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SUMMARY

v

An Investigation into the Airflow over Heated Disruptive
Surfaces by Holographic and Mathematical Techniques

~ PETER JOHN BRYANSTON-CROSS

>

PhD 1977

This:project, which is sponsored by a major motor manufacturer
has set out to investigate the possibility of reducing the large

amount of practical testing involved in the design of automotive
heat exchangers. .

This has been attempted by the use of non-contact measuring:
techniques, and Reynolds number scaled models. The two techniques
developed are these of holographic interferometry and an electrically
heated multiple strip element heat exchanger model.

A description has been made of the advantages and limitations
of these techniques, and of the level to which mathematical analysis
can be applied to the problem.

As part of the project a simple performance prediction model
of an automotive heat exchanger has been constructed. Also a study

has been made into the reconstruction techniques of three-dimensional
refractive index fields.

A wind tunnel has been designed and constructed for operating
in conjunction with the experimental techniques.

investigation surfaces holographic mathematical techniques
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INTRODUCTION > B

The research undertaken in this project has been concerned
with automotive heat exchangers with a view to providing techniques
for the improvement of their design. Ehe design of heat exchangers
commonally termed radiators has changed progressively, since their
introduction as a method of stabilizihg the engine block temperature.

The majority of these changes have been achieved on an empirical

basis.

In a water cooled system, circulated water removes heat from
the engine block and dissipates it to the ambient air via the
radiator. Early radiators were large and ungainly, the Morris
Bullnose took its name from the type of copper fin, brass tube

assembly built for this purpose. Historically many of the advances
have been introduced to enable radiators to be produced on a mass
production basis. Small cost savings per radiator yield very large

savings when the number of units manufactured is in the region of

10,000 per week.

Water enters the radiator at approximately STDC; It is then
passed through a series of tubes and leaves at between 5 to 15°C
cooler. Air passes over the surfaces of the tubes and the attached
fins or extended surfaces and leaves the system from 10 to 40°c
hotter depending on its speed. A good radiator achieves this process
as effectively as possible with minimum drain to the engine power

and cost to the manufacture of the system.



One of the first objectives of the project was to.define the
extent .to which variables, present in the problem affect the -

performance of radiators.

These variables are:- ] | amampdion o

? The ailrside extended surface area SA

2. The waterside surface area Sw @ s . ® .

3 The materials used in the construction of the radiator m£ :
and mf“(materials used'in tubes and fins). . . g
4. The flow rate of air-through:the tubes Faeo %7

5. " The water flow rate through the :tubes sza:

[ 5 I

These factors can'be combined-to define: 'the overall heat transfer

coefficient U as: < Loy

1/u = 1/[ha Sa:l * 1/[h‘-f'sw] +. ll[ht s"f] . {1.1} - -~

Where ha and hw are respectively dependent upon the flow rates
Fa and Fw and the geometry of the materials used in the construction

of the radiator.

£ - - e e p

_ llht the coefficient of heat transfer for the tube is the
quotient ' ' | o
product of the tube wall thickness and the thermal conductivity of

the material used.

The overall heat transfer has further to be considered with

respect to the pressure difference experienced by the air and water.

In simple terms it would be expected that if the surface area

to cross~-sectional area of the tubes could be made very large this



would result in an increased heat transfer ability. In doing this,

the tubes would have to be of very small diameter as the ratio

L

increases as their radius decreases.

!

,,I-A + Bl . sutface area
“A B cross sectional area

For a rectangular duct

Where A is the width and B length. If B >> A then the expression
reduces to ?/A. A consequence of this is that the pressure required
to drive the water through the tubes is increased. As the work is
produced via the water pump from the engine, the power available to
dr%ve the vehicle is reduced. At high speed this factor can account
for as much as 10% of the total power. Plot 1.1 . In terms of the
efficient use of thg_engine,:this factor limits the perpissible"

waterside pressure drop of the radiator, this is a limit to the

advantages in heat traﬂsfer which can be achieved by_tube size reduction.

As an alternative, extended surfaces or fins can be used to
increase the surxface area. An extended surface is normally made from
copper aluminium or steel. It is common practice to produce a
particular shape in the extended surfacejperpéndicﬁiéf‘to thefair'flbﬁ.“'
Typically this is achieved by a cutting and twisting of the metal, to
form the louvre shaping shown in drawing (1.1). The 'fins are joiﬁed
normally using solder, to the water carrying tubes to form a direct
heat path between the water and the air passing through the radiator.

They also add rigidity to the radiator core.



In terms of equation {1.1} , particularly at-low air speeds
through the radiator: hw Sﬁ >>'ha Sa' Further, in general °
h, s >>'h; S, - Thus in the first instance equation {1.1} is

reduced to the form:

La i ¥ T T L

[ia Sa-[ +fhw Sw} where 1/ [h } =0

and finally U=h_S {1.2}
a a

U is thus dependent largely on the properties and shape of
the extended surfaces used. ful® w e
LI U
It is common practice to design a radiator to meet low air
speed conditions, because if the performance is adequate at'the low
speed condition then there is normally little problem in meeting

the dissipation required by the high speed end of the velocity range.

Therefore it is evident that for effective radiator design it
is desirable 'to make a further study of heat transfer at’ low velocities.
Low velocity flow in the vicinity of a solid body such as a
radia£o¥ fin has classically been assumed to be of a streamline
viscous nature. This assumption ‘is founded on‘the length based
Reynolds number being small lR =2 103|. However, the poésibility
of turbulence due to the body or particular shaping éf the secondary

surface has also been considered. Such a flow system involves the

concepts of hydrodynamic and thermal boundary layers.



With this as a background an investigation was made into.the .
available experimental techniques likely to produce rewarding data.
Each measuring technique has advantages and drawbacks. .

It was considered that any technfque involving "contact"
methods (e.g. thermocouples) would create a degree of disturbance

within the boundary layer such that the results would be valueless.

‘Contact measurement is defined as the introduction, of a solid
into the air Stream. Typical devices in this category_are hot wire ;
anemometers and pitot, tubes. The later were ruled out.due to the.
small magnitude of the pressure differences involved at very low.
air flows. For low Reynolds numbers the accuracy of this type of
instrument is limited, even with the appreciable corrections
suggested by A._MapMilian ref. {1.1} the standard of the.results .., .
obtainable would still be expected to be poor. A typical hot wire
anemometer as described by . Comte-Bellot ref. {1.2} was evaluated .
in the wind tunnel and although.the device proved . useful in
confirming the streamline qqﬁu;eLoffthe air flow, particularly around
the bell mouth entrance it was insensitive to the small velocity . .,
variations within the boundary layer.regions-of the samples.. The
anemometer was used to .calibrate-the flow through:an orifice plate,.

situated downstream in the tunnel, which was used as a bulk velocity

measuring device.

s Ste ! v LA
Different methods of temperature measurement have been explored.

Conventional thermocouples have been.introduced into the samples. .



where-the possibility of producing a disturbance to the experimént
was minimal. Surface'thermometry has been considered but rejected,
due to the size of the thermometers ref {1.3}, which might have

both disturbed the air flow and affected the heat’ flow from’ the

sample to the air.: R oo s e

From the possible non-contact measuring techniques holography
and doppler- anemometry-were studied in depth. - Before the advent of
the laser, interferograms of heat and fluid flow had been made by
Schlieren and Mach-Zender systems Ref.:{1.4}, the work being limited
by the intensities of the available ‘source and its coherence' length.
However, these problems have now been removed-and the production'of
"holograms using these’systeﬁs is commonplace.

[ T R o e b by g e

Laser doppler'anémometry presents a highly accurate velocimeter.
In air flow experiments there are potentially two disadvantages.
Firstly a fine stream of particles must be introduced -into the ‘flow
to provide seeding from which the doppler anelength shift can be
calculated and-it'is debatable whether theserparticiés will behave
in an analogous manner to air in ﬁhe very. small boundary’layer under
inveétigation. "The :second is the industrial consideration as to
the cost of the system Ref. {1.5}. Holography represents an alter-
native which is truly a non-contact process. ~Again holographic
techniques can be sub-divided into two groups, live and frozen
fringe systems. In the live fringe syste;; a‘set of fringe#lis
viewed, dirgctly created by the path length difference between the

reference and sample beams.' Distortion in the field under investigation

superimposes on the original set of fringes. The fringes are normally



viewed via a .telescope system . DIA (1.1)..: Frozen fringe.holography: .«
uses a photographic plate as an intermediate stage, two exposures
being necessary: in' the: formation of the hologram, the first exposure
being. the ‘reference case, the second having-a disturbance occurring, -:
in it. The resulting hologram contains{only‘the'fringes resulting -
from the disturbance frozen on the holdgram at the instant when the
second exposure was made. - A great deal of work has been devoted
to these fields, Ref. {1.6},. .two major drawbacks lie in the live
fringe system, -firstly .in producing photographic.recordings. of:the
system and secondly, in fringe interpretation, which in effect reduces
the technique to a frozen fringe situation, Ref. {1.7}. The frozen
fringes when used in conjunction with a pulse laser have the -advantage
of being vibrationally far more insensitive and are capable of » - - -
recording instantaneous events, Ref. {1.8}. The merits of ‘the - = r:
various possible ways iﬂ which data could be obtained were.conéidered.,
Frozen fringes holography satisfied all.-the criteria for a measuring
device with only one major misgiving.:- The refractive index change
required to produce a path length difference across-the wind tunnel:of
one fringe occurs if either the air speed exceeds 60 ﬁ;’sec..:(fringes
produced by air flow only) or by a ;:;QC temperature difference v« ¢
between the two exposures - Appe&dix (1) ;:- Thus it follows that only
the temperature profile of the boundary layer associated with the
surface could be measured and not the hydrodynamic boundary..

. i Ga Ml R g esien o
This represents a major experimental limitation of the apparatus

-1 gt LR ) ’ L

in terms of a strictly holographic technique.

Attempts have been made to introduce smoke particles into the

R

air stream with the possibility of photographing the. resulting traces.



A particular system was considered, ref. {1.9}; but was found to use
a heavy-volatile oil to generate smoke. In a test situation..
outside the wind tunnel the smoke left a heavy oil deposit.., The
system was not used inside the wind tunnel for the following, reasons:
1. The oil vapour was much heavier than air, thus not representative
., of the actual air flow. , - . S S (e
2. The oil was likely.to condense inside the wind tunnel making

further holographic work difficult.
3. Such a deposit would be difficult to remove from the test

samples., . ;v G : S g Db osnE

T S PR LAy e

As an alternative method of obtaining information a new:system
has been developed which uses an electrically heated multiple strip
element heat exchanger model. The model is constructed from a series
of 5 10_6 m thick nickel strips mounted either side of a 10--3 m epoxy
resin base. Each strip is isolated both electrically and thermally
from the other strips making it possible to control its individual:
power input. The resistance.of each strip has beeﬁ‘used to measure
its temperature. Thus by adjusting.each separate power input all
the strips can be maintained at. approximately the same.temperature

independently of the air flow conditions present.

In the present simple form this technique is.limited,. but
promises to be useful in complicated flow situations .if improvements

to the method of assembly and the electronic control .system:are made.

Another problem in the project was.to define the type of samples

which could.be used to represent extended surfaces.. Reynolds number

3



scaling has been used for modelling the surfaces. A scale factor
of five was introduced to provide Ehe resolution of the fringe
pattern. Larger test samples would have made the size and length
of the wind tunnel impractical. The distance of the pulse laser
from the sample was determined by the cross-sectional area of
illumination required. To produce an even épread of the beam
greater than 10 cm diameter would have ne;essitated £he laser

being more than 5 m from the sample.

Various different methods of producing experimental test shapes
have been developed. The materials considered and used in construction
being metal, resistance paper, carbon fibres, epoxy resin and

conductive coated glass. The advantages and disadvantages of these

different techniques have been explored experimentally.

Consideration has been made with respect to the desién and
development of the wind tunnel. The entry region has been designed
to give an exponential bell mouth. This has beeﬂ pfodueéd to keep
any disturbance of the air flow entering the tunnel to a minimum.
Attention has also been given to stabilizing the fan motor, such
that the bulk air flow through the tunnel does not fluctuéte for

any particular setting. The material from which the tunnel was
constructed, (specially laminated paper) was chésen such that the
internal surfaces of the tunnel were as smooth as possible. This

was to ensure that wall disturbances would have a minimal effect.

A description has been given with respect to the types of
mathematical methods available to describe fluid flow over heated

surfaces,



10"

Ce s

Any theoretical study of a flow is not_capable‘qf a p;ecise
analytic solution except in cases where the bounda;y_condigions o
involve very simple geometry.

. . r oo
S . . | L
.1 LA N . N '

However, considerable flexibility is possible for potential
flow in a two-dimensional system when it is possible to have a
scalar velocity potential @ and stream function Y. Thus a ¥ and

@ can be derived from any function f(z).

. e Ty b R L T N S

" .

between the actual body and the boundary beyond which potential

" flow theory would be valid.

Other more complicated techniques which are develpped_frdmh\
the Navier-Stokes equation Ref. {1.10} have been discussed and
their limitations noted. Finally, an outline has been made to

the use of holographic information in developing a more complete

description of a boundary layer flow.

Considerable concern has been felt with respect to methods =~
which assume constant properties. In the field of radiator deéignr
temperature’ differences produce density changes df'ub to '20% and
viscosity changes of 10%. Equations have been dérivearié éhdw'
that such density changes are significant with respect to'the °

assumption V . q = 0. S i SR

o

13

It was hoped that a region of viscous flow could be fitted ..
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During an early stage of the project a theo;etical_study.was ;
made of the possible interpretation if a large temperature variation
existed across a heated sample. The fringe distribution which is
an integration of the light ray path thrqugh the field would pe .
expected to change if viewed from different angles due to local .
variations in refractive index. This study has been, developed in

Appendix .(2) and concerns the three dimensional reconstruction of .

refractive index fields.

L

One further point which should be mentioned in the introduction
‘related to the industrial side of the project. At pgesent purely
empirical methods are used in the development of radiator cores.
During the project a prediction model, Chapter {8} based on works
by Kays and London ref. {1.11} has been developed. The model is

useful in inspecting alternative designs without the expense of

practical testing.

SHORT REVIEW OF CURRENT LITERATURE

There is a large amount of literature available on the subject
of heat transfer. An attempt has been made to outline some of the
more recent publications on this subject. Saboya and Sparrow ref.
{1.12} and Siegla and Mont ref. {1.13} present experimental results
of developments made to perforated and herringbone hea£ exchanger
surfaces respectively. Ota and Kong ref. {1.14} give both
experimental and theoretical evidence of an increased local heat
transfer at the leading edge of a flat plate. Several papers have

proved useful with respect to the holographic part of the project



12

and the interpretation of fringe fields. Sweeny and Vest ref.{1.15}
and Kapur and Macleod ref. {1.16} describe techniques for fringe
interpretation. Cooley ref. {1.6} relates fringes produced by

natural convection to‘a matﬁematical solution derived by Sparrow

and Gregg ref. {1.17}. Other areas of work researched, particularly
with respect to the three dimensional refractive index reconstructions
discussed in Appendix (2) were found in the X-ray field. Berry and
Gibbs ref. {1.18}, Merserean ref. {1.19} and Smith and Gibson ref.

. 1
{1.20} have all produced work related to body scan radiography.

WodFd B -
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CHAPTER 2

HOLOGRAPHIC TECHNIQUES
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DOUBLE EXPOSURE HOLOGRAPHY

The first description of holographic techniques were made
by Gabor ref. {2.1}'who described the process by which coherent
light could be used to form complicated interference patterns. :
These interference patterns when illuminated with coherentlight
reconstructed three dimensionally an image of the original object

Dia {2.1}.. There were found to be two possible.reconstructed ,

images a real and virtual Ref {2.2}

S PR

A double exﬁosuxe means 1iterall§ one exposuré'made on tbéléf
another. The resulting reconstructioﬁ cénﬁains néﬁlonly information
relating to the original vbject but also information wi£h respect to
any small disturbances which have taken place between the exposures
being made. The simplest method of describing mathematically the

occurrance is by the superposition of coherent light .waves.,

LR ]

Lot -
- ¢

Let |I°l2 represent the intensity variation when. the reference
wave ein and the sample wave eiax are added.

2
+

[IOI2 Ieiax einl

o4 GLlB)X | -i(a-B)x

%
Let ]Izl2 represent the intensity of the second exposure ..

recorded after a change § to the sample wave.-

2,12 = 306 b OOHOREE , AUGHERIE
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The résuiting intensity distribution produced on the photographic
plate is then:
2 = 2 . . . o

Io k Il

: I ] G >
= 4y tleB)x | il+s-B)x -i(a-B)x oila+8-B)x

o | ' equation (2.1)
1f the plate is illuminated with the réference beam the

resulting reconstruction can be expressed as:

R = 4 o1f% 4 JLl@)x ol@d)x oi=28)x e—i(a+6-28)x

In diagram (2.4) the reconstructed virtual image will be

formed in the same position as the originél object. The resulting

image reconstruction intensity will take the form:
(]2 = [elo% 4 L@0%] [ tox | ~ieed)x]

= 2 + 2 cos 6x.
Cos (6x) is a maximum whenever §x =X n, n being a integer,
for even values of n 2 cos (6x) = 2, thus constructive inter-
ference occurs and bright fringes are seen. Dark fringes are

produced for odd values of n.

2
th

The second possible image described in equation (2.1) is

P

formed by the terms e—i(a-ZB)x + e_i(a+5- 2B)x. This represents

the real image and would be formed if the plate was illuminated by
the reference beam at the position (a-28). In the experiments
made a = B = 450, thus the position of the real image is in line
with thg reference beam, However, a real image reconstruction
was made by illuminating the holographic plate with a reference

beam in the opposite direction e—in' which produqed a real image
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at the original position of the previous virtual image.

In the case of an experiment using a diffuser, the phase of the
sample beam is spacially randomised. Changes of § are.localized in
the reconstructed image to the area around or in the sample where

variations between the two exposures have occurred.

s gld

METHOD OF PRODUCING HOLOGRAMS

In the previous section the theory by which a beam of coherent
light can be used to form an interference pattern was outlined.
Experiﬁentally there are several ways in which this effect may be

achieved.

Reflection Holography

This is the simplest method used in holographic image, formation.
The incident beam illuminates both a mirror and the surface of
interest. The reflections from both combine on a photographic .
plate to produce a holographic image, ref. {2.3}. The method is
used when on the surface distortions of a body.are to be investigated
and there are no disturbances in the surrounding air to distort

the observed fringe patterns.

Transmission Holography

The method forms the basis for all work when either the .
influence of a shape with respect to its immediate environment is
to be investigated or when the object is semi-transparent. 1In

this case the beam is split into two parts, the reference beam
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and the sample beam. The reference beam is shifted away from the
field of interest by a beam splitter and recombined after with the
sample beam to form a holographic image. It is common practice

for a diffuser to be placed in the samplé beam path directly before
the sample itself. The diffuser is usﬁally made from ground glass,
its action being to randomise the phase of the incident light and
illuminate the sample. The beam may be allowed to either diverge

or be held parallel by the use of a lens system,

EXPERIMENTAL WORK

The first experiments made were to test out the viability of
the double exposure technique. These used a He/Ne 5 mW. continous
laser and a transmission holographic method - Dia {2.2}. The sample
used was a small lightbulb, the first exposure being made with the
bulb cold, the second after a suitable period of time with the bulb
hot. Scientina 10 E 75 plates were used for recording the two, .
four minute exposure periods and developed in Kodak B8 developer.
Heating was achieved by switching the bulb on between the two
exposure periods. Good holograms resulted, the localised heating
of the air could be seen as thick halo like fringes around the
bulb - Fig. (1). Photographic reconstructions of the holograms

were made using a 35mm Exacta camera and FP4 film.

The next step was to use a pulse laser to take holograms of'tﬁé
same object. The reason for using a pulse laser was to -reﬁuce the exposure
time of the plate. This meant that instead of viewing a time

averaged isothermal picture, a near instantaneous one could be
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achieved. This had great importance with:respect to the aims of
the project, which was to obtain holograms of'air-flowipg over
heated surfaces and to freeze any particular instantaneous event’
which may be present in the heat flow. The speed of operation of ~
the pulse laser would reduce vibrationél problems likely to arise

during the experiments. . =

Production of Holograms Using a Pulse Laser

It was apparent that the divergent-pinhole method of producing
a-clean diverging beam --Dia {2.3} which had been-used to’diverge
the continuous laser beam, could not be used in conjunction with
the pulse system. The intensity of the beam simply melted:the '
aperture. Without the pinholé'aperture the intense pulse beam was
not clean enough to produce a hologram. A system was devised using
a X10 microscope objective focused on a thin piece of material -
ref. {2.4}. The converged beam had enough intensity to 'melt am
small hole in the material, thus producing a clean aligned pinhole
for the next firing of the laser. Different materials were

experimented with the most effective being platinum foil of 3.8.10-3

cm thick,

To produce holograms using the pulse laser, the object-had to
be moved approximately ten feet from the laser due to the intensity
of the pulse. Further the divergence of the beam was'not'aé great
as that produced by the continuous laser system. Various experiments
were made to overcome this problem. Firstly a X20 microscope
objective was used to focus the pulse beam. The focal poiﬁt'ﬁf the
lens proved too close to the surface and the-intensity‘of the beam

melted it. Several types of neutral density filters were used to
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reduce the pulse intensity, it was found that if the filter was
placed before the microscope objective, it was damaged.
Alternatively placing the filter after.the pinhole added noise to
the beam making it difficult to produce holograms. The pulse laser
also burnt out the centre of the X10 oﬁjécﬁive, but over a long
period of time. For this reason care was taken to keep the

objective lens clean, in order to reduce absorbed energy.

Having proved the transmission system a hologram of a heated
surface was made. The surface was made of steel and heated using

a low voltage, high current transformer.' The power applied was

oAk .

typically 4 watts and good holograms resulted from this arrange- =~
ment. The reconstructions of ‘the holographic images shows an’
uneven temperature profile produced over the surface (Figs. 2a,
b, c). These experimenhs were made to test the poséiﬁiliéiéé'bf'
the system and that the reference beam was kept far éndugﬁ from’

the sample area to assume that the temperature variation has not

also affected it.

The Design and Development of a Mach-Zehnder Interferometer

In view of the success of the transmission holography“pi'ovimjr
tests it was decided to construct a Mach-Zehnder interferometer
and at the same time design a low flow scale wind tunnel, to work’
in conjunction with it. Dia {2.4}. The advantage of this type of
interferometer was that it separated the reference and saﬁplé"h”
beams, without producing a large path length difference between
either. It could also be designed to accommodate a reasonably

large test sample. The interferometer was set up in the
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conventional manner - ref. {2.5} and failed for several

et

reasons.

. Fost O R R ST TRCI STt teegp' ¥

1. Lack of rigidity in the system.
- ' ‘, v 1

2. The low quality of optical mirrors ‘used.

3. External vibrations now seriously affected results.

4. Intensity of the pulse laser, the size and efficiency of the

beam splitter. )

t1

Optical Surfaces

i L
Consequently the system was redesigned and high quality
Optical flats ordered. (UP to this point the student had been making

partially and fully silvered mirrors by evaporation techniques

»(:"'r't"_

'usmg a laboratory vacuum system). Two front silvered mirrors,

L
checked on a.Imyman Green interferometer, with a surface flatness
of A/2 were supplied by ICOS Limited - ref. {2.6}. They also ground

a 13° angle prism which acted as the beam splitter.

Mechanical Frame
Drawings were made for a redesigned frame of‘increased

rigidity which was machined at RALPART, British Leyland. The frame
consisted of three flat plates of steel plate 1/2“ thick connected
and supported by eight 1/2" square steel bars. On the plates were
fitted angled pieces of steel to carry the mirrors and prism -

pia {2.4}. Each was mounted using spring-loaded screws to produce
the necessary fine adjustment The mechanical frame was made of

steel for rigidity and to facilitate the use of close tolerances.

It was also sprayed and baked matt black to diminish internal reflections.
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Mounting of Interferometer
To ensure that the interferometer was isolated from exte;nal

vibrations it was mounted on a 1/2 ton cast iron base which itself

t

rested on an expanded polystyrene raft. i

.Proving Experipents ;nﬁ‘ﬂad}f%cations made to”;hg Inperfe:ometer
The firsp proving egperimen;grwere made using a_pqntinuous“
laser. It was founded possible to produce weak single and double{
exposure“hologramsf ~Vibrational checks were made with an Etalon
vef. £2.7}); and also by setting the interferometer to view live
fringes - Dia (1.1). Both these tests indicated stability in the;
system, so the lack of visibility in the holograms was due to a
miss-match between the intensities of the reference and sample

beams. The system was simplified by removing the beam splitting

prism - Dia (2.5).

“ =L o

Holographic Processing

gl

The holograms in thé eérly_developmen; stages had been made -
using Agfa Scientenai BE?S_plates developed in Kodak D8 high
contrast developer. The 8E75 plates weré}used with the pulse:
laser as they required a long or bright exposure and produced |
detailed holograms. Other types of holographic plates were tried,
but did not prove advantageous. In making the transition from
the_continuous to the ruby laser two effects became apparent.
Firstly the exposed plates exhibited a large grained or excessively

mottled effect. Secondly the lack of control which could be .
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exercised over the pulse laser intensity. The lack of control is
related to the physical distance and divergence of the beam from

the object. It is also due to the fact that a particular striking
voltage was required below which the laser would not lase. This

lack of control in the beam intensity could not be accommodate&

by the attentuation of the signal; inserting either filters or

lense into the system degraded the quality of the beam and moving

the laser further from the object was a physical impossibility, due

to the laboratory space available. As a result the photographic
plates were heavily overexposed. Reduction in developer concentration

merely produced a loss of image, so a bleaching process was intro-

duced after the development stage of the plates.

Initially a dichromate bleach was used reducing the silver halide

in the plate and producing a wholly phase cbject in the reconstruction.

*

The results obtained were good as long as the plates remained wet. On
drying the viewing of the image was as "looking through a pebbled o
bathroom window". The problem was ove?come by using a complicated
Kodak reversal bleach process ref. {2.8} which produced very Elearl
images, the only drawback being a fading effect produced over a

long period of time by moisture absorption into the gelatine of the

plate.

Cleanliness of Optical Surfaces

This point was first considered during the early development
stages of the éroject, which were carried out in a more hostile
industrial atmosphere. It was found that despite protection a thin

layer of grease ‘accumulated on the mirror surface, there was also a



slight problem of condensation. The effect was dramatic, reducing

]

the visibility of the holograms. Hence a procedure for cleaning

the surfaces was necessary.

1. Careful light wash with isopropyl alcohol to degrease surfaces.

2. Wash with distilled water.

Vo L o

3% Final light wash with isopropyl alcochol to aid air dryinq.
The problem was somewhat reduced when the apparatus was set up under

laboratory conditions, but careful periodic cleaning with isoprOPY1
alcohol was still required. To ensure good lasing careful cleaning of

i % L
o l i 3 5N

the mirror reflectors either side of the ruby rod in the pulse laser

had also periodically been carried out.

Alignment of System
3 W o + ' ¥
The alignment of the laser and the interferometer has been

reduced to a simple and easy procedure.: Firstly the pulse laser-nas
set to produce a good lase, this was achieved by aligning the

resonant reflecting mirrors mith an autocorrelating telescope.!-éhen
a continuous laser was aligned along the direction of the pulse. By
adjusting the two mirror beam splitter (Fig. 4) the cdntinuous beam

is first set via the top mirror to produce a spot in the centre of the
plate holder after passing through the sample section. This procedure
was then repeated using the lower mirror in the beam splitter, this

i g "

time producing a spot in the centre of the plate holder via the lower
mirror surface mounted in the interferometer. Finally small lateral
adjustments were made, repeated pulses from the pulse laser were

centralized by a horizontal rotation of the whole beam splitter

assembly.
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Type:of4Diffu§er‘ _ : ek T U s

., The function of the diffuser is to randomise the phase, of the
incident light on the sample. rDifggrent types of material have been
experimented with in an attempt to maximise the efficiency of thql
diffuser used iplthe interferometer.. Coarse grained ground glass.was
found to produce sharp pinpricks of light which obscured, the fringe,
patterns, effectively adding to the speckle already present. Too fine
a surface tended not to diffuse the pulse beam, producing a high
intensity spot at the centre of the reconstructed image, and not
throwing out enough seconda;zzillpm;ngtiqn;;o make all the sample
visible. A holographic diffuser was also attempted, as this seemed to
give the required effect withduﬁ'the.éﬁégﬁing ééwgé of ;tohhé giaé)q-
_ref. {2.9}. :Unfd}tunately deflecting the intense direct beam and
subsequent"ov%r:eSPOSuré of the pi;te proéided an obétacle to_ihis
method. Such methods are useful when the reference and éaﬁéié beams
do not require Sepé}aaion; \Variéﬁé ther'matériAIS wére triéd, guch
as neutral density filters and thin plastics, but again these acted
as finely ground glass. The diffuser which yielded the best results
during experimentatién was the glass‘which was produced at Culham
Laboratories by gradﬁaliy gfindlh§ down.tﬁéﬁéurfécékéf“fio;£ glaésnﬁy

successive grain sizes of diamond paste.

=

. i Pt 0 .. o b T E i L = R el T
A graticule was drawn on the ground glass surface of the diffuser.
This has been used to 1oca£e, scale and refetence, the bﬁéerved fringe

distributions. Fig. (5).

Fringes produced on the photographic plates surface ﬁy iﬂtefnai

reflections.
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During the early proving experiments of the Mach-Zehnder:
interferometer fringes were observed on the photographic plate surfaces.
These fringes were due to back reflection from the plate carrier. An
Agfa BE75 plate with antihilation coating had been prevoously avail-
able but was found to be out of production;‘ The problem was solved
by mounting black felt onto the plate carrier surface thus absorbing

any light transmitted through the photographic plate.

RECONSTRUCTION METHODS © = - .= '™

. < . * - . I .‘.‘ s
Once the production of clear holograms had been achieved it was

r

essential that good photographs of the image could be produced from
which reliable results could be taken, both as a permanent record and
for comparison with mathematical models. There are two possible

images available for reconstruction in a hologram, the real and the

virtual.

Virtual Image Reconstruction
The virtual image reconstruction was made by using a He/Ne 5 mW

continuous laser. The image lies behind the holographic plate (Dia

\

2.1) and cannot be projected. The problems in producing a photographic

picture of such an image can be expressed as laser speckle, depth of
image, resolution of information, variation of pulse intensity of

s

the laser and degradation due to the type of developing process.

Apart from the straightforward technique of using a single lens

T

reflex camera several other possibilities were attempted. These

included placing a large lens between the plate and the camera and
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telecentric viewing system. Despite the experimen;ation the
camera alone gave the best results. The majority of the photo—
graphs of reconstructed images being made with Fhe camera i
aperture set to F5.6, with an exposure 13 to 20 seconds onto FP4
film. Reduction in ape;tu;eﬁproduced_iarger speckle (Fig. 6a)
and too large an aperture failgd,to keep the whole image in focus

(Fig. 6b), i.e. lack of focal depth. .

Real Image Reconstruction . e

The alternative to reconstructing a virtual image was real
image reconstruction. Preliminary experiments were made at Aston
University and the final part of the work was completed at
Strathclyde University with the help and assistance‘ofbnr. S. Fraser.
The advantage of this type of reconstruction was thatuit did not
require a camera but p}odnced a projected image which could be
located on a photographic plate - Dia {2.6}. The reasons for
visiting Strathclyde University was to use a more powerful He/Ng
spectra physics 1/2W continuous laser and to meet Dr. Fraser's,_
-project student who had been working in a similar field - ref.
{2.10}. The experiments made illustrated two very useful points.
Firstly by illuminating the whole photographic plate, only one plane
of the image was sharply focussed on the diffusing screen, the
remaining field being out of focus, and as the screen was traversed
different planes could be explored. An amount of knowledgé of this
phenomena existed at Strathclyde - ref. {2.9} where experiments had

been made to locate specific hot-spots in a test sample. It

illustrated the fact that the fringes in my holograms were located
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over the test area and were not being pfoducéd in the glass wall

or outside the area of interest. No particular hot-spots were
located and the fringes lay evenly across the test surface. Depth
of field in the object was achieved bf feducing fhé‘aféa of
holographic plate illuminated. In the iiﬁit‘aﬁjhﬁﬁiﬁerded beam was
directed at the plate producing a sharply'ééfiﬂga"fégfbpiojeéfed
image (Fig. 7). The images were produced by using a two minute
development in Acutol, a high contrast X-ray developer. Conventional

developers (i.e. Universal) produced a very low contrast image.

The disadvantages of this system is that only a very small area
of the plate is being used to form the hologram, hence the high speckle
noise which can be seen. Thé high level of speckle noise and. use of
a high contrast developer obscures broad fringes which fall below the
general grain noise. fhis was illustrated‘with a series of micro-
densiometer measurements made on a real image (HP3 plate) (Fig. 7).
Even with heavy damping, which slows the response of the instrument
and tends to average the grain noise, it was impossible to determine
the area in which large fringes can lie., These fringes could easily
be detected in the virtual reconstructions. The area of plate
illuminated also reduced the amount of high frequency information
available in the reconstruction; however, in terms of the type of

object viewed this was not a disadvantage.

Viewing of Holograms

The viewing of holograms for interpretation is a further area into

which experimentation has been made. The most successful process

required that a large plano convex lens be placed close to the

holographic plate on the viewing side of the hologram. The resulting



27

image was highlylmagnified and made it possible to determine the
fringe patterns close to the heated sample. A good large lense was
required for this method. Smaller leses prcducéd large distortions
in the field making observation difficult. Attempts to place a
camera in the focal plane of the lense'(telecentric viewing) to

produce a photographic image, has not, as yet, proved possible.
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DIlA. (2.3)

DIVERCENT PRINHOLE SYSTEM USED IN CONJUNCTION WITH A

CONTINUOUS LASER

-
4

o>
w CD:

A Pinhole
B Microscope objective lens (x10)

C Divergent lens

DIA. (2.2)

EXPERIME NTAL TECHNIQUE FOR PRODUCING HOLOGRAMS

BY TRANSMISSION

! —
C
% [
| /ﬂ“'ﬂ e r
¢ o ¢ —
e \—~
Al
[ ' |
A Ground glass diffuser C Photographic plate

B Prism D Sample
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CHAPTER 3

EXPERIMENTAL PROCEDURE
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EXPERIMENTAL PROCEDURE

MY g,

The procedure by which reliable test results‘coulg be obtained
was evolved on a purely experimental basis. Firstly the sample to be
tested was placed in the rigid free-standing central test unit of the
tunnel (Fig. 8). Current was then applied at a gradua}ly}}ncreasing
rate from a variac transformer. The voltage and current was monitored
by two Avo meters, one set to read the voltage applied_across_the}
sample, the other the current flow. This test, made in free air was
used as an indication of the rqueHQf power that could be applied to
the sample under experimental conditions. The power input was varied‘

between 10 to 25 watts depending on the material and shape of the

sample under test.

Before commencing an experimental series, several tests Were made
to ensure the efficiency of the system. Firstly the X10 microscope
ébjective was checked for laser damage., Secondly the pin-hole was
aligned using a.telescope system (Fig. 9)fisuch that‘yhe_foily}ay in
the focal plane of the objective lens. _Thirdlg the lase;‘wasﬁfired
and the resultant beam directed onto a white card.E A goqd_lasg was
indicated by a red disc of illumination, whilst a poor one had a white
incoherent edging. Finally a series of.tes; holograms were made.
These holograms were developed immediately after exposure using D8
developer and dichromate bleaching golution. Poor optical_alignmen;_of
the system could be seen in terms of an uneven illumination of diffuser
and degradation of image. External influences resulted in fringes
obscuring the whole field of view (Fig. 3). An example of such an

external influence was created by a compressor operating in the same
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building, when in operation it caused bad fringing on the doubly
exposed plates, the fringes being locatable on the diffuser. Here

the vibration was causing movement of the apparatus between the two

exposures.

Once these. test experiments were completed the sample mounted in
the free standing unit was ‘located into the main section of the wind
tunnel (Fig. 8). The fan motor was:then:connected and set to'give a
- reading of 0.5 inches water dauge pressure across the orifice plate.
A sensitive calibrated liquid manometer was used to measure the
pressure differences across the orifice plate (Fig. :10). -The air flow
-required-a short period of stabilisation. .Then the 4" x -5" Agfa
-Scientina plate was loaded-into the plate carrier at theé rear of the
.interferometer. Care-was taken not to rock the apparatus by body
contact during this act. The first exposure was made, a previous
.lase having already been used to form the pinhole aperture.  The ‘-
heat, input was then applied to the apparatus with a twenty minute "
period allowed for the sample to reach a stabilized-temperature. A
second.firing of the -laser was then made and the plate removed for
development, Before the heating circuit was switched off recordings
were made of the voltage, current and thermocouples placed in the
sample.” . A cooling down period was allowed and further holograms
were made at lower air flows. Seweral air speeds were used for each run,
giving a fair range to the thermal boundary layer development. Other
experiments which have been made in the wind tunnel have been to
monitor the heat transfer at different air speeds and variable heat
inputs using thermocouple measurements and to produce double exposure
holograms to investigate natural convection (Fig. 11). Care has been

taken throughout all the experimental work that the internal surfaces

-
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of the wind tunnel were smooth. This was to eliminate the

possibility of any other distﬁrbances except those due to the test
samples - ref. {3.1}.
’

The wind tunnel/interferometer assémbiy has worked well in
producing holograms. Soon after the proving experiments were
completed a DISA hot-wire anemometer - ref. {1.2} was placed at
different points in the tunnel to check the flow entry conditions,

and monitor levels of turbulence}(F%jxj)

There was no measurable turbuluence around the mouth of the
tunnel and only a low percentage even when probes were placed behind
an extremely abrupt and large'louvre sample (Fig. 12). Smoke traces
were also attempted - ref. {3.2} but did not give any indications of
the naturelof the flow.' Experiments using small hydrogen bubbles
were considered but on the advice of.the Aerodynamic Design Division
of the Motor Industries Research Association were not attempted. An
alternative method of loocking at the fluid velocity would have been

by laser doppler - ref. {1.5} but was ruled out in terms of cost and

difficulty in operation.



CHAPTER 4

SAMPLE FABRICATION

(PROVING STAGES)
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SAMPLE FABRICATION

One of the problems associated with this projgct has been the

fabrication of experimental samples. Several methods of producing

s A
.

such samples have been investigated.

"

™5

Preliminary work

During the proving stages of the experimental work two types of
samples were used. The need at this stage was to produce a'heated
surface and little attention was given to its controllability. The
first surface was made of steel and required a low voltage and high
current to be passed through it to produce the requ}reduheating
effect: Connections were made to the sample via silver soldered
_ thick braided copper wire. Attempts were also made to shape the
steel plate to produce‘an even‘distriputionlof the current flow.
Steel plate was chosen_because?theﬁqpmple in a wind_Funnel$eny?rontnt
‘should closely resemble a distributive surface of a heat exchanger
which is made from copperkof approximately 5ﬁ10-3 cm inlthicknequr_ﬂ 4

Thus the sample thickness, in order to keep to a scaling factor of

5 was between 25.10-3

thickness of 1«10.10-3 cm. The second type of test sample was closer

cm and 38.10° cam. The steel plate had a

to that normally associated with heat transfer work - ref. {4.1}.
This sample was constructed from resistance wire held flat by two
sheets of mica, the total thickness of the sample being in the order “3

of 0.1 cm.

The samples although proving useful for the evaluation of the
déuble exposure holographic technique were unsuitable in terms of

producing useful results. The steel plate tended to have an uneven

-~
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temperature distribution and fringes due to heating were detected

I e T R i

around the copper connections. In such a variable situation no
experimental investigations could be made as to the nature of the
flow passing over it. The resistance wire sample deformed on heating

also making measurements impossible. From these early trials certain

’

criteria were laid out as to what constituted an ideal specimen.
Firstly the material should be thin, (approximately 3. 10 o )
undeformable with respect to temperature changes (&T = 70 C) and _
preferably transparent to allow a maximum transmitted light. The
sample material had also to have a reasonable electrical resistance
( 250 ns/EI) and the possibility of being formed into particular
shapes. Three methods of achieving these standards were pursued.

Development of Experimental Samples

' . - . = 5 *

_Having now erperienced the disadvantages of making-direct replicas
of the surfaces, composite materials were investigated. On the advice
oflthe Plastic Division, British leyland, an epoxy resin cabable of
withstanding high temperature without distortion was used. The basis of
the model was to mount on either‘side of the sheet of resin a layer of
electrically resistive materials._ Materials tried in this operationl
were carbon resistance paper, resistive paint supplied by Hunderlec -.
ref. {4.2} graphic particles sprayed onto the surface and carbon fibres
added to the epoxy resin mix. The graphite particle and paint methods
both produced highly uneven resistive coatings. The carbon resistance
paper (Fig. 13) produced tough, evenly coated surfaces, which sere
limited in the.amount‘of heat which could be applied before the paper
began to singe. The carbon fibre technique varied in its resistivity

depending on the direction in which the fibres were laid and the
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electrical contact from one fibre to the next. A useful side effect
was found which was used in later experimental work in that the carbon
fibre added strength to the basic shape and thus made it possible to

keep the sample within the desired scale factor thickness.

PRI S

As uniformity of resistanqe?was‘of_importancg, experimental
work was made using a resistance paper model. By painting strips of
conducting paint down the sides of thg spgcimeps' it was possiblng
to ensure that an even voltage was produced across it.e,ngcq‘og}y“‘
those areas of material lying inside the tunnel were hea;gd eliminating

the possibility of the free convection fringe patterns being super-

imposed from heating outside the tunnel.

Finally thin wires were now used to.carry the A/C power to
produce the heating effect. This had the result that less of the

holographic information was obscured by large connections.

Glass Sample Fabrication

Parallel to the development of the resistance paper gpecimens,
methods of using glass to form the sample base with a conductive
coating in or on it were also being investigated. The majdf difficulty
was not in obtaining flat¥giass”with a good resistance coating, such
materials are available in the production of heated_rear.acreens.for
the motor industry, Triplex Ltd. ref {4.3}, but in forming the
material into the scaled shapes suitable for experimental_work.
Drawing { 1.1}. via British Leyland, Culham Laboratories were

involved in this problem. They suggested a technique which was in
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its early ‘development stages 'and arrangements were made to fabricate
the samples from Pyrex. 'The Pyrex was:heated to a temperature of
over 650°C in a furnace with an inert atmosphere. It Q&s*mouniéd
between two carbon-moulds - Drawing (4.1) the weight of the "top mould
pressing the shape required into the giéss. A high quality carbon '~
was used to ensure no imperfections from the mould surface were " '
impressed onto the glass and that no impurities in the carbon were !
assimilated into the glass. 'Such’impurities cause ‘excessive stresses

in the glass during the cooling stages, which can result in breakage.
' The sample after cooling was then removed from the furnace and -trans=- -
ferred to a second furnace ‘and heated to'300°C. ' Temporary electrical
connections were made down the sides of the samples and stannous =~ '
chloride formed a pseudomorphic layer - ref. {4.4} a few molecules ™
thick on the surface, producing an even conductive coating irrespective
of the complexity of the material shaping. SR R Al

Finally two conauctive-strips of gold were evaporated by ' -

conventional vacuum techniques down the sides of the sample for the ¥
purpose of electrical connection and to define the heated area ﬁith;n
the working area of the tunnel. ' As an initial test piece a:conductive
layer was evaporated onto a flat piece of material. The resistance
was found to be 500 Qs over a 7.6é cm width, 10.16 cm long, by creating
a 100 volt D.C. across the sample a potential piot was made’ showing * -
the variation to be approx. 5%, which was well within the limits
required to assume an even coating. Four different shapes were projected
as examples of disruptive surfaces. The flat plate, dimple;' half and

full louvre. T ' — '
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The flat plate as described was also used to evaluate,the.stannous
chloride evaporation techniques. The .material used to form.the shape
in all these cases was Pyrex glass of thickness 8 x 102 cm. . The
thickness was a necessary compromise because of the high stresses
involved in the moulding process and the material thinning as it was
drawn between the moulds. The first shape to be produced.was that of
the dimple, which proved to be a very useful sample. Prcblems, however,
became apparent when a half louvre shape was attempted. It had been
hoped that the extreme material thinning in the region between .the . ...
trailing edge of a louvre and the start of the next (Drawing 4.1).could
be cut away to form the gap required. Only three successful shapes ., .
were obtained before the sample shattered inside.the mould during the
cooling period. The mould was damaged irrevocably. From these three -
samples two shattered during the hand washing finishing stage and the
third during the first éxperiment made on it. To overcome this problem
an alternative approach was used, allowing the laboratory, workers -to
use their skill of cutting and shaping glass by hand rather .than.a
remote forming process. A precoated sheet '1.10-2 cm thick flat Pyrex
glass was supplied by Triplex Limited, cut to shape (Drawing i.1) at
Culham and assembled using a flexible epoxy resin. The sample was
formed by cutting a square out from the centre of a sheet of conductive
glass., A serles of conductive glass strips were then mounted to form
the louvres, and held in a machined jig until the epoxy .resin had set.
The jig determined the angle of attack the louvres were to make to
the air flow. The angle was calculated with respect to the thickness
of the louvre, the length of the louvre and the channel width (.i.e.
distance between one set of louvres and the set directly above or
below). These dimensions were based upon actual productioﬁ,shapes

and scaled by a factor of five. Appéndix (4) describes. the method ..
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by which the angle of attack was determined. Two full louvre samples
were fabkicated, one to be used in the single fin experiments, the
other as the live fin in the block experiment.' The size of the
removed square.was 6.35 cm long by 7.62 cm wide.. Each of.

the five louvre strips were 1.27 cm wiée, 7.3 cm long with a small

flange of 0.158 cm to locate them into the gap.

4

Block Sample

1ty - P S Tl o : i wRL e o EENE
The block sample was designed to.simulate an -actual radiator core.
Nine fins were mounted in parallel, the central one. of which being one

of the conductive. full louvre shapes. . The other eight dummy fins were

yoaRt

made to identical specifications as the, live sample.
They were made .from high temﬁerature epoxy resin strengthened with
carbon fibres. The samples were made at Cowley Body Plant (British
Leyland). Different tfpes of material were tried in order to add
strength to the shapes i.e. glass fibre cloths of varying.weave and -
thickness. However, it was found that the carbon fibre samples were

the most even. in thickness and distorted the least with heating.

They were also the most robust.

The mounting of the nine fins to-form the teétnébéciﬁéﬁ-was'a
delica£é'cpe}ation. -Four thin brass strips with.gr;OQes at i:27 cm
intervﬁls along their sideslwere prbduced. Two strips were first
held in position with a soluble adhesive against the laréé glass o
windoﬁs of the wind tunnel test section. The central live'fin was
clamped between these two windows and located in the pair of central
grooves. The remaining dummy fins were fixed into position locating

into pairs of grooves. Finally the front strips were located to

hold the whole system rigid. A series of experiments were then made
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on the sample.

General Discussion of Sample Fabrication

A description has been made of the various techniques available

for the production of the samples. T

The glass samples were found to be advantageous with respect to
the standard of holographic images obtained. These samples acted as
secondary sources of illumination producing much brighter holograms.
They were also found not to warp or dlstort with succesélvg heating
and cooling, thus yielding the most reliable results. The input
power which ¢ould be applied_to them was far higher than thag which
could be applied to the epox§ resin samples (maximum power input

to the glass samples in the region of 40 watts).
Although holograms of several complex shapes have been obtained

interpretation of the holographic fringe information is complicated

by several factors:

1, It was not possible to determine the exact temperature of the .
surfaces; and it is unlikely that the samples vere isothermal.

2. The limitations of photographic resolution made the inter-
pretation of the fringe information difficult.

3. Particular areas in the holographic images fall below the 1éser.

speckle noise level and are obscured.
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CHAPTER 5

FLAT PLATE HOLOGRAPHIC SAMPLE
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FLAT PLATE HOLOGRAPHIC SAMPLE

L

An investigation has been made into the isotherma® distribution qf\
air surrounding a heated flat plate. A comparison has been made between
the distribution anticipated and that actually observed. The surface
temperature of the plate has been monitored at three points using
thermocouples, the results obtained have also been presented.

Particular attention has been given to the design of the sémble so that:-

The surface of the sample could be considered as isothermal when

heated.

A surface temperature of over 100°C above ambient conditions

" could be achieved.

e

The sample was chosen such that the thermal boundary layer was

large enoﬁgh to be visualized holographically.
The shape was chosen as one likely to correspond with known theory.

Several of the points discussed in this chapter are also similar
to those considered with respect to the multiple strip model (Chapter 6).
Many of the design features required that an average heat transfer
coefficient be calculated, laminar boundary layer theory as described
by Schlichting ref {5.1} has been used. However, it is noted that v

the solutions used are of an approximate nature, to give magnitude to

the design criterion, and assume incompressible flow.

Thermal Conductivity of Sample
The surface of a flat plate could be considered isothermal if the
surface heat transfer coefficient is much lower than that of the heat

transfer through the cross-sectional area of the plate material.
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The flat plate used for experimentation was constructed from
two sheets of copper 1.58.10_3 m thick. A heating element was
sandwiched between the two sheets. The sheets were joined at the

front and rear using silver solder, care being taken to produce a

smooth aerodynamic shape along the 1eadlng edge.

An estimate of the temperature difference likely to be
experienced between the front and rear of the sample was made using
laminar boundary layer theory to calculate the local heat transfer
coefficient, and the known thermal conductivity of copper. Two‘
extreme coefficients have been calculated, the first at a point 1 cm
from the leading edge and the second at the trailing edge of the plate.
h, (1 cm from stagnation 'point)

1
0-332 .
- o6t x ()3 1Y%

. 1/2
0:332 ; 6
= 0607 X 0.89 X 0.028 x[%ié——-EQ-

102 19.6

23
= Z7atts/m® °c

=l

=2

2 (at the trailing edge of the plate)

6
Eé = 0.332 X 0.89 x 0,028 4 =6 . 10 —
7.62 . 10 . 19.6
= 8.5 ;

1/2 RIS

The temperature extremes at the front and rear of the plate can
now be approximated by a further assumption. It is assumed that hi the
heat transfer coefficient applies to the first half of the plate, and
h2 to the rear half. Thus the heat lost from the front half of the

plate can be expressed as

h, Sa, & -0Qp (6, - 8,) = P, o (5.1)
where Sa1 is half the surface area of one side of the plate

Qp 1s the power transmitted down the plate by the existence of

a temperature difference,
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e1 temperature above ambient at the front of the plate,

92 the temperature at the rear of the plate.
KA
® = 072

where K is the thermal conductivity of copper 380 W/m °c
A 1is the cross-sectional area of the plate

1/2 is half the length of the plate

-4

" A similar expression to that of (5.1) can be obtained for the

rear of the plate where
h, Sa, 6, + Qp ©, - e,) =P, | . (5.2)

and by combining these two expressions

h, Sa, e’ -2 Op (e1 - 92) = h, sa, o, (5.3)
-3
(380 X 1.58.10 > X 2.5 X 0.0254) _ o
Op = 1.5 x 0.0254 = 1,25 WattS/ (o]
h, Sa, = 47 X 2.5 X 1.5%(0.0254)% = 0.11

h, Sa, = 8.4 X 2.5 X 1.5 (0.0254)% = 0.02

If these values are substituted back. into equation (5.3) then an
approximate relationship between 6, and ©, can be found

o0.11 91 - 2.5 (61 - 62) = 0.02 92

0.96 91 = 92 \
If as an example the average plate temperature was 100°c

((91 + 62)/2), then 61 = 49 and 9&!51, indicating a difference of

_ a0

As a correlation to this calculation, three thermocouples were
placed between the two copper sheets, One was mounted 1 cm from
the leading edge, another 1 cm from the trailing edge and the third

centrally. No temperature difference larger than 3°c was found to
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occur during the experimental work. This largest difference occurred

when the mean temperature was 120°C above ambient temperature.

Biot and Foﬁrier Moduli

The Biot and Fourier moduli have been calculated in order to
satisfy two design requirements. The first is wi;h respect to the
method by which the sample is heated. 50 Hz alternating current was
applied to the heater sandwiched between the copper plates., 'A
calculation has been made as to the possibility of the wave form oéh
the current producing any significant wvariation to the surface
‘temperature. The second consideration was‘the time required for a

' sample to reach its maximum surface temperature for a given constant

applied power input.

The Biot modulus is'given as

and the Fourier modulus

%8 I8

D is the characteristic length and is found from the ratio of

volume to surface area.

For each plate the volume is 1 . w . d,

where 1 is the length 7.62.10°2 m
w is the width 6.99.10°2 m

d the thickness 1.58.10_3 m,

and the surface area available for heat conduction to the airstream

2 (L xw+1lxd+wxd)

as d << 1 or w.
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The characteristics’taken,d the thickness of material

T=To ©€Xp - — —_

If To.is the std¥ting temperature, then T is the temperature after

T seconds for a cooling body.
Where a is the diffusivity of coppef. 115.10_6 m/sec J

d is the thickness

k the thermal conductivity of copper 390 ﬁ/ﬁ °c

- . ‘oL, . -
h is the average heat transfer coefficient - 19 (at 5.4 }k[Sec
1.65 m/s) . | '
. ch _ -3 1

-Thus it can be seen that‘the effect of the 50 Hz A/C is
negligible, even if for calculation purposes; the wave form was taken
as a square pulse, which allowed cooling for a full half.cycle.

If 1= 14%%. the fall in temperature is- - . . e
5

Tz, o= (7.107) o

e .

An estimate of the time required for the sample to reach 0.9 of
its full temperature can be found from the expression

T - Toax (1 - e” (1) | ' | T (5.4)

ah
where L = ax

Tm&x.is the maximum temperature the body can reach for a constant
input power; and T is the temperature after a time T 3
Thus for T = 0.9 To, T ¢ 10 mins

T = 0.99 To, T = 20 mins.

L SR e ST e ) . e et

it
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The factor L is a function of the heat transfer coefficient
of the surface to air, which in turn is dependent on the free stream
velocity. Radiation losses have not been taken into account and

contribute a further factor to equation (5.4).

1

The calculated time for the sample to re&cﬁ 99%-of its maximum
temperature can be compared with a series of experiments. The plots,
plot (5.1) to plot (5.8) represent excess temperature % against time
in Pinutes (i.e. the time taken for the sample heat-up for a'set power

input). It can be seen in the majority of cases the predicted time

is close to that observed. ' T 1 g

' Natural Convection S ’

In considering the flat plate experiment it was necessary to

calculate when natural as opposed to forced convection was likely

to contribute to the heat transfer from the surface. This effect has
also been considered with respect to the multiple strip heat exchanger

model in the next chapter, where the Grashof and Reynolds numbers have

been defined (page no, 66 )

Natural convection is anticipated to make a contribution to the

heat transfer 1f:

Gr
-—2-#1

R

For alr at 100°c-{?f A-O.S.ioa/m3-°c (values taken, from Ede = Ref.{5.2} )
1l7e :
» N S IR O
8 3

Gr . 0.5.10° (80) (7.62.10°%) . 0.5.10° e1’ >0

Thus A e
R v . 7.62.10-2] ? (V_l_) 2
2.107° ‘ v
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Where V is the velocity of the air m/sec
1 is the characteristic length of the sanfe
v is the kinematic viscosity

8 is the excess temperature

Rewriting the previous expression in terms of V

1/2
(0.5.1% B»m? 1)
0.4 m/s

\Y

"

The velocity of 0.4 m/sec is within the range of velocities used
in the wind tunnel. The difference as seen holographically between
natural and forced convection - fig. (11) and fig. (15) is quite
definite. The fringe distribution obtained for natural convection

- forms a classical plume above the plate whereas forced convection can

be seen as a thermal boundary.

If thera were a con%ributiﬁn to the heat transfer by natural
convection as opposed to forced, its effect would be to distﬁrt the
otherwise symmetrical thermal boundary profile. The upper boundary
would be expected to be thicker than the lower. e T

From the thermocouple readings no significant effect can be related
directly to natural convection except in a no air flow condition.

In conclusion, the factor E%- predicts that natural convection
R

is likely to be present at low speed. Due to the error factor'
associated with making low speed measurements and the lack of definition
in the holograpﬁic information, it was not possible to observe a
contribution from natural convection. However, the more characteristic
effect illustrated by - fig. (11) was not found present, thus if there
was a natural EOnvection contribution it was not significally disturbing

the temperature distribution in the thermal boundary layer.
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Finally, an estimate has been made of the power that would be
theoretically dissipated by a plate operating in natural convection.
For natural convection in the laminar region Fishenden and Saunders

- Ref {5.4} suggest the following expressions, for an upward facing

horizontal plate,

Nu = 0.54 (Gr pr)/4 |

and for a downward facing plate

/4

Nu = 0.25 (Gr Pr)1

I

The power dissipated can be expressed as

3 11/4 '
0 = 0.79 {Bg%@-} .-’E-.z.b.e

u
and terms of the particular sample tested Q =_2.:l0-3 91'25 Watts.

This theoretical estimated value of Q has been compared with the
measured value at various values of 6 in plot.(5.9).

Estimation of Thermal Boundary Layer Thickness . o
The thickness of the thermal boundary layer formed by air flowing

over a flat plate at zero angle of attack can be approximated from the
following expression

1 5
8, =— 1/2 (5.5)
th o173 FT’!

This expression was obtained from the Handbook of Heat Transfer

- Ref. {5.4}.

The value &th represents the distance from the surface where the
temperature within the boundary layer is 1% greater than that of the
temperature of the stream flow. From éxperience it has been found
advisable for the size of the boundary to be of the order of 5.10_3 m

thick. This is to allow suitable detail in the subsequent holographic

reconstruction. It has been found for thermal boundary depths of less
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than 3.10“3 m the fringes produced can no longer be photographically

resolved.

_ Table (5.1) uses expression (5.5) to determine variations in

at

i

thermal béundary depth with different f:eé air stream veloéities

a distaﬁce '?.62,10'-2 m from stagnation poiﬁt for a flat platé saﬁplé.

TABLE (5.1) Thermal Boundary Layer Depth as a Function of Stream

Velocity at a Distance 7.62 cm from Stagnation. .. . .

Velocity m/s . ‘ Bﬁundary Depth‘m

1.6 5.4 107

1.5 - 5.6 107> L
. 1.25 6.2 1075

1.0 ' 6.9 107>

0.75 | 8.0 107>

0.5 ' ‘ , 9.8 1070

' 1/2
Values calculated from expression ath‘-ﬂ--—(—g—) 1/3 ( LT\))
r

where 2 characteristic length (“:'.62.10-'2 m)
v  kinematic viscosity (2.10_5 mz/s)

v free stream velocity

Radiation Losses
The heat lost from the surface of the plate by radiation has also

been conside;ed._ Using Stefans equation_for heat loét by radiati§n;

this factor has been talculated as:
R=Sacg _((T + 9)4 - 'I'4 )

where Sa .is the surface area of the plate (5.10 °.m“) ..

-8
¢ .is Stefans constant. (5.67 10 )

T the ambient temperature (300 °x)
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"0 the excess temperature’ £ is the emmisivity factox
associated with the material for copper this factor can vary from
0.1 for a highly polished surface to 0.9, representing a dull finish.
In these calculations the figure of 0.25 has been used as the surface

was slightly dulled due to continual heating and cooling = ref. {6.2}

R =0.68.10 ° (0 + m* - 74 )

The following table is an estimate of the heat loss in Watts

from the sample at various temperatures above ambient.

TABLE (5.2) Temperature of Flat Plate Holographic Sample against’
Calculated Radiation Heat Losses ' T
(excess temperature OC) Radiation loss Watts

40 0.36
50 _ 0.47
60 p . 0.59
70 - T 0.72
80 0.87
20 1.0

100 o 1,2

AR

Forced Convection, Thermocouple Measurements

As a cross-check to the holographic data;é sefies.of experiﬁénté-
were madé to determine the amount of electrical ﬁower.beihé appliednio
the sample and its resulting surface tebperatufe. Iﬁﬂhas breviously
been mentioned that three thermocouples were situated in éhe sample.

All three weré sandwiched between the two copper plates, one near the

leading edge¢, a second near the trailing edge and the third‘centrally.



48

During the experimental work the largest temperature difference
between the front and rear thermocouples at 100°¢ temperature.

difference was 3°C. The rear thermocouple showing the greater

temperature.

A series of experiments were made ingreasing the power applied
to the sample at twenty minute periods and noting the temperature.
The experiments were carried out in the range of O to 100°¢c
temperature difference. The heating period was to allow the sample
to reach its full temperatﬁre as &escribed previously. The results
obtained have been compared with theoretical power dissipations
as presented by Schlichting - Ref. {5.1} and Ede - Ref. {5.2} for the

" power dissipation from a flat plate to air. 1In the laminar situation

Q, = 1.328 x k ¥ o) 1/3 (ne)1/2 A B (5.6)

LY

and Nu (Re)1/2 (er) /3 o.664 (5.7),

In the turbulent situation:

1 3. 7 o '
QT = 0.0ﬁ4 (Pr)il {Re)°-3 XWX k x A0 (5.8)

Nu = 0.037 (pr)1/3 (R,)0.8 (5.9)

This is the form stated for the equation neglecting both natural

convection and frictional heating for a fluid of 0.6 < Pr <10." -

As a further consideration Ealculatioﬁéfhave been made with respect
to the effect of different temperatures on the constant property terms
in the equation and the heat transfer cocefficient which can be
calculated from them. The results have been tabulated in table (5.3)
and show that for both the laminar and turbulent cases the variations
are small, In the case of the laminar equation the variation in the

heat transfer coefficient is 1% over a 100°C change in temperature.
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In an example calculation Eckert and Drake - Ref. {6.3} define

when using equation (5.6) an average temperature BA, where BA =.(Gw + 953/2.

Where 6, ~ average temperature

O wall temperature

g — Stream temperature

Table (5.3) shows that for a laminar heat transfer coefficient

calculated for air at between 0°C to 100°C the choice of Ba is arbitrary.

It has been shown in table (5.3) tﬁat the Nusselt Number can vary
with temperature thus an average temperature of 50°C has been used
to determine Nu, both practically and theoretically. As illustrated
in table (5.3) the variation in Nusselt number is * 15% over the

temperature range 0°¢ to 100°c.

TABLE (5.3) Variation of Properties with Temperature for air

Laminar Turbulent v k Pr T
HT/Ho Nut/Nuo Hy/Ho Nut/Nuo :lO_5 1.t'.‘."-2

1 1 o | 1 1.33 2.41 0.72 (o}
0.996  0.944 0.958 0.903 1.51 2.57 0.7t 20
0.996 0.889 0.927 0.825 1.69 LS 1 0.71 40
0.995 0.836 0.898 0.751 1.88 2,88 '0.70 60
0.993 0.795 0.868 0.693 2.08 3.02 0.70 80
0.989 0.752 0.839 0.636 2,30 3.18 0.69 100
HT heat transfer coefficient at temperature T

H heat transfer coefficient at temperature o°c

v kineamtic viscosity

Pr  Prandtl number : : s h A
T Temperature
Nut Nusselt number at temperature T

6 Nusselt number at temperature 0°%c
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Thermocouple Results Tmow s ARG S e e B b

The experimentally determined power against:surface:temperature- '
has been plotted for various air velocities - plot: (5.10). . A ‘second
set of results - plot (5.11) - shows:the same data after a correction
has been made for radiation losses from'the surface (previous section,
page 46). For all the velocities considered the graphs show“a ‘
definite linear relationship, Q = haa';—c, . o
whe?e Q is the heating removeé by the air

h is heat transfer coefficient

AB temperature of surface above ambient.

From the graph - plot (5.11) - it is possible to tabulate the

L LR

vV.L
: - Q and =
Nusselt against the Reynolds numbers where Nu . k . AP Jr,‘RL v

e
J r

TABLE (5.4) Nusselt and Reynolds Numbers

Air velocity Reynolds no. Nusse1£ Nus;elt Nusselt

m/s . (M) led, o« MCy) o

1.56 680 . 70 52 38 e,
1.3 5650 66 48 33

1.06 4540 o ' ad v G
0.6 2560 45 32 57

0.4 1920 32 28 14

Where Nusselt (M) is the Nusselt number calculated from actual data
plot (5.11) d
Nusselt [Cl) and Nusselt (cz) are calculated from equations
(5.7) and (5.9) for laminar and turbulent flow

respectively.
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Holographic Fringe Formation over a Heated:Surface

It has been mentionéd in the introduction and described in detail
in appendix (1) that holographic fringes could only be achieved by
heating the sample. Fringeé could nét be prééueed byIAn ﬁnhéaféd"Amb{J“l

alr flow.

In calculating the provable frihge distribution several factors

have been taken into account.

o +
¥ ' .

(a) The path length of the light ray passing through the sample section.

(b) The relationship between temperature, density and refractive index

of air.

(c¢) The effect of introducing a heating effect into the Navier-Stokes
equation and the possible'manner it will effect the thermal

distribution within the boundary layer.

"

r

These points have been dealt with in other parts of the thesis in
greater detail, parts (a) and (b) in appendix (1) and (2) and part

(c) in Chapter (7). 1In this particular set of experiments the surface

temperature of the sample was known and the amount of electrical power

applied to it.

The number of fringes produced by heating the plate can be
estimated from the following equation:

!21_1 = R (nl - n2) . (5-10)

Where n is the order number of the fringe
n, is the refractive index at ambient temperature Ti'
2 is the refractive index at T2 the heated condition,

A wave length of coherent light source (n1 - nz) change in

refractive index between exposures.
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R optical pathlength over which change in refractive index

has occurred.

The refractive -index change of-air can-be rewritten as a-temperature

change first by a substitution for density.

= ——— = constant

Which can also be replaced by the approximate expression %élStiﬁﬁ’to

the absolute temperature of the air to the density such that:
1 To L . = e . o _‘*I' . Y

This equation (5;10) now becomes

T
o _ ) o)
2 R (no' 1) ( 1 - Eﬁ

Where T0 is the temperature of the air at the ambient condition and

T is the surface temperature of the sample after heating has

been applied,

- Ll

v 7 -
I ! .

For an actual example the first black fringe would be produced at
1A 2 : - teger
7 the second at 0 and so on for odd iptegral values of n. Even

powers of n produce bright fringes.-

In the case of a flat plate heated to 90 C from an ambient
condition of 20°C with a pathlength of 6.35.10 -2 m. The number of

expected black fringes would be:

6.35.10 % m A =0.69.10° wavelength of laser (ruby red)

R =

r = 293 %k

o] T
T = 363 OK 'ni refractive index of air at 2o°c - 1.00028.
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_2. 6.35.10 2 28.105 ( ;- 203 )
0.69 . 1076 363
= 9.9

Thus five black fringes would be expected and five bright fringes.

Description of Holographic Results
(.
Fig. (23) and fig. (24) represent two holograms madei&f the
holographic sample at different air velocities. Superimposed over
the photbgraphs are theoretical solutions for the therma;rdistribution
as described by the Pohlhausen profile - Ref. {5.5} . The:data fof_the

curve being taken from Goldstein - Ref. {5.6} . The thermal distribution

is calculated from

n. & 4]
8(n) = a. (o) E"‘“’] ' an
1 ;"(0)
[o]

where 0(n) is the thermal distribution,
@,(0) is a factor of the Prandtl number as found by Pohlhausen.
n 1is the similarity variable. The function
'$"(n) 15" EGURA £ion the Blasius series described in chapter (7).

L
i

The resulting comparisons do not show a particularly good match

between the theoretical and actual distributions. There is similarity
between the curve describing the growth of the boundary in the x direction.

The shape of this boundary is found by substituting the relevant n value

into the incompressible flow solution developed in appendix (5).

th v
ak whidh
Where Gth is the distance in the y direction with respect to Lpthe
the éarticular isothermal corresponding to n lies

£ is the distance from stagnation

v the velocity of the air flow.
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CHAPTER 6

MULTIPLE STRIP HEAT EXCHANGER MODEL
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MULTIPLE STRIP HEAT EXCHANGER MODEL

This model was conceived to investigate the heat transfer over a
surface, and was constructed from a number of separate fine strip

elements with independent electrical heating. By the means of such a

construction it is possible to control the power input, and at the same

time, determine the temperature of each strip.

The object of this experimental technique w%s fg-ﬁaiﬁtéig-éil
the strips at the same temperature. By achieving this the heat
transfer coefficient of each strip could be determined and alsola bulk
description of the thermal performance of the sample could be found.
It is assumed that no thermal .gradient exists down the length of the

sample and it has been shown theoretically that the temperature profile

across ;he width of the 'sample is alsoc uniform.

Design of System $oCp N, R el cEE

The design problems considered were;-

A suitable technique for applying electrical power to the shapes.

The thickness of the strip material,

The nature of the material.

A technique for mounting the strips onto a substrate.

A suitable method of measuring the resistance and power in each strip.
Theoretical calculations as to the response of the technique.

Techniques considered for applying electrical power to the heating

elements.
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-

- The following methods have been considered as techniques by

which electrical power could be supplied to a series of strip elements

individually:-

W

Sl C LT IR

D.C. Heating
' This method required that each strip be coﬁnected in'éefié; wltﬁ
;“vériéble resistance or that its-current be controlled by alfrans;stor
aétlﬁé with a servo device, Both systems involve the measurement of
both voltage and current in each element and the determination of ..

power and resistance.

A.C, Héatihg
The possibility of using 50 Hz sinusoidal voltage instead of

the previou51y considered D.C. system was rejécted:due to the thermal

i

résbonse of the sﬁrip. :It was eétimatedxthaﬁ in'ﬁ.lb-zlséc.ﬁhé
temperature of the strip eould_fall Sy'25% making the possibility of

monitoring the power input to the strip accurately extremly difficult
(see section = Analysis of pulse repertition rate - page no. 63 ). .,

v o . e & - L LT T e

Square Wave Pulse System

The technique used in the experimentation was developed to produce
a constant current with a variable pulse duration. A square. wave input
from a signal generator at 1 kHz was fed into eight retriggerable
monostable multi-vibrators, each ﬁulti—vibrator being identified with
a particular strip element. The duration of the ouﬁpﬁtlpulsé from the
multi—?iﬁrator was-determined by the external resistance and cépacit&nce
connected acroés iﬁs external triggering input pins. The.valuesikhosen
for these components were calculated from information found in the
Handbook of Electronics - Ref. {6.1}. The pulse duration could be

ranged from totally on to 99% off.
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The output from each multi-vibrator was then used to switch a
BC109 transistor which in turn switched a 2N3055 power transistor.
Dia (6.1). The circuit was designed such that the power transistor
was either totally on or off, hence the emitter collector voltage was
either very small, or the. full D.C. voitage. This was to ensure that

the current flowing through the resistive load R and the strip is

determinable.

 The BC109 transistors, multi-vibrators and associated.triggering
components were mounted upon the same circuit board and used a common
5.1 V power supply. The power transistors and load resistances were
mounted upon separate bases, the load resistors being subnicrged in a
bath of running water to ensure their constant temperature. The power

part of the circuit was connected to a second D.C. supply whose negative

side is common to the 5.1 volts supply.

Each test element was connected in series with a load resistance,
care being taken to make all the connections between strips and loads
the same length. 0.3 cm thick copper wire was used for this purpose

to prevent unnecessary resistive or heating losses in the circuit.' '

The D.C. voltage applied to the power circuit was monitored using

a digital voltmeter (D.V.M.) and the current calculated from the joint

resistance of the load and the element,

A further measurement kas been made with respect to the voltage
across the collector/emitter of the power transistor. Although this
quantity was_found to be very small (approx. 1%) it has been taken
into account when the value Va (Applied Voltage ) has been used. This
can be seen in tables (6.3) and (6.,20) where the applied vﬁltages

are quoted slightly less than a whole number. The difference being
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that voltage lost across the power transistor.

The major advantage achieved by the pulse circuit over the
alternative methods described,is that both the voltage across the
_ sample and the current passing through it can be determined accurately.

This is a consequence of using a pulse of known shape and duration.

A method by which this type of signal could be digitized and
processed has been described in Chapter 9, whereas the eqﬁivalent
analogue techniques for obtaining the sample resistance value v/I

are unlikely to have the accuracy required by the system.

' The Thickness of the Strip Material

The size and thickness of each strip was determined by thae
experimental requ;remenﬁs. The width of each strip was 3", (76.2 10-3
‘(width of wind tunnel); and each strip was 2.54 10-3_m long. In order
that the power dissipated in each strip could if necessary_ge-in

the order of 1 W a resistance of approximately 0.5 § was required.

m)

The value of 1 watt was calculated using the estimate power dissipation

for a flat plate as reported by Schlichting - Ref. { 5.1 }

From the equation for resistance
R = pl/wt
Where R is the resistance of the strip 0.5 R | \
p is the coefficient of resistivity

(6.4 1078

to 10.4 100 @ m for Ni)
% is the width of strip (76.2.10 ° m)
w is the length of the strip (2.34.10°° m)

t is the thickness of the strip
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For a resistance of 0.5 @ the thickness of the material

required is given by

t = pﬂ/wa
_ 10.4.10°%  76.2.107°
2.34.10°° 0.5
6

t =6.24.10 ° m

' -6
The actual nickel foil used was 99% pure and 5.10 = m thick.

The Nature of the Material

The material chosen for the construction of the strip elements

was that of nickel, for the following reasons:-

1. Nickel has a high temperature coefficient of electrical resistance
over the temperature range 20°c to 100°c.

2. The temperature coefficient can be assumed linear over this range.

3. Nickel has a low value of thermal conductivity which enables a
uniform temperature profile across the width.of the'strip (see
Theoretical Considerations) to develop.

4, It is available as a thin foil and has a reasonable resistance.

to oxidatioh.

Other materials were also considered such as semi-conductors,

which also have high resistivity and low thermal conductivity, but

were considered too brittle for this application.

A Technique for Mounting the Nickel Strips onto a Substrate

In the previous section a description of the type of nickel strip

required for the experiment was given. The nickel was only found
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available in sheet form, thus a method of cutting and mounting

each strip onto a supporting surface has been developed.

The cutting stage ﬁecessitated a very sharp scalpel, a facing

¢ cm thick and 10 cm long. The ground

block and a ground strip 22,10
s?rip was 33.,10"'3 cm less than 0.254 cm in width to allow for the

cut width of fhe scalpel aﬁd the separation between mounted nickel
strips. The technique used was to hold the facing block with the
ground strip against. its surface down upon the nickel foil with
clamps. A first cut was taken by running the blade along the edge of
the ground strip, then the ground strip was rémoved and a second cut
.made. Thus two cut-lines had been produced in the nickel sheat
‘22.10“2 cm-apartland parallel.to each other, which formed one nickel
strip. The pr6§es% Qas then-repeaééd several timegéungll a‘lafge

number of similar nickel strips had been produced.

The nickel strips were then mounted onto an epoxy resin strip 3"
(7.62 cm) x 0.4" (1.02 cm) x O.1 cm thick. Four nickel strips per

side were used in-the formation of each sample. They were positioned

and glued to the surface using epoxy resin. Once the position had been
set and the excess resin squeezed out a sheet of PTFE was placed

‘onto the strips and then held with-strong spring clips to hold the model
rigidly. Finally, a current of 3 Amps was passed through each nickel
strip for a éhort peridd to achievelpolymefi;afioﬁ. ;he sﬁﬁpié“was

then left to cure for 24 hours.

oY

Following construction and curing of -the test sample it was. .
mounted into a supporting frame-and connected:electrically .- Dia (6.2).
The epoxy resin strip had been designed such’that:it formed.the fourth

side of a square, the remaining-'sides'being made from aelectrically



60

non-conductive material. The strip was held in pﬁsition by the

use of a contact adhesive. On the sides of the square adjacent to

the strips, strips of copper foil had‘been mounted to act as terminals
to the nickel foil. On one side of the sample all the nickellstrips
were joined to one common pilece of coppér foil. On the other side

each nickel strip was joined to a separate copper terminal using

braided copper wire.

Finally, heavier current carrying wires were'attached to the
copper terminals to connect them to the power transistors. The model

was held in the wind tunnel, two sides being clamped between window

palrs to provide support.

This particular method of construction was advantageouslagainst
others attempted. The epoxy resin filled the small gaps between the
nickel foil producing an overall smooth surface. An earlier problem
experienced had been that of the nickel pealing away when the sample-
reached temperatures in the region of 80°c. This was overcome by -

careful rolling out of the excess resin and thorough polymerisation

of the mixture. ' : Tt

Method Developed for Measuring the Resistance and Power in each Element

The validity of the strip element technique is dependent upon
the accurate measurement of the voltage produced across each element.
The first attempt to do this was made by measuring the voltages
directly from an oscilloscope display. The accuracy was found poor but
was used in thé initial trial stages of the experimental work
(Appendix 6). In the wind tunnel situation this technique proved too

insensitive in detecting the voltage changes. An attempt was made to
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magnify the display optically, :but this did not improve the accuracy

of the results.

*

The problem wos finally overcome by.the uoe-of-a differential

input operational amplifier inserted between the probe point of the
element and the oscilloscope (Dia 6,3). The input voltage was fed

into the non-inverting side of the operational amplifier (op-amp):-

with a voltage gain of 10. The inverting side. of -the op-amp was fed
from an accumulator with a fixed and a variable resistance ‘in.series
across it. A voltage taken across the fixed resistance (100 n) produced
the input and was varied by changing the variable resistance (max.

10 k@ ). A balance could thus be achieved between the inverting side

of the op-amp and the incoming signal from the strip element.

Using this technique a 1°¢C rise in element temperature produced
a 1/4 screen or 1.5 co:defrection on the display. During each
experiment a digital voltmeter was used to monitor both the accumulator
voltage, and the power pack voltage.A d.v.m. or any similar device

could not have been used to monitor the element directly due to its

pulse wave form. Further it was felt important to keep a careful oheok

on the display to ensure that the signal obsarved was that of the

resistance change and not a circuit malfunction.

The sample voltage was determined from the value of the variable

resistance used in the balance circuit. '

100 VS'J
To+r ~ Vou WBed) &
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Where vs is the voltage produced by the accumulator.cell
R is the variable resistance
The fixed resistance in the balance circuit = 1000,

V out the balance voltage applied to the negative stage of

P
t .

the op-amp.
i T
A minimum value of V_ . is produced when R is at its.maximum-

value, R = 10 k @s. Thus the actual voltage measured across.the surface

(Va) can be expressed in terms of the resistance value measured.

1

1 .
V = V - 1 - L]
a s 00} 100 & 0.1 .} volts (6.2)

: T g . y Y ey .3

In a similar manner the voltage Va is used to calculate the resistance

of the strip.

Ra=9Va/(Vp— va)

Where Ra is the resistance of the strip

(6.3)

Vp is the voltage applied by the power pack

Standard resistance of value 9 Q@

The temperature of the strip can be determined from the resistance
change from its value at 20°C. Let Ro be the resistance of the strip
at 20°C and Ra at temperature T. The temperature T is calgulated

from the expression

o Ra ] resistivity of nickel
(T +20) C= /== =-1¢ 180 taken from ref {6.2}  (6.4)
o }
Finally the power given to each strip was calculated from the expression
- . 2 : : “ai o
(vo | T

and multiplied by the pulse length duration.
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THEORETICAL EVALUATION OF MULTIPLE STRIP HEAT EXCHANGER MODEL

Analysis of the Pulse repetition rate

A further consideration was made as a consequence of the electronic

circuiting used to apply pbwer to the strips; this was an approximation

to the amount the strip could cool in 10_3

switched off. This factor was calculated

moduli, as outlined by Eckert and Drake -

The Biot modulus is expressed as

Where h is the rate of heat transfer from

air

(Maximum value of h calculated at
flat plate = 100‘me2/sec/°c, the
from equation used to approximate

h = 0.663 k/1 pri/3 gl/2

R
k thermal conductivity of nickel 90
D is the ratic of volume to surface

the characteristic length.

sec after the power being
using the Biot and Fourier

Ref. {6.3}.

h.D

the surface to the surrounding

1.6 m/sec for one ;ide of a
value of h being cﬁlculated
for forced convection

Ref. { 5.1}
J/m/sec/°c

area of the strip and defines

6 "

The factor D can be considered as the thickness of the strip 5;10- m.

The Fourier modulus is expressed as L

D2

Where o is the thermal diffusivity of nickel 2 75.10 ¢ m2/sec

T is the decay time and is expressed in units compatible with a,

normally either seconds or minutes,
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A body'coolé‘exﬁénéﬁﬁiéily from its initial condition and is

described by the equation

- OexP c )

Where T is the temperature of the body after a time has elapsed.
To is the:starting condition, and is the temperature of the body

above its surroundings '

¢ 1is the decay constant and'is defined by the Biot and Fourier

moduli » . : e

T = TI exp - (1.‘.1_ Ep-)
(o} D2

inserting values -

R / 75.10"6‘_ 1 2\ o L
T = TO exp l - ——-—':é- 'c 9—0 '
N,osa0 0
T = T, eXp | - 16.7 T

In terms of a nickel strip, a decay time of approximately 10-3

sec would produce a teﬁperature drop of = 2% which was considered an
acceptable temperature fall. It would take * 0.04 sec for the. ...

temperature to fall by 50%.

Theoretical Solution to the Temperatdre Profile across thé twl‘j.;:ll:'h'of't "

each Strip

The theoretical considerations which have\been used to correlate
results and predict the temperature profile along each strip has been

developed from a differential equation of the form.

t .2
d 0
— - k6 +ec, =0 o C ot (6.6)"

ax 1
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Where C'represents the constant power input to the strip
k represents the heat transfer from the sample
x is a variable distance from the centre of the strip to the

edge from x = L to x = - L.

The factors involved in the differential equation are:-
1. The heat applied electrically to the sample
2. Heat lost in forced convection from the surface of the sample

3. Heat lost at very low airflows due to natural convection.

4. Radiation losses from the sample.

Electrical Heating

Item 1 refers to the power input IzR, but R the resistance of
sample is temperature dependent and has two components. Isz the

power input at ambient temperature and Iztalﬁ) where R, is the

1
resistance change at 6.

Forced Convection

The forced convection has been calculated from the approximate
expression Q = 0:684 . kx . b . (Pr)l'/3 (R )1/2 8 , where k is the
thermal conductivity of air, b is the length of the strip, Pr is the
dimensionless factor Prandtl number and R the Reynolds number based

upon length. The expressiodsderived by Schlichting ‘Ref {5.1}, Q is the

amount of power lost by the sample to the air.

Natural convection

Natural convection has been considered in terms of the air velocity

over the sample below which it would play a significant part. Using

an order of magnitude technique the ratio between the Grashoﬁf’and
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Reynolds numbers have been used to f£ind this velocity

3
g8l o & 6.7
where Gr(Grashof# number) = B( g} % ) 6.7)
v
- LV '
R (Reynolds number) = @:ﬁ (6.8)

1 is the characteristic length of the sample
® is the temperature difference
v kinematic viscosity
v velocity of -air over sample
B coefficient of thermal expansion

g acceleration due to gravity

whan o 2
Body forces are anticipated to have an effect on' the air flow GrZ R”.

For air at 06 = 40°¢c —%5 = 0182.108/m3/oc (values taken from Ede ref {5.2} )
270

In the parficular case of the nickel strip technique, the total
width of the sample was 0.01 m; thus by inserting this value into
equations (6.7) and (6.8) the significant velocity can be determined.

” . .
2

v? = 10% 20 (1.69 107°)

>

v 2 0.1 m/sec. ' ' (6.9)

Thus the air. speed below which natural: convection would be

expected to act would be in the region of 0.1 m/sec for the electronic

strip technique.

The effect of natural convection has not been included in the

solution to the differential equation, but would be anticipated to have

a heat transfer coefficient proportional to {8)1'25, as reported by

McAdams - Ref.‘{6.4} and not be dependent dﬁon-Reynolds number.



67

Radiation
. 4 4
Radiation losses take the form ko ((6 +T) - T ) S ,
a
where k is the emmisivity of the material,
g 1is Stefan's constant and
Sa 1is the surface area of the sample.

If k, 0 and Sa are written as a constant Cz.then the radiation

losses can be expressed as

c=c, (6 +m* - 1% T 610y

where 6 is the temperature excess above ambient °x’ = == = ¢

T is the ambient temperature °K = - T e

4 L]

Equation (6 10) can be expanded using a bi-nomimal expansion aé.

G

02 ( T4 + 4 BT3 + 662T2 + 4B3T + 64 gt )

@
I

c, (40r° + 6 3?2 + 2021 + %)

In terms of the maximum temperature experienced by the sample
(6 = 80°K), (T = 300°K), the error in neglecting the 64 and 4B3T
terms is not more than 10% reducing the expression to: - "

G=c, (aer’ + 66%1? )

!
Approximations made to the Differential Equation

The differential equation required to describe the thermal profile

is of a non-linear second order form

2
d6 2
(—i-x—z - kle - k29 - k30 + k48 + Cl = Q (6.11)

.

where k1 and k2 are the coefficients relating to the radiatiﬁn losses |

k3 the coefficient due to forced convection

k, the excess heat input due to the resistance change of the

strip from an ambient condition per °C
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C1 the 12R° heat input, where Ro is the resistance of the strip
at ambient.

A solution to equation (6.11) may be Qeveloped using a power series

expansion'gf the form

ﬁ=i‘——- + A

wrs. 0l

The solution (Appendix 3) is found to be complica&ed by the 8

S0 . .
teumdﬁisimplification has been introduced such that klez becomes

k1-40-9 = k58- The error in making such an assumption has been

found to be 6% with respect to the forced convection coefficient k3

over the temperature range 60°c i_ZODC- The error is largest at

low velocities, where k3 has its minimum values.

For the nlckel strip experiments the heat transfer coefficlents

have been calculated as:-

ki

k, 2 1.7.10° w/C)? kB2 1.0.107% w/c

-4
k2 5,10 JDC

k3 ranges between 0002 to 0:02 w/°c depending,op the particular air

I

velocity and strip considered,  aw e

k4 varies with respect to the particular strip considered =;2.5.10?%ﬂ&°c

Cl— The input power IzRo, has been varied from O+3 to 1 watt.

The solution obtained for 8 the average strip temperature, equation
(6-17) can be applied with one modification. The value AL must be
dimensionless, as L is length, A has the dimensions of 1/length and
12 =k, + k, + ky = k,; thus the coefficients have the units of 1/(1ength)2 .
This has been_achieved by dividing the coefficients by a factor which
is the productien of the volume of the nickel strip and its thermal

conductivity -



69

Thermal Conductivity of Nickel Strip

Consideration has been made as to the value assuméd for the
thermal conductivity of nickel. As préviously described the nickel
strips were mounted upon a base. This base was constructed of epoxy
resin with carbon fibre strands laid in'it to add rigidity. The
thermal conductivity for the base has been taken as 0.2 W/moc_from
Kaye - Ref. {6.5}. The epoxy resin would be expected to contribute

to the heat conduction down the strip,

Thickness of nickel foil " 5x10 %M Co

Thickness of epoxy base 1073 M ~

As the nickel strips are mounted either side of the substrate,

* only half of the thickness was considered in determining the ratio of
the product of thermal conductivity and thickness of the strip, against
base.

(5 x 107° 90)

(500 % 10°° x 0.2)

= 4,5 : 1
.

In order that this factor be accounted for a correction has
been made to the values used to determine the differential equation,
equation (6.12). 1Instead of dividing the heat transfer coefficients
by the volume and conductivity of Ni alone the expression takes into
account the contribution of the epoxy substrate,

(ky + kg = k)/[L x B) x (£,%, + ¢, K]
where L is the length of the strip

B is the width

t, thickness of Ni

1

K1 thermal conductivity of Ni

t, thickness of epoxy

K2 thermal conductivity of epoxy
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Application of Boundary Conditions

The boundary conditions for such a situation are defined by

8 = Go at the edges of the plate. eo is the ambient temperature.

By assuming a solution of the form toec‘.(‘a-b\

5 B Aelx . Be-;\x'-l- Sﬁl : Ty (6.12)

~
"

and applying the bbundary conditions 6 = O at x = + L where

0 is the excess temperature of the sample above ambient :temperature
6 , then:
(o]

2l 4 e Al pemAL | pAL

thﬁ'é either A = B

0 which is a trivial solution or A = B.
'Equation (6.12) can now be written as
6 = A cosh (Ax) + X (6.13)

Also at x = + L, 6 = o, hence
& o -1 . ’ .
A= (cosh m.)) (6.14)
By substituting equat_ion ('6.1'-4) into equat:l.bn' (6.15) a solution for ©
can now be obtained Iof the form o
- _ cosh (Ax) : ¥ ot
9 = ky ’_1 cosh (I\L)-‘ {6‘_15)

The maximum value of 6 can be shown by differentiating the previous
expression to occur at the centre of the strup where x = o.

@ _ _ ¢ sinh (Ax)

dx k 1 cosh (AL)

fmax = SL. { 1 - 1/cosh (J\L)}..
k1 :

The average value of 6 (6) can also be found by integrating equation

(6.15) with respect to the total length of the strip.
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C
— 1 cosh (Ax)
0= J'K {1 cosh (XL)} dx

- 1 1
6= — ! 1 -5 tamh m.)j (6.16)

As a further simplification it has been found that AL>5 for the

/
nickel strip experiments; thus equation (6.16) reduces to the form
c, ,

.,

-

-1 - \
S (1= 1/ (6.17)

b

APPLICATION OF DIFFERENTIAL EQUATION AND EXPERIMENTAL RESULTS

The solution developed for the equation describing the
‘temperature distribution across each strip has been evolved as
+ follows:=
The radiation coefficient has been considered as a variable of
® alone and not both 6 and 82, the error incurred in doing this is

small provided 6 the temperature excess of the strip is not above -

2
. _ Vapp Ro
80°C. The coefficient R,4 has been calculated as (9 + Rl) 180

w/°C where R1 is the measured resistance of the strip at temperature
6. A pogsible error in R1 of 10% would produce a resulting error ‘in-

(%EEETET-)Z, the current passing through the resistance of 1%.
Equation (6.6) can thus be expressed as:

d28 Ab BO IzRo

- 4
K 1
dxz vol Vol K Vol K

0]

where Vol is the volume of each strip and K is the thermal conductivity

(the effect of the epoxy resin base being taking into account by the

factor K).

The coefficients A, now represent the total heat loss from the

2 .
o Vapp ) Ro lo)
. B ts th (
strip per C represents the excess heating effect (g wr) Tagg W/ C
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- B 1/2. The average strip température has been
A represents Vol K

calculated by inserting these values into equation (6.17). The

effects of velocity and strip position on the factor AL have been shown

in PIOT (6.1) and (6.2).

Method of Determinating the Pulse Duration Applied to Each Nickel Strip

In his book Boundary Layer Theory Schlichting - Ref (5.1)
develogﬁb relationships between the dissipation from a flat plate

and Reynolds number for a zero angle of attack to the air stream.

where C_ is a

In the case of laminar flow QL = CL (Pr)1/3 (RL)I/2 L

n
constant of the system; and Th the case of turbulent flow,
_ 1/3 0.8 '
Qp = Cp (Pr) (RL)

Where RL is the length based Rhynolds number defined from a point of
Uo L

v

stagnation x = o, RL =

For a particular constant velocity the two expressions can be further
simplified to be dependent on the length L thus:
2 0.8
4 ! Qp = C'I'!t‘xJ

This relationship has been used to determine the réla;ive power

|
Q, = thl(X)

dissipation for a series of stripslying one directly after the other.

If the power dissipated from a strip of unit length is unity:then CL1

and qu can also be considered unity. For a second strip directly

behind the first also of unit length the dissipation would be expected

-

to be. In the laminar case (2)1"2 - (1)1/2 = 0.414 and for the

0.8 _ ;41048

turbulent (2) (1) = 0.741.

The values for four such strips lying directly behind each other

have been calculated for laminar and turbulent flows respectively.
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" TABLE (6.1) Heat Transfer Coefficient Distribution.of a.Flat
Plate at Zero Angle of Attack

Strip no. "'~ o 1 2 3 4

Laminar distribution 1 0.414 -0.318 0.268

* Turbulent distribution 1 0.741 0.667 0.623

' Thus if the strips all had the same resistance value at the

ambient condition then table (6 1) would determine ‘the pulse

duration applied to each. Due to experimental limitation it was
_not possible to produce exactly the same resistance values for each
element and Ebzf, the longest possible pulse duration was 90% of
Ithe full cycle. Thus the pulse duration for each strfé was

calculated individually.

The resistance values for the strips were measured at 20°C

using a digital Wheatstone bridge. ~«rvv =ro0 o o L,

TABLE (6.2) Pulse Duration Determination
Resistance 20°C Corr 0.9 Power - B Actuali T,
’ * I. T S LR ToRY 'L.'."_I T T LA

Bottom strip

R(5) 0.376 0.896 0.9 1 1 0.81  0.81
R(6) 0.365 0.923 0.9 0.414 0.741 0.34 0.61
R(7) 0.380 0.887 0.9 0.318 0.667 0.25 0.52
R(8) 0.313 1.077 0.9 0.268 0.623 0.26 0.6
ToE striE _

R(1) 0.337 1 0.9 1 g ,0.9 0.9
R(2) 0.308 1.094 0.9 0.414 0.741 '0.41 0.73
R(3) -0.333 1.012 0.9 0,318 _.0.667 0.29 . 0.61
R(4) 0.351 0.96 0.9 0.268 0.623 0.23 0.53°
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[
ol
Resistance at 2o°c, resistance measured using digitef Wheatstone Bridge.

Corr All the resistance corrected to R(1). Corr = R{1)/R(N)
0.9 Longest possible pulse duration 0.9 of whole cycle.
Power Power factors as cal&ulated from Table (6.1).

Actual Actual pulse duration applied.

Evaluation of the Strip Data

The nickel strips laid four on each side of an eéoxy resin base
have been mounted at zero angle of attack to the air flow in the wind
tunnel - Dia (6.1). The pulse duration for each strip has been
calculated for both laminar and turbulent velocity profiles. The
- resistance variation with respect to the total power input for a range
of air velocities has been found. From the data obtained it is possible
to estimate the temperature,of each individual strip and compare the
variation of this with respect to the temperatures calculated from
the solution to the differential equation (6.15). Three plﬁts have
been made, the first two show the variation between the power applied
to the individual strips and the alr velocity passing over tﬁem.

Plot (6.3 and 6.4). The third shows the variation of Nusselt with Reynolds

numbers for the four top and bottom strips - plot (6.5).

Presentation of Strip Data

The theoretical comparison in the laminar region was made by
calculating the anticipated heat transfer coefficient for e&éh strip
as shown in table (6.1). The individual pulse durations were taken

into account as shown in table (6.2).
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‘Using a-computer the average temperature of each strip was

calculated as:-
. 2 . . . * _-
I RO P(J) ' - 1 »

-S- = o . .
3 6.18
(h D(J)+RAD-12ROP(J)) (h D(J}fRAD-Ile;b)lﬁo) 1/2 (6.18)

“180 Vol . K

P(J) is the pulse duration applied to the strip

_D(J) is the particular heat transfer fraction anticipated

depending upon the strip pﬁsitiona

20

It was found that the leading strips R(1) and R(5) required
p{J) to be increased to bring the :average calculated temperature down

to that measured. This factor D(J) = 1.15 not as expected D(J) = 1

is referred to as B (c) in the following tables.



Key to tables (6.3) to (6.20)

RJ . . resistance value of the strip during heating

T (M) measured average temperature of strip
T(C) calculated average temperature of strip

TC(C) ~ corrected value of T(C) for strips R1 and R5 only
H(C) © calculated heat transfer coefficient

H,(C) corrected heat transfer coefficient

Power measured power passing in strip

Average values of T(M), T(C) and TC(C) are given fﬁr top set

of four strips R1, R2, R3 and R4.

The total power applied to the set is also given;
The average value for R5, R6, R7 and R8 the bottoﬁrset are

also quoted.

Units

T(M), T(C) and TC(C) are expressed as oC,above tpe ambient

condition.

H(C), HC(C) and Power are all expressed in watts.

All temperatures are given to the nearest e,

76
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Results of multiple strip element experiments for various air
velocities and power inputs at zero angle of attack

TABLE (6.3) V = 5.4 ft/sec (1.62 m/s) Applied Volts .(11.89)
T(M) T(C) TC(C) H(C) HC(C) Power

R1 .379 22 27 22 0.018 0.0207 0.55
R2 .347 22 23 - 0.0074 - 0.22
R3 «373 22 20 - 0.0057 - 0.16
R4  .394 22 23 -  0.0046 0.16
Average 22 23 22 Total Power (1.09)
RS .422 22 26 22 0.018 0.0207 0.54
R6 410 22 22 - 0.0074 - 0.22
R7 - .427 22 21 - 0.0057 = 0.17
R8  .351 22 23 -  0.0046 - 0.16
Average 22 23 22 Total Power (1.10)
TABLE (6.4)

V = 4.8 ft/sec (1.45 m/s) Applied Volts (11.89)

T(M) T(C) TC(C) H(C) HC(C) Power
R1 .380 23 28 23 . 0.0170 0.0196 0.55

R2 .349 24 24 - 0.0070 - 0.23
R3 =377 23 21 - 0.0054 - 0.16
R4 .397 23 24 - 0.0044 - 0.16
Average 23 24 23 Total Power (1.10)
RS .424 23 28 24 0.0170 0.0196 0.55
R6 .412 23 24 - 0.0070 - 0.22
R7 .430 23 22 - 0.0054 = 0.17
R8  .353 23 24 - 0.0044 - 0.16
Average 23 25 24 Total Power (1.10)

TABLE (6.5) V = 4.18 ft/sec (1.25 m/s) Applied Voltage (11,89)
T(M) T(C) TC(C) H(C) HC(C) Power

R1 .383 24 30 25 0.0159 0.0182 0.55

R2 .353 26 25 - 0.0065 - 0.22
R3 .380 25 22 - 0.0050 - 0.16
R4  .400 25 25 -  0.0041 - 0.16
Average 25 26 25 Total Power (1.11)
RS .428 25 30 25 0.0159 0.0182 0.55
R6 .415 25 25 - 0.0065 - 0.23
R7 .432 24 23 - 0.0050 = 0.17
R8 .356 24 25 -  0.0041 - 0.18

Average 25 26 25 Total power (1.11)
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TABLE (6.6) V = 3.41 ft/sec (1.02 m/s) Applied Volts (11.89)

T(M) T(C) TLC) H(E)  H(C) Power
R1 .389 28 34 28 0.0143 0.0165  0.56
R2 .358 29 28 - 0.0059 = 0.23
R3 .384 27 24 - 0.0045 -~ 0.17
R4 .404 27 28 - 0.0037 - 0.16
Average 28 28 27 Total Power (1.12)

R5 .435 28 34 28 0.0143 0.0165 0.56

R6 .422 28 28 - 0.0059 - 0.23
R7 .432 27 24 - 0.0045 - 0.17
R8  .360 27 27 - 0.0037 =~ 0.16
Average 28 29 28 Total Power =~  (1.13)

TABLE (6.7) V = 2.4 ft/sec (0.72 m/s) Applied Volts (11.89)

T(M) T(C) T,(C) H(C) HC(C) Power

R1  .397 32 a1 34 0.0120 0.0138  0.57
R2 .365 33 33 - 0.0050 - 0.24
* R3 .393 33 28 - 0.0038 - 0.17
R4 .412 31 32 - ' 0.0031 - 0.17
Average 32 33 31 Total Power  (1.14)
RS .443 32 41 + 33 0.0120 0.0138  0.57
R6 .430 32 32 - 0.0050 =~ 0.23
R7 .448 32 29 - 0.0038 - 0.18
RS .367 31 32 - . 0.0031 =~ 0.17
Average 32 33 31 Total Power (1.15)

TABLE (6.8) V = 1.7 ft/sec (0.5 m/8)  Applied Volts (11.89)

T(M) T(C) T,(C) H(C) H,(C) ' Power
R1 .403 35 49 40 0.0101 0.0116  0.58
R2 .373 38 38 - 0.0042 - 0.24
R3 .398 35 32 = 0.0032 - 0.17
R4 .418 34 36 - 0.0026 - 0.17
Average 36 39 37 Total Power (1.16)
RS .453 37 49 40 0.0101 0.0116 0.58
R6 .438 36 38 = 0.0042 - 0.24
R7 .455 35 34 = 0.0032 - 0.18
RS .372 34 %6 - 0.0026 - 0.17
Average 35 39 37 Total Power (1.17)
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TABLE (6.9) V = 5.4 ft/sec (1.62 m/s) Applied Volts (12.87)

\ T (M) T(C) TC(C) H(C) HC(C} Power
R1 « 387 26 32 27 0.018 0.0207 0.66
R2  .349 24 27 - 0.0074 0.26
R3  .382 26 24 0.0057 ~0.20
R4  .402 26 27 0.0046 0.19
Average 26 28 27 Total Power (1.30)
R5 .434 28 32 27 0.018 0.66
RG .419 26 27 0.0074 0.27
R7 .436 26 25 0.0057 ' 0.20
R8  .357 25 28 0.0046 0.19
Average 26 28 27 Total Power (1.31)

TABLE (6.10) V = 4,82 ft/sec (1,45 m}s) Applied Volts (12.87)

T(M) T(C) TC(C) H(C) HC{C} Power
R1 .388 27 34 28 0.0170 0.01%96 0.66
R2 .352 25 29 0.0070 0.27
. R3 .385 28 25 0.0054 0.20
R4  .404 27 29 . 0.0044 0.19
Average 27 29 28 Total Power (1.31)
R5 .437 29 34 29 0.0170 0.0196 0.66
R6 421 28 28 ; 0.0070 g 0.27
R7 .439 28 26 0.0054 0.20
R8 .31 27 29 0.0044 0.19
Average 28 29 28 Total Power (1.32)

TABLE (6.11) V = 4.18 ft/sec (1.25 m/s) Applied Volts (12.87)

T(M) T(C) T.(C) H(C) H,(C) Power
R1 .398 30 37 31 0.0159 0.0182 0.66
R2 <355 28 31 0.0065 0527
R3 .388 30 27 0.0050 0.20
R4 .407 28 31 . 0.0041 0.19
Average 29 31 30 Total Power 14:32)
R5 .442 31 37 31 0,0159 0.0182 0.67
R6 .426 30 30 0.0065 0.27
R7 .442 29 28 0.0050 0.21
R8 .363 28 31 . 0.0041 0.19

Average 30 31 30 (1.33)



TABLE (6.12) V = 3.41 ft/sec (1.02 m/s) Applied Volts (12.87)

T(M) T(C) TC) H(C) H,(C) Power
Rt  .399 33 41 34 ' 0.0143  0.0165  0.67
R2 .361 31 34 0.0059 0.27
R3 393 32 29 0.0045 0.20
R4  .412 31 3 0.0037 0.19
Average 32 34 32 Total Power (1.35)
RS .448 34 41 34 0.0143 0.0165 0.68
R6 .428 L 5 | 34 0.0059 0.2&
R7 .448 32 29 0.0045 0.20
R8  .367 31 33 0.0037 0.20
Average 32 35 33 Total Power (1.35)
TABLE (6.13) V = 2.41 ft/sec (0.72 m/s) Applied Volts (12.87)
T(M) T(C) TL(C) H(C) H,(C) Power
R1 405 36 50 40 0.0120 0.0138  0.68
R2 . 368 35 40 0.0050 0.28
* R3 .399 35 34 0.0038 0.20
R4 .419 34 38 _ 0.0031 0.20
Average 35 40 38 Total Power (1.35)
R5 .456 38 49. 40 0.0120 0.0138 0.68
R6 .437 35 39 0.0050 0.28
R7  .456 36 35 0.0038 0.21
R8  .372 33 39 0.0031 0.20
Average 36 41 39 Total Power (1.37)

TABLE (6.14) V = 1.7 ft/sec (0.512 m/s) Applied Volts (12.87)

T (M) T(C) 'rc(c) H(C) HC{C) powér
R1 .420 44 60 49 0.0101 0.0116 0.71
R2 .380 42 46 0.0042 0.29
R3 411 42 39 0.0032 0.21
R4 .430 40 44 . 0.0026 0.20
Average 42 47 44 Total Power (1.40)
RS .473 46 60 49 0.0101 0.0116 0.71
R6 .453 43 46 0.0042 0.29
R7 .467 41 41 0.0032 0.22
RS .382 40 44 . 0.0026 0.20
Average 40 44 41 Total Power (1.41)
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TABLE (6.15) vV = 5,4 ft/sec (1.62 m/s) Applied Volts (13.84)
T(M) T(C) T.(C)  H(C) H,(C) Power
R1 .394 30 38 32 0.0180 0.0207 0.717
R2 .342 20 33 0.0074 0.30
R3 .388 29 28 0.0037 0.23°
R4 .406 28 33 - 0.0046 0.22
Average 27 33 32 Total Power (1.52)
RS  .446 33 38 32 0.0180 0.0207 0.78
R6 .422 28 32 ‘ 0.0074 .31
R7 .441 29 30 0.0057 0.24
R8 .356 25 33 L 0.0046 0.22
Average 29 33 32 Total Power (1.52)
TABLE (6.16) V = 4.8 ft/sec (1.45 m/s) Applied Volts (13.84)
T(M) T(C) TC(C) H(C) HC(C) Power
R1 .398 32 41 34 0.0170 0.0196 0.78
R2 .346 22 34 0.0070 0.30
" R3 .390 31 30 0.0054 0.23
R4 .409 30 34 _ 0.0044 0:22.
Average .29 35 34 Total Power (1.53)
RS .447 34 44 34 0.0170 ° 0.0196 0.78
R6 .425 29 37 0.0070 0.31
R7 .444 32 32 0.0054 0.24
R8  .359 31 36 . 0.0044 0.22
Average 30 35 32 Total Power (1.55)
TABLE (6.17) V = 4.18 ft/sec (1.25 m/s) Applied Volts (13.84)
T(M) T(C) T,(C) H(C) HL(C) Power
R1 .404 35 44 36 0.01533 0.0182 0.79
R2 .350 24 37 0.0065 0.31
R3 .393 32 32 0.0050 0.23
R4 .412 31 36 . 0.0041 0.22
Average 31 37 35 Total Power (1.55)
R5 .453 36 44 36 0.01533 0.0182  0.79
R6 .430 32 36 0.0065 0.32
R7 -447 32 33 0.0050 0.24
R8 .362 28 37 . 0.0041 0.22
Average 32 38 36 Total Power (1.56)
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TABLE (6.18) V = 3.41 ft/sec (1.02 m/s) Applied Volts (13.84)

Power

. T(M) T(C) T,(C) H(C) H,(C)
R1 L4111 39 49 41 0.0143 0.0165 0.80
R2 .354 27 40 0.0059 0.31
R3 .398 35 35 0.0045 0.23
R4 .418 34 40 . 0.0037 0.22
Average 34 41 39 Total Power (1.57)
R5 .458 39 49 40 0.0143 0.0165 0.80
R6 .436 35 40 0.0059 0.32
R7 .453 34 . 36 0.0045 0.24
R8 .366 30 40 . 0.0037 0.22
Average 35 41 39 Total Power (1.58)

TABLE (6.19) Vv = 2.4 ft/sec (0.74 m/s) Applied Volts (13.84)
T (M) T(C) TC(C) H(C) HC{C) Power
R1 .421 44 60 48 0.0120 0.0138 0.82
R2 .363 32 48 ' 0.0050 0.32
. R3 .406 39 40 0.0038 0.24
R4 .425 38 46 o 0.0031 0.23
Average 38 48 45 Total Power (1.60)
R5 .470 45 eQ 48 0.0120 0.0138 0.81
R6 .446 40 47 0.0050 0.33
R7 .463 39 42 0.0038 0.25
R8 .373 34 46 _ 0.0031 0.23
Average 39 49 46 Total Power (1.62)

TABLE (6.20) V = 1,7 ft/sec (0.51 m/s) Applied Volts (13.84)

T(M) T(C) T,L(C) H(C) H,(C) Power
Ri .434 52 74 58 0.0101 0.0116 0.84
R2 .376 39 56 0.0042 0.33
R3 .419 46 46 0.0032 0.24
R4 .438 44 53 0.0026 0.24
Average 45 57 53 Total Power (1.65)
R5 .487 53 73 58 0.0101 0.0116 0.84
R6 .459 46 44 0.0042 0.33
R7 .478 46 49 0.0032 0.26
R8 .371 33 54 . 0.0026 0.22
Average 45 58 54 Total Power (1 .66)
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CHAPTER 7

THEORETICAL AND MATHEMATICAL CONSIDERATIONS
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o ‘i‘HéEOhETICAL AND MATHEMATICAL CONSIDERATIONS
During the preliminary stages of this project particularly
with respect to the design of the experimental samples several
dimensionless factors have been introduéed, the most important of
these béing the Reynolds number. Reynolds number can be defined
either by a characteristic length or a hydraulic diameter depending

upon the situation under investigation - Ref. {7.1}.

By hydraulic diameter'R =2+ U% .o - »
'BY chéréétefiéfic'lenétﬁ R.'= % : o SR -

L

be o

Where the_hydraulicwdiametgr!(hd),is defined as (4 cross sectiocnal
area)/(wetted perimeter) and v is the kinematic viscosity., U® is

the stream velocity m/s and % is the, characteristic length.

It is 'used to indicate the onset of turbulence; the transition

3

from laminar occurs between the Reynolds numbers 2.10° to 5.10°

according to the flow situation.  Due to its dimgpsionlessﬁforg it
can_also_be used to introduce a scale factor. The samples,used_in_
this project have been scaled up by a factor of five in comparisonﬂ,
with fins used in practice. The stream velocity has been reduced by

a factor of five, thus keeping the Reynolds number constant.

Other factors were:

(Px) Prandlt number

o
\Y

(Nu) Nusselt number

¥Cp
Kk

he

X
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gBL 3 (!:.‘»T]

2
v

2
=(E)

e U
(Gr) Grashof = and Eckertffcp &)

where u viscosity (kg/ms)

cp specifi& heat at constant preséure‘(J/kg OC)
B coefficient of.expénsion‘( /%)

o thermal diffusivity (mz/s)

2

g acceleration due to gravity (m/s”)

kR thermal condhctiﬁify fw/m2 )

1  characteristic 1ength (m)

FERE T -

i

The Reynolds, Grashof and Eckert numbers can be calculated, .
to give an indication of the type. of heat transfer mechanisms likely
to be present for a particular flow situation. Reynolds number is
associated with forced convection, Grashof with natural convection
and Eckert with changes in a gas due to high velocities or
temperature change. The first two terms have been used as an ald

both in the design of test samples and for giving an estimate of

their performance.

At the outset of the project it had been hoped that a more
complete mathematical picture of the velocity and temperatute'profiles
over complicated shapes could be obtained. It became apparent that

only for relatively simple situations was it possible to achieve

a representation of the flow.
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MATHEMATICAL DESCRIPTIONS OF A FLUID FLOWING PAST A BODY

The section describes different methods by which mathematical

descriptions can be made of a fluid flowing past an object.

Streamline Potential Flow

This is the simplest method of approach which can be applied
to the problem and defines a two dimensional flow field. The field
is assumed to be incompressible non-viscous and irrotational; as
such the field can be desribed by a complex function F(2) for which
there exists a potential and stream function.

F(Z) = ¢ + iy
Where ¢ 1is the complex potential and

Y 1is the complex stream function

2 =x+ iy

The field also satisfies the Cauchy-Riemann conditions:

W = W 3 =-2
9X oy ay ax

The function F(z) can also be resolved into its complex velocity

3F(z) ._ 3¢ i Y
9z 9x dx

components such that = u - iv

where u and v are the complex velocity components.

The effect of a body in the flow is found by introducing a further
complex function into F(Z). An example of this would be the flow around
2

a cylinder, where F(Z) = -Uo (2 + EE-)
The complex function can be separated into its potential and

stream functions as:
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-
I

-Uo (x + ale(x2 - 33))

=
I

.I -Uo (y - yazj(x2 + y2)) | DIA (7.1)

The complex velocity can also be found as a function of x and y:

t

p) - c 2 22 =2 2 2,2
%=u=—Uo (1-a (x" =y /(% +Y3):

% . R R e T}

2
combining (u .+_v2)1/2 yields

5

_2 4 2 "2 2 1/2 .
v = -(1 +a—2-—2-+- 2a2 (y 2"2" 9 By e BE (A
(x™ +y") (x" + y")

If a streamline potential field is developed, then superposition

of one flow upon another is also possible.
For F(z,) = Re'" and F(z,) = re'®
: = in .. 1B
then F(z,) + F(zz) =R (e +'e )

In using this technique it is possible to describe the potential flow

around bodies at angles of approach other than zero. DIA (7.2).

Streamline -po'htenltél.al flow is limited in its direct applications

to perfect fluids such as'described by Euler's equation of motion

ot ™ F - V(p) which ip a steady flowato Bernoullis equation
5 1 - 2 ., ¥ e P .
P, -' Pp=3 Pgq (Ref '?.2‘..)

Where p 1is the density of the fluid

q 1is vectorial representation of velocity,
qg=1iu+ jv + kw

F represents. the body forces.

%% is the total differential of g

po is the stagnatiori ‘f_:u':essure and p a change in pressure as a result

of a change in q.
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As a mathematical method it can be applied if the body considered
is very large with respect to the viscous boundar& layer. Examples
of this type of flow can be seen in the passagé'of ships through.water
- Ref {7.3}. Also, according to Stafford - Ref. {7.4} potential
modelling can be used to describe the airflow distribution over a
convential motorcar with a view to aerodynamié drag reduction. However,
in developing this technique it is pointed out that the turbulent
wake created by " bluff body travelling through air - Ref. {7.5} is

approximated from experimental results and cannot be obtained

mathematically.

Boundary Layer Flow

Boundary layer flow takes into account the previously neglected
viscous drag experienced by a fluid flowing past a body. For an
incompressible flow an extra term is now added to Euler's equation

representing the viscosity of the fluid, forming a simplified Navier-

Stokes equation

2
-pﬁ = F-V(P) + uwiq {7.2) -

Where u is the viscosity of the fluid.

This expression describes the boundary layer flow provided the

properties of the fluid, i.e. density and viscosity remain constant.

In the case of a steadyflow egaution (7.2) reduces to -

- 2 2
P NN
Yy ¢ ) o Lax® . ay

in the x direction,
where Fx is the x component of F, the body force and g& is the pressure

loss in x directio§;and in y direction
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Schlichting - Ref. {5.1} shows by introducing the concept of boundary
depth (8), that the previous two equations reduce to the form
- 2 . ’

udu |, vdu 1Fx _1 dp u  3%u
s— + —— = — - - i =
= 5y = “ax - - = (7.3)

Boundary Layer Flow over a Flat Surface

The solution to this particulaf.baﬁndarf'layer formation problem
was first solved by Blasius - Ref {7.B}N:x h'fﬁll expianafioﬁ of his
teéhhiqﬁé has been given in appéndfx (5) éﬁd{only the major poiﬁﬁél

in the method have been expan