flow situation
would be ideal, i.e. the input to a cell, from whatever
direction, would be equally divided into the two outlets.

The further the actual values are away from 0.5 the less
jdeal is the flow split in one cell, Then the hydro-
dynamic behaviour is biased in one direction with consequent

impact on flow patterns and heat transfer .
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TABLE A-4.1 PERFORMANCE OF SINGLE CELL FOR BOTH TUBES

AT SAME INITIAL PRESSURE
Flow Meaéﬁred Total Calcul- Performance criteria
Run at outlets ated input of single cell based on
No. flow Q,, (Cm?)
QMA QI‘B T L1 n e
(Cmg) (Cms) Tube A KA Tube B KB
1 5 16.5 21.02 0.2378 0.7849
2 22 26 47.41 0.464 0.5484
3 18.5 21 38.26 0.4835 0,5488

TABLE A-4.2 PERFORMANCE OF SINGLE CELL FOR BOTH TUBES

AT DIFFERENT INLET INITIAL PRESSURES

Flow Measured| Total Calcul=- Performance criteria
Run [at outlets ated input of single cell based on
No. 5 flow QT (Cm?)
Qma MB Tube"A" K, | Tube'B" K
(Cm?®) (Cm?)
1 13 21 3273 0.3972 0.6416
2 10 11 23.76 0.4209 0.5051
3 19 25 48,27 0.3936 0.5179
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'TABLE A-4.3 PERFORMANCE OF SINGLE CELL FOR DOUBLE ONE INLET

PRESSURE
Flow Measured| Total Calcul- Performance criteria
at outlets ated input of single cell based on

Run 3

N 0 0 flow QT (Cm?®)

o MA MB Tube"A" K, | Tube"B"K

(Cm®) (Cm?) B

1 11 14 27.5 0.4 0.5091

2 12 10.5 23.94 0.5012 0.4386

TABLE A-4.4 PERFORMANCE OF SINGLE CELL FOR TURE "B"“

OPENED FIRST AND THEN TUBE "A"

Flow Measured
at outlets

Total Calcul-
ated input

Performance criteria’

Sgn £1ow QT (Cm®) of single cell based on
Qua | B Tube 'A" K, | Tube"B"K,
(Cm?) | (Cm?) :
1 48.5 25 74.89 0.6476 0.3338
2 51 30.5 81.45 0.6262 0.3745
3 21.5 14 34.13 0.6299 0.4102

TABLE A-4.5 PERFORMANCE OF SINGLE CELL FOR TUBE "A"

OPENED FIRST AND THEN TUBE "B"
Flow Measured|! Total Calcul- Performance criteria
Run at outlets ated input of single cell based on
No. flow Qrp (Cm?*)
= n | oLl
QMA QMB Tube "A KA Tube "B KB
(Cm?®) | (Cm?)
1 10 7 17.10 0.5848 0.494
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APPENDIX A-5.0 CALCULATION OF STANDARD DEVIATIONS

A-5.7 LOW FLOW RATE: UP-FLOW

To calculate standard deviations across the channel
for Reynolds number 0.0817 Figure 5.2, cells were

chosen with the following velocity ranges:

Inlet - 3.59 to 3.48 x 10 °m/s

3

Middle -3.42 to 19.2 x 10"~ m/s

3

outlet -~ 21.5 to 4.00 x 10" ° m/s

Standard deviation ¢ is calculated by the

equation (134)-

H

n o, _ 2 .
, {(Ex‘i_)- n'x ] (A=5,1)
g = i=1 _
n'-1
where X, = ratio of velocity measured to average
velocity of flow for sample i
X = mean average of velocities across the
channel*
n' = number of samples under investigation for

this analysis.

The calculations were carried out using the standard
deviation equation and these are summarised in tabular

form below:

* Dimensionless velocities in the form of the ratio

measured to average velocity, V/U were used.

257



TABLE A-5.1 STANDARD DEVIATIONS FOR UP-FLOW

RE = 0.0817
n . — 2
REGION z %% n'l x X o
i=1 1
INLET 160.7 6 14.379 19.17 3.021
MIDDLE 435.,7 8 | 6.585 43.36 3.563
OUTLET 376.16 7 16.423 41.25 3.815

The same calculations were carried out for higher flow
rates, i.e. increasing Reynolds numbers. The cells
chosen for analysis were the same as those examinated
in the above flow rate. These calculations for
increasing Re (refer to Figures 5.3 to 5.5) are

tabulated below.

TABLE A-5.2 STANDARD DEVIATIONS FOR UP-FLOW

RE = 0.1028

n

- -2

REGION Hz x2 nt % X o]

i=1 .
INLET 145.9 6 14.25 18.06 2.739
MIDDLE 436.7 8 |6.68. 44.66.. |3.369
OUTLET 360,2 7 16.21 38.56. |3.88
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TABLE A-5.3 STANDARD DEVIATIONS FOR UP=FLOW

RE = 0.1293
n 2 _ 2

REGION Z X n') x X o]
i=1

INLET | 143.0: | 6 |4.17 | 17.39-| 2.78

MIDDLE | 385.9 8 16.193 | 38.44 | 3.35

OUTLET | 365.7 716.32 | 39.94 | 3.78

TABLE A-5.4 STANDARD DEVIATIONS FOR UP=FLOW

RE = 0.1616

n

2 2

REGION Z Xi- n' X X .

i=1
INLET |150.5. 6 | 4.209[17.71.}2.98
MIDDLE|'380.8 8 | 6.235/38.87./9.98
OUTLET| 335.1- 71 6.057{36.68°|3.614
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A-5.2 LOW FLOW RATE : DOWN=-FLOW

The procedure for calculating standard deviation
was that outlined earlier, but the cells chosen were
different once in the outlet region, i.e. those cells
where the velocities were 8.22 to 2.61 x 10-3 for Re

of 0.0817.

The calculation of deviations are summarised in

tabular form for increasing Reynolds numbers.

TABLE A-5.5 STANDARD DEVIATIONS OF DOWN-FLOW

RE = 0.0817
n 5 _ _2
REGION Z xi n' X X ]
i=1

MIDDLE 106.8. 8 3.482 12:12. 11.186

OUTLET 53.98 6 2.636 6.948 | 1.568
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TABLE A-5.6 STANDARD DEVIATIOMNS OF DOWN=-FLOW

RE = 0.1028

n ., _ _2

b e |

REGION Z i n X X o

i=1
INLET 49 .44 6 | 2.66 7.076 [1.18
MIDDLE 109.6 8 | 3.513 12.34. 1.546
OUTLET 55.24 6 | 2.73 7.453 2.105

TABLEA-5.7 STANDARD DEVIATIONS OF DOWN-FLOW RE = 0,1293

n
REGION Y xz n' X %2 o
i=1
INLET 44.66 | 6 | 2.52 6.35 | 1.145
MIDDLE 101.1 g8 |3.42 11.7 1.038
OUTLET 47.77 6 | 2.554 6.523 | 1.314
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TABLE A-5.8 STANDARD DEVIATIONS OF DOWN-FLOW RE = 0,1616

n
2
REGION }: Xy n' X %2 o
i=1
INLET 34.39 6 2.238 5.009 |0.931
MIDDLE 94 .85 g 13.29 10.69 [1.153
OUTLET 44.61 6 2.47 6.101 [1.26

A-5.3 HIGH FLOW RATE : UP~FLOW

The procedure for calculating standard deviation
was followed using equation A-5.1. The cells chosen
were those across the channel in the three regions in

Figures 5.10 and 5.11.

The calculations are summarised in tabular form for

increasing Reynolds number.

TABLE A-5.9 STANDARD DEVIATIONS FOR UP-FLOW RE = 5,291

n 2
REGION 2 xi n' X X o
1=1
INLET 248.0 | ¢ | 6.369 4.056 | 0.9638
mippre | 52.19 | 8 | 2.15 4.623 | 1.47
OUTLET 91.37 8 | 3.194 10.20 | 1.18
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TABLE A-5.10 STANDARD DEVIATIONS FOR UP-FLOW RE = 7,078

n
- _2
REGION b4 n' X X o
i=1
INLET 277.6 6 6.363 40.49 2.632
MIDDLE 138.8 8 3.735 13.95 1.569
OUTLET 33.82 8 2.014 4.056 0.4425
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