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ABSTRACT

This thesis describes an experimental and theoretical
study of natural convecfion heat transfer from a downward-
facing constant~heat-flux inclined flat:plate in water.

The theoretical investigation, which comprised an
anaiyéis of the infegrated boundary layer equations for
steady two-dimensional laminar and turbulent flows, produced

analytical solutions for a heated plate inclined at any angle

of inclination,

Experiments, using two rigs, investigated heat transfer
in the laminar, transition and ﬁurbulent fegimes. The major
outcome is a correlation for the local Nusselt Number over a
range of modified Rayleigh Number from 10® %o 1015. 1In
addition, boundary layer temperature and veloc?ty profiles
_ were measured using traversing probes and the flow outside the

boundary layer was investigated using flow visualization

techniques,
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CHAPTER 1:

INTRODUCTION

During the design of a nuclear reactor, a detailed safety
assessment is carried out which considers the effects on the
reactor of a number of faults. Methods are provided for dealing
with any dangerous situations, usually by avoiding the possible
accident or containing its consequences, In the fast reactor,
one of the most unlikely acdidentskis the loss of coolant from
a‘sgngle fuel sub—assemfly;

Local blockages in the sub-assemblies due to coolant debris
ére imﬁoftant for fast reactor safety because they are difficult
to detecf and they could initié%e a whole core incident,
Gregory and Lord (1974) have shown that at least 125 of the
available flow area must be blocked before local boiling of the .
sodium could be initiated, implying that blockages due to coﬁlant
debris are not an important hazard, They suggested that a major
féilure of either the fuel ofxstructure of the sub-assembly
would be‘necessary to cause a serious pfoblem. Parmer (1970)
has pointed out the possibility of a failure in one sub-assembly
4p§opagéting to other sub-gséemﬁlies which could then lead to the

‘zmelt-out of the core or some part.of the core; In order to
prévent molten debris damaging the reactor vessel, Hunt and
Moofe (1970) have suggested the use of a.éore catcher placed
beneath the core to catch the debris, The function of the core
catcher would be to initially catch the debris and then cool it
fo prevent boiling and dispérsal of the material,

They suggested that the most likely type of core catcher
would be a shallow V section channel which would be cooled by

natural convection from its lower face into the main bulk of the



sodium, Their analysis of the heat transfer from the core caticher,
discussed in detail later, showed that the temperature difference
between the core catcher and the liquid sodium would be 87°c for
a V section channel inclined at 15° to the horizontal,

As the above figure was based on unreasonable extirapolation
of tpe available heat transfer data, the investigation reported in
this thesis was aimed at providing data relevant to the design of
such a core catcher, In a large number of liquid sodium heat
transfer experiments; prelininary information is obtained using
water models where flow visualization may also be undertaken. From
these results, a feel is obtained as to which parameters are |
important and this may lead to modifications to any proposed liquid
sodium experiment. Naturally, the results of these experiments
will not be quantitatively applicable to liquid metals due to their
high molecular conduction (low Prandtl Numper)f

To ease manufacture of the experimental rig, it was decided
to consider only one side of the core catcher. The experimental
situation which models the problem is that of a downward-facing
inclined flat plate in water, the plate having a uniform heat
outpuf as suggested by Hunt and Moore (1970). It was hoped that
this would give a reasonable representation of the practical

situation,

The objectives of the invéstigafion are summarised as follows:
1; To determine experimentally the relationship between the
local heat transfer coefficient and the Grashof Number in the
laminar and turbulent regions as the angle of inclination of

the plate varies from the vertical to the horizontal facing

down,



2., Mo determine experimentally, profiles of mean velocity

and temperature in the laminar and turbulent boundary layers
over a range of values of Grashof Number and plate angle of

inclination,

3. To investigate the characteristics of the flow by means

of flow visualization techniques,
4. To obtain a theoretical solution for the laminar and

turbulent boundary layers using integral momenium techniques.

At the beginning of the project it was decided to modify and
Tebuild an experimental rig constructed by Taft (1971) for laminar
flow measurements, Once this was commissioned and producing
results, the detailed design and -construction of a larger rig was
undertaken, The presentation of the'work is as follows:

Chapter 2 reviews the previous work on iﬁclined plate natural
convection heat transfer and reveals a lack of both experimental
and theoretical data on turbulent flow and éonstant-heat-flux
surfaces. The difficulties of computing turbulent flows on a

vertical isothermal flat plate have been revealed by Smith (1972)
who concluded thats

»

",,. theoretical work should not be attempted until further
understanding of the physics governing turbulence is secured."

This difficulty is not present for laminar flows where finite
difference solutions have solved the vertical plate solution

accurately. This lack of knowledge was the other reason for this

project being formulated,

Chapter 3 presents a theoretical description of both the
laminar and turbulent boundary layers using the integral momentum
method, Assumed velocity and temperature profiles in the boundary

layer are used to obtain solutions to the'equations.



Chapter 4 deals with the method of measurement in natural
convection flows, The deoisionsleading to the selection and
design of the thermocouple probe and a hot-fibre anemometer are
given and details of the calibration of the anemometer are
discussed, |

Chaptér-S presents a detailed description of the tﬁo experi-
mental rigs together with a discussion on the type of instrumen-
tation used,

Chapters 6 and T describe the experimental pr&cedure aﬂd
results obtained from the small aﬁd large rigs respectively, The
results from the two rigs are then discussed jointly in Chapter 8
and compared with the theoretical predictioné of Chapter 3.

Chapter 9 summarises the conclusions of this programme of

work and Chapter 10 suggests areas of work where further research

is necessary,



CHAPTER 2

. PREVIOUS WORK ON HEAT TRANSFER BY NATURAL
CONVECTION FROM INCLINED FLAT PLATES

2.1 INTRODUCTION

The study of natural convection adjacent to inclined surfaces
has received comparatively little attention compared wifh the
classical study of heat transfer from a vertical plate. The
earliest investigator to study this problem was Schmidt (1932) who
obtained a fine collection of schlieren photograprhs of natural
convection flows above and below an inclined surface,

Before continuing further with the inclined plate, a brief
description of the development of the flow adjacent to a vertical
plate will be given. There are several excellent review articles
dealing with this situation by Ede (1956, 1967), Ostrach (1964)
and Gebhart (1973a, 1973b).

Figure 2.1, taken from Godaux and Gebhart (1974), shows the
development of the boundary layer in water., Initially a laminar
boundary layer develops along the plate and after some distance

downstream small disturbances enter the laminar flow from the

surrounding medium and become two-~dimensional. These are con-
vected downstream and amplified over a narrow band of frequencies.
The second stage of breakdown is when the secondary mean flow

longitudinal vortices occur., This seems to be the main cause of

the laminar flow breakdown,

The beginning of turbulence is first shown by the change in

the velocity field which alters the mean temperature profile

further downstream., Moving downstream the mixing becomes very

intense to produce fully developed turbulent flow.
In order to present an effective summary of the availasble

literature, the remainder of this chapter is divided into a



discussion of the laminar, transition and turbulent regions of

an inclined flat plate., Table 2.1 gives a brief résume,

Fully turbulent flow

Region of adjustment of
turbulent parameters

Thermal transition

Beginning of transition

iean secondary motion

Amplification of 2 and 3
dimensional disturbances

Laminar flow

y S

FIGURE 2.1 MECHANISMS OF TRANSITION IN WATER

2.2 LAMINAR FLO%

Tautz (1943) showed that the heat transfer coefficient on an
inclined plate in air was independent of angle up to 45° from the
‘vertical and between 45° and 90° decreased linearly with angle,
Since then, several papers have shown theoretically that by
neglecting the pressure gradient in the direction normal to the

plate, the heat transfer correlation could be expressed as

L
Nu, “(ercos¢ Pr)*



TREATMENT

PLATE CONDITIONS ORIENTATION OF PLATE|  TYPE OF FLOW EXPERIMENTAL OBSIRVATIONS
INVESTIGATOR . FLUID | Plate | teralllateral | Flow | lass
Experi+Theoret- Iso—~ |Constant Other Upward | Downward Laminar |  Tans= [furbu— |Surface Temp. |Velocity|Visualisa-|{Trans-
mental ical thermal a'! facing facing ition | lent T:ﬁ;;,‘xe‘- Profile |Profile tion for
Schmidt (1932) /" air Not known, / / /-
Tautz (1943) / air Not known Not known | /. /
Schuh (1948) / any / / / /
Rich (1953) / |/ air / / | / / /.
Merk and Prins (1954) / any / / / /
Inger (1955) / / air / / / / / /
Levy (1955) / any / - / / /
Plapp (1957) / any Any / / /
Enikeev (1958) / air / / / / /
Tritton (1963a) / air / / / / / /
Tritton (1963b) / air / / / /
Michiyoshi (1964) / any / / / /
Lock, Gort and Pand (1967)] / * air / / / /
Kierkus (1968) / / air / / / / / / /
Vliet (1969) / water and air / / / / / /
Yung and Oetting (1969) / air / . / / / /
Sparrow and Husar (1969) / water / / /e
Hassan and Mohamed (1970) | / air / / / / /
Lloyd and Sparrow (1970) / water / / / /
Fujii and Imura (1972) / water / / / / /
Lez and Lock (1972) / -/ | / / ' /
Ry | ey e B /
Pera and Cethart (1973a) | / / air / / / / / /
Pera and Gethart (1973b) / / air / / / /
Haaland and Sparrow(1973a) -/ Pro= J7y2,607] [/ / /
Haaland and Sparrow (1973b) / Pr = 6.7 / /
Iyer and Kelly (1974) -/ / / /
Kahawifa & Meroney (2974) / / ' . / /

TABLE 2,1  STMMARY OF AVATLABLE LITERATURE




where ¢ is the angle of inclination measured from the vertical,
i.e, using the value of the gravitational force parallel to the
plate surface., This correlation implies that the heat transfer
coefficient is the same for both upward-and downwgrd-facing
plates,

Levy (1955) solved the integral form of-the boundary layer
equations for an upward-facing isothermal plate, His method of
golution was to first solve the equations by neglecting the
pfessure in the direction normal to the plate, From this first
approximation, the neglected term was evaiuated and a second

approximation was obtained., The second approximation was

1 -'% tand (Gr Pr

X
Nug = 0.427 (GryProosg)® -
(1-3 tan¢ (

.l.
erfr) ]
Michiyoshi (1964) solved the governing equations by assuming

that the plate could be represented by a thin ellipse., His

analysis showed that the average heat transfer coefficient of the
lower surface was. larger than the upper surface and both coeffi-
cients increased,asAthé aggle-aﬁproached the vertical.

" Both Kierkus (1968) and Pera and Gebhart (1973a) presented
perturbation analyses for two-dimensional laminar natural con-
vection about an inclined plate using the classical boundary
layer solution as the zero order approximation, Kierkus (1968)
covered a range of angles from —60° > ¢ < 60° and found agree-
ment between the theory and his experiments. Pera and Gebhart
(1973a) considered the range of angles 90°3 ¢ 82° and obtained
some agreement between their theory and experiments.

In both analyses, it was shown that perturbation analysis

had only a slight effect on the temperature distribution but a

large effect on the velocity profile.



Experimental studies of laminar natural convection have been
more numerous than the theoretical stﬁdies. Rich (1953) used an
approximately constant-heat-flux narrow plate and an inferior
quality interferometer to determine the temperatures. The
boundary layer temperature profiles were lower than predicted by
theory while the heat transfer coefficients were in good agree-
ment with the vertical plate theory provided the gravity component
parallel to the surface was used.

| Using a similar experimental arrangement to that used by
Rich (1953), Inger (1955) obtained heat transfer coefficients
from a constant-heat-flux inclined plate from the horizontal
facing down, through the vértical to the horizontal facing up.
His data did not agree with the simple inclined plate theory, the
heat transfer coefficient increasing after 30° and -60° from the
vertical. This pecﬁliar behaviour may be attrifuted to the
narrowness of his plate (3 in. wide x 12 in. long).

Enikeev (1958) confirmed the analytical prediction for a
downward-facing plate'but‘when the plate faced upwards he found
the heat transfer coefficient increased to a maximum at 60° and
then began decreasing,

Yung and Oetting (1969) used an unusual method of correlat—
ing their resulis for an approximately constant-heat-flux downward-
facing plate in air. Instead of using the gravitational component
parallel to the plate surface, they used the ordinary gravita-
tional component and correlated their results 4o the vertical

plate theory using the correlation factor (1 + cos ¢) suggested

by Yung (1965).

All the previous analyses have compared their data with

isothermal surfaces, even though their heated plates were nearly
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constant-heat-flux, Using the integral solutions for laminar
natural convection by Squire (1938) and Sparrow (1955) for iso-
thermal and constant-heat-flux plates respectively, the heat
transfer correlations obtained for a Prandtl Number of 0.7 (air)
are

Nuy = 0.411 (GrIPr)% isothermal

Nuy = 0.451 (erPr)% constant-heat-flux
There is a difference of approximately 9% between the two boundary
conditions indicating that in the majority of the previous papers
the heat transfer coefficient had been underestimated.

The first paper dealing specifically with a consfant-heat-

flux surface was presented by Vliet (1969). The heated plate used
a 0,002 in, stainless steel foil as the heating element., Covering

a range of angles from the vertical to 30° from the horizontal

facing up he obtained the correlation
Nug = 0.6 (or% Pr cos g)F
which compared well with theory.

Covering the full range of angles from the horizontalyfacing
ﬁpwards, through the vertical to the horizontal facing dowmwards
position Hassan and Mohamed (1970) obtained heat transfer corre-
lations for an isothermal inclined plate., The data were correlated
using g cos @ with a mazimum deviation of less than % 10% for a
range of angles of =-75° 2 ¢ < 60°, |

Experiments on natural convection mass transfer adjacent to

vertical and upward-facing plates were performed by Lloyd,

Sparrow and Eckert (1972a,b). The local laminar mass transfer
coefficient agreed very well with the analytical prediction.
Fujii and Imura (1972) extended the measurements dowm to 5°

from tpe horizontal for a downward-facing plate and their results
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universally accepted. Vliet (1969) using a constant-heat-flux
plate took the beginniné of transition-as the point at which
the temperature of the heated plate began to décrease. Others
have used the fluctuations of velocity or temperature in the
boundary layer as an indication of instability. Godaux and
Gebhart (1974) suggested that the amount of energy entering the
boundary layer gave a good indication of the point of transition.
Numerous papers dealing with transition on inclined surfaces
are available, the majority deal;ng with the upward-facing plate.
-Tritton (1963b) was the first to experimentally show that the
flow on the underside of a heated plate is more stable than that
above the plate. Using a schlieren system in air, Lock, Gort and
Pond (1967) showed that the disturbances adjacent to a heated

plate were wavelike, the frequency and wavelength of these dis-

-

turbances being little affected by inclination.

Using an electrochemical technique developed by Baker (1966),
Sparrow and Husar (1969) found longitudinal vortices. Lloyd and -
Sparrow (1970) studied this problem further using the same tech-
niques, For an upward-facing plate, their results showed that
between 0° and 14° from the vertical, waves were.the mode of
instability. For inclinations greater than 17° the instability
was ‘characterised by longitudinal vortices, Between 14° and 17°
the two modes co-existed. Pera and Gebhart (1973b) have questioned
Baker's technique of flow visualization, pointing out that gas

bubbles produced in the method could have generated additional

fluid circulations,

The iransition data obtained by Viiet (1969) for an upward-

facing inclined platewere two orders of magnitude greater than

that for an isothermal plate, This difference may be due to the
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differing boundary conditions or the heat caﬁacity of the plate.

éhe mass transfer technique of Lloyd; Sparrow and Eckert
(1972a,b) gave transition criteria much higher than other
investigators., They attributed the discrepancy to the large
"difference fetween their Schmidt Numbers and the Prandtl Numbers
.ugsed in heat transfer experiments and also to the lack of dis-.
turbances in the flow.

‘Pera and Gebhart (1973b) using an upward-facing plate in
air, obtained values of transition near the horizontal., Their
work also included details of the separation of the flow,

The theoretical aspects of the instability of natural con-
vection flow on a veriical plate are now very well understood.
Two-dimensional linear instability theory correctly predicts the
characteristics and disturbance amplification for instability.
Gebhart (19732,b) has recently reviewed what is known about such
effects. Plapp (1957) was the first to derive the instability
equations for natﬁral convection from a flat plate but it is only
recently that attempts have been made to solve them,

Lee and Lock (1972) presented an analysis but the terms
involving the non-parallel effects of the mean flow were neg-
‘lected., Haaland and Sparrow (1973a) showed that this assumption
1ed to significant errors and they took into account the stream-
wise variation of the basic flow and temperature fields, This
moved the neutral stability curves to higher Grashof and wave
numbers, In a later paper (1973b) they showved that the curves
are displaced towards lower Grashof Numbers as one goes from a
dbwnward-facing platé to an upward-facing plate. The range of

unstable wave numbers is greater for upward-facing plates than

downward-facing plates;
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Using the parallel flow model Iyer and Kel}y (1974) showed
theoretically the change in instability from waves to longi-
tudinal vortices for an upward-facing plate. To correlate the
theory with the experimental results it was necessary to calculate
the total amplification of each disturbance from the theoretically
predicted point of onset of ingtability to the point of observa-
tion of instability. Similar conclusions were obtained by

Kahawita and Meroney (1974) using linear perturbation theory.

Pera and Gebhart (1973b) have studied theoretically the flow
adjacent to hofizontal and nearly horizontal upward-facing
plates., They correctly predicted fhe trend of the stability
limits but their results were not in as good agreement as the
work on the vertical plate,
| Finally, it has been shown by Gebhart (1969) that a direct'
comparison between experiments involving natural disturbances and’

linear stability theory should not be made. Natural disturbances

involve disturbances of many frequencies and amplitudes whereas
the theory only considers a single frequency and, to be able to

detect instability, the disturbances will have to be amplified

before instruments will detect them,

2.4 TURBULENCE

Very little information is available in the literature for
turbulent natural convection from inclined surfaces, Levy (1955)
modified the equations of motion set out by Eckert and Jackson

(1555) using the gravitational component parallel to the plate

surface, For an isothermal‘plaie he obtained the equation

7. .
Nu, = 0,0295 Prts (l‘+ 0.494 Pf%)"é (erpos¢)§.

for angles near the vertical,
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Tritton (1963a) studied turbulent natural convection above a
heated isothermal pla.'te. inclined at 10° to the horizontal., He
obtained temperature and velocity profiles but no indication of
thé range‘;f Grashof Numbers is given;

The work of Vliet (1969) was the first extensive study of
turbulent natural -convection above a constant-heat-flux plate.

He obtained the heat transfer correlation

Nug = 0,30 (Gr¥ pr)0-24
for 0°<. § < 60°. It should be ~noted that he found that the
inclination made no effect on the heat transfer, i.e. he use&
the ordinary gravity component rather than the component parallel
4o the plate as suggested by Levy (1955). Also, from this equa-
tion.it will be seen that the heat transfer coefficient decreased
.with distance up the plate, Vliet found that the index of the
_ Grashof Number varied from 0.22 for the vertical plate to 0.24
for the horizontal plate, the best fit data giving an index of
0.24.

Using a mass transfer technique, Lloyd, Sparrow and Eckert
(1972a) obtained local turbulent natural convection mass transfer
coefficients for an upward-facing plate. They presented their
results as | |

Shy = constant (Gr, Sc)%
vhere Shy and Sc are the local Sherwood Number and Schmidt Number.
Their results covered a range of angles from 0° to 45°., The
constant was found to be a function of the angle of inclination.
The use of the gravitational component parallel to the plate
surface did not correlate the data and it would appear that
constant « ¢

The differences between the results of Vliet (1969) and Lloyd,
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Spa;row and Eckert (1972a) are not understood. The plate
boundary conditionswere not identical, Vliet (1969) using a
constant-heat-flux plate and Lloyd, Sparrow and Eckeft (1972a)
the equivalent of an isothermal plate, Also the Schmidt Numbers
of the mass transfer experiments were 500 times the Prandtl
Numbers used in the water tests.

From this brief review, it will be seen that there are still
a large number of gaps in>oﬁr knowledge of inclined plate natural
convection, particularly from constani-heat-flux surfaces. No
accurate laminar boundary layer temperature or velocity profiles
have ﬁeen obtained, even for the vertical constant-heat-flux
ﬁlate; Trénsition data areonly available for an upward-facing
plafe and no data areavailable on turbulent natural confeotion.

It was therefore the aim of this project to attempt to £ill some_

of the gaps in our knowledge,
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CHAPTER

THEORETICAL CONSIDERATIONS

3.1 THE GOVERNING EQUATIONS

The mathematical difficulties involved in the exact solution
of the momentum and energy equations are numerous even for very
special cases, In this chapter the integral-momentum techniques
of von Karman (1921) and Pohlhausen(1921) are used to solve the
boundary layer form of the equations.

The continuity, momentum and energy equations governing the

non-steady flow of a compressible fluid are given belows

%‘% - pdivy_ - 0 7 e (3-1)
P % - Pg - VP «+ U sz_ +%IJ‘.V (V"‘ l’_) e (3.2)
pCp -g—"]l::- - vva + EI‘ Dp/D-t + (.I".'+ ] ose (303)

where ¢ is the dissipation function. given by
/ \ 2 r ... 2 2 2
2 ) (& .V 3w au v dw
da (7» - 'Sl-‘) (‘B?C *+ ay + az> + 2# [(ax) + (ay) + ('é';)

2
+ F[(g{‘t 'aa—?;')

In this chapter we will only consider natural convection

L m@.wt)
flows due to temperature-caused density changes., BEquations
(3.1), (3.2) and (3.3) show the complexity and coupling inherent
in natural convection problems., The motion results because of
local density changes caused by changes in temperature, hence
equations (3.1) and (3.2) are coupled to equation (3.3). It is
convenient to replace p by p" = p + poogiz the piezometric
pressure, which has the property that it is constant in the

external fluid and varies in the boundary layer only. When this

is done equation (3.2) becomes
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- (Po-p)g- VD" + uVY + 31V (V.¥)

The system of co-ordinates is shown in Figure 3.1, The

origin is taken at the bottom of the heated plate with the body

force acting downwards; It is customary to take. the angle, ¢,

as being positive when the heated surface is facing upwards and

negative when the heated surface is facing downwards,

Wall temperature, T(x)

Ambient Fluid
y Temperature, Tew

FIGURE 3.1 CO-ORDINATE SYSTEM

To reduce the complexity of the.problem, the following

assumptions are mades

1.

2.
3.

4.

The flow is steady, two-dimensional and incompressible.
The heat sburce, 4'*', is zero.

The physical .properties remaﬁn constant except for the
density and changes of densi%y éré only allowed to
influence the mathematical model by the production of
the buoyancy force.

The diséipation function, ¢y is negligible as shown by

Gebhart (1962).
The buoyancy force may be written using the Boussinesqg

approximation as:

glpo-p) =« gpB (T - T)
(sce Gebhart (1973a) for a more detailed discussion of

the approximations involved.)
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The system of equations now reduces tos

u,
ax+ oy 0

v 3p!
g;:-t- a;" :ax-l-gﬂ(T o) cos @ + p(.——2+_2)

TR : e
usx *+ Vay = pay+gﬁ(T'T°°)Sin¢+"(‘a;'2+ )

ar 3T _ kT, azr
“ax“"é? pCp .(ax : )

The boundary conditions associated with the above set of
equations ares

'
_y:O,u::O,v::O,%PE = -%

Y2y M 0y, V20 T T
The measurements of Schmidt and Beckmann (1930) in a flow
around a heated vertical plate showed that the boundary layer was
thin compared with the height of the plate, Hence, the equatidns'
may be further simplified using Prandtl's boundary layer theory

by assuming

%_3-2 >> %;2
The equations now reducé to:
%% 2—; - % | eeen(3.4)
u.g_;% + v-g% = -71,- 'S}E( + gb (I" Té) cos ¢,"§-)2;% ees (3.5)
0 - -z gy + 98 (T - Too) sin ¢ oo (3.6)
i "'gl “'2‘5‘3 o | e (3.7)

where a « k/pCp
The pressure terms in equations (3.5) and (3.6) are eliminated

by differentiating equatioﬁ (3.6) with respect to x and then

integrating with respect to y. "The result is
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agreed with theory. For angles between -85° and ~90° from the
vertical, the data‘ﬁerepiotted using the ordinary gravitational
component giving Nu, e er%. For an upward-facing plate covering
a range of angles from 0° to 85° their data again followed the

analytical prediction but the scatter was much worse than for the

downward-facing plate,

2.3 INSTABILITY AND TRANSITION

1

There are two common causes of instability, viz thermal‘and
hydrodynamic. Thermal instability occurs when a heavier fluid
oferlies a lighter fluid causing a tendency to métion. This is
the case for an upward-facing heated flat plate, Hydrodynamic
instability is caused by the forces aching on the fluid amplifying
the everpresent disturbances in the flow and producing a breakdown
of the laminar flow. For an upward-facing inclined flat>p1ate the
tendency is to thermal instability, whereas when the plate is
facing dovnwards there is a tendency to stabilize the flow.

The experimental determination of transition from laminar to
tﬁrbulent flow on a vertical plate has received 2 considerable
amount of effort but thefe ig s1till poor agféemen£ on the results,
This is perhaps because no accepted standard has been used to
ﬁetermine the start and finish of transition,

| A commonly used procedure is to calculate the beginning and
end of transition from the Nuy - Ray felationship, there usually
being a noticeable change in the relationship, This procedure is
not foolproof. Fujii, Takeuchi, Fujii, Suzaki, and Uehara (1970)
found that in fluids with large Prandil Numbers there was no
noticeable change. Kato, Nishiwaki and Hirata (1968) suggested
the ratio of the shear velocity to the buoyancy velocity shoﬁld

be a good guide to instability but this method has not been
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ﬁ'%ﬁ'-pg@ sin;éL%(T-Tm)dy

Substituting this result into equation (3.5) gives
au au | a M ] a%l ‘u - “. y -\.' .
u—a—x- + V'a'-J - gﬁ (T—Tw)cos¢+ '&£ gﬁ(T-Tw)Sln¢dy.v§y~2 cee (3-8) ’
For fluids with a Prandtl Number near unity (strictly Pr = lj

it may be assumed that the hydrodynamic and thermal boundary
layers have the same thickness. Integrating equations (3.8) and

(3.7) on this assumption with respect to y fromy =0toy = §

and eliminating v by using equation (3.4) we obtain

g [® 2 fa ja'd [a A
..d_x.oudy. oVgﬁ‘('l‘-'l"‘,n,) cos¢dy*o-a§ ygﬁ('l'-'l;o)singfdydy

du ”
- v-d—§ o ‘oo e (309)
and
de-u(T - T:o) dy = ajo m (T - I:o) dy veoe (3'10)

Equations (3.9) and (3.10) are the integrated boundary layer

equations for an inclined flat plate with the new boundary

conditions

Tt
y=0,u=v=0, 2.4
y=5,u=0,T'=Tm

3.2 STEADY LAMINAR BOUNDARY LAYER FLOW

To evaluate the integrals in the momentum and heat balance
equations, the velociiy and temperature distributions in the
boundary layer are writien as polynomials in y whqse coefficients
are functions of i. Bxperimental evidence has shown that the

velocity profile may be represented ty a cubic polynomial

2
u::ulg:(l-g') XX (3.11)

where uj, is a characteristic velocity. The polynomial satisfies

the boundary conditions
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yao,u=0
@
ay

but gives a maximum velocity too far from the wall and of too

y =8 u=0 and 0 (smooth fit condition)

great a magnitude (8% high).
The temperature profile may be approximated by the parabola
L_ _ s
= (1 - §) .ee (3.12)

which gatisfies the boundary conditions

T _'l
y=o’g'—— —-g

vy ~ K
y=0,Ta"T, and %% = O (smooth fit condition)

The polynomials for the #elocity and temperature distribution are
substituted into equations (3.9) and (3.10) and afier integration
the boundary layer equations assume the following forms

;%5

4 §'"Bscosd 52, &' 'Pzsing 5248 vw

= (1650 - o 8k dx - 7§ oo (3.13)
. 1182

‘d 1 - ' sce .
() "¢ . (3.14)

These equations will first be solved for the special cases of the

vertical and horizontal plate and approximately for the inclined

plate,

3.2.1 Lanminar Natural Convection from a Vertical Plate

Equations (3.13) and (3.14) were first solved by Siegel (1954)
and Sparrow (1955) for a constant-heat-flux vertical plate (f = 0°)

following the method of Squire (1938), The variables are separated

by means of the substitution
uy = 1 x C2
) =C3xc4
Introducing these into equations (3,13) and (3;14) gives



01203 (205+C4) _ oopycy-1 L &U8E 02 £ 204 -, BL 4 C2%4
105 x 2+4 = Bk 3x Uc3‘

2
C1C; (204+C3)
60

L 44071 _

For the equations to be valid at any position on the plate, the
exponents must have thé same valﬁes in both equations. The

constraint is satisfied for Cp = 3/5 and G4 = 1/5 and the
following solution is obtained

=2/5 L1 |
] = 32%%75 a Pr2/5 (0.8 + Pr)-/; Gi-Jgg)Z/s x 3/5 eee (3.15)

-1/5
5 = 3601/5 Pr_2/5 (0.8 + Pr)l/5 (Q_Jig) x 1/5 eee (3.16)
. or in the more usual form

Na_ = 0.616 Pr%/> (0,8+pr)"/5 oo} 1/ vee (317)

3;2;2 Laminar Natural Convection from a Horizontal Plate

For the horizontal plate, cos § = 0. Equations (3.13) and
(3.14) are solved by separating the variables using the same

'substitutions as in Section 3.2.1 giving

§ = 3.36 Pr -5 ('4 + Pr )1/6 (_b___@_g)-l/é ] (sin ¢)-1/6.
and

w = 53e 7o G et @EHT E i gt
or in the more usual form

Yuy = 0.595 Pf%'($-+ Pr)'l/6 Gr; 1/6 (sin ¢)1/6 eee (3.18)

The sin @ term has been retained in equation (3.18) to describe
the orientation of the plate. For the horizontal plate facing
upwards (sin @ = +1) the boundary layer starts at the plate edge

and moves inwards-whereas for a horizonial plate facing dovnwards
(sin § = ~1) the boundary layer thickness is a maxirum at the

centre of the plate and decreases with the‘flow moving towards
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the plate edges. As this solution assumed that the boundary layer

originated at the plate edges and grew inwards, equation (3.18)

is only valid for an upward-facing horizontal plate.

............................

From equation (3.13) it may be showmn that the buoyancy forces
in the x and y directions are the same order of magnitude for
angles of inclination greater than |75°lfrom the vertical.
Substitution of uj = Clx.c2 and 6 = C3x94 into equations (3;13)

and (3.14) yields

cfc3(2C2+Cy) 202*Cs-1 4 pacos@c 31204

105 6k
' 3 Cr=l -
i &' pgsingeiCr 4™t vey o g
- z
+ . ak c3.L 4 escoe (3019)
C,C 2(204+02) C 4G nm
3 = x24"' o=l _ a oo (3.20)

The differing values of Co and C4 obtained in the two limiting
cases (vertical plate and horizontal plate) indicate the
iﬁpossibility of obltaining a general solution for all angles of
inclination (at least while retaining wy = Cyx02 and § = C3x°4).
To overcome this problem, the equations have been golved 1
by three approximate methods:
a. Ignoring the sing term in equation (3.19)
b. Calculating the sin ¢ term in equation (3.19) using =
horizontal plate éolution
c. Calculating the sin § term in equation (3.13) from
solution a.
By ignoring‘ﬁhe sin ¢ term in equation (3.19), i.e; the
pressure gradient across the boundary layer, equations (3;19) and

(3.20) may be solved in a similar manner to the vertical plate
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solution giving

Nuyg = 0.616 Pr?'/5 (6.8 + Pr)"ll5 (Gr: cos ¢)1/5 ' ... (3.21)
This solution was first obtained by Schuh (1948).

The second method of solutiqn is to aésume that the constants
Co and C4 derived from the vertical plate solution hold over; most
.a.ngles of inclination; These valués are substituted in the first,
second and fourth terms of equation (3.19) and equation (3.20).
The value of the constant C4 in the sin ¢ term is taken from the
horizontal plate solution (C4 = 1). Solving equations (3.19) and
(3.20) for C3 gives .

c§=360 Pr- [0 8+ Pr - ?@%ﬁf—ﬁgf’zcﬂe"@uos) eee (3.22)

In Section 3.2.2 it was shown that the horizontal plate solution
was only valid for an upward-facing plate. Experiments ‘have
shovm (see, for example, Birkebak and Abdulkadir (1970)) that da.ta.'
for botﬁ the upward- and dovmvrard-facing horizontal plates may be
represented by

Nug = C5 (Grk pr)L/6
for a constant-heat-flux plate. The constant C5 is a function of

Prandtl Number, Knowing that Nuy = 2x/5 and § = 0511/ 6 then

5
and on substitution this gives |
| /5. -1/5
5 = 3601/ > Pr-z/ 2 [0.8+Pr - 9_4'64'4' Prsin¢] . (_9___@5_%18_,@) ' xl/ 3
A c, kv ‘

2

and .

60 2/5 0.4 -2/5
uy = % 02/5411’1‘ / [0 8+Pr - 2444 Prsm¢] < kv;os ) x3/5

8
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or in the more usual form

-¥
Nuyg = 0.616 pr?/5 | 0.84Pr - O'if4 Prsin¢:](Gr;pos¢)l/5 .. (3.23)

%5
The final method of solution is to evaluate %%jin the third
term of equation (3.13) from the approximate inclined plate

solution (equation (3.21)) for &, i.e.

%?: _ _3%)-1/5 pr-2/5 (O.8+Pr)1/5 ('g"—'—'if%g‘sﬁ)-l/s x_4/5
20 525 (0.0005 (o e ()

The solution proceeds in the same manner as before giving
Hux=0.616.Pr2/5(O,8+Pr)-1/5(l+0.487 £ (Pr,0r¥,d) tan ¢)1/5(cr§cos¢)1/5
ees (3.25)

where

£ (Pr,Gr;,¢) = PT-2/5(0-8 + Pr)1/5 (Gr; cos ¢)—1/5

A comparison of the three approximate solutions for a down-
ward-facing plate is showm in Figure 3.2, The results were
calculated for Pr = 5 (water) and Gra = 1010, The cons£ant:¢5
in equation (3.23) was obtained from the results of Fujii, Honda
and Morioka (1973) for a downward-facing horizontal plate. Their “;

} resulté gave 05 = 0,57 for Pr = 5., From this figure it may be =

seen.that equations (3.21) and (3.25) only begin to deviate from

o4

eagh other for angles of inclination less than —75°, whereas %
g equation (3,23) is up to 14% lower. The large difference in

i /equation (3.23) is due to an overcorrection from the sin § ternm

i
£ 5
3

J
iy
i

in equation (3.19).

AT IR T P g e il

3.2.4 Mumerical solution for an upward-facing inclined flat plate

A numéribal)solﬁtioh of equations (3,13) and (3.14) uas
obtgihgd{#sing‘the subroutine DO2ABF from the University of
* Nottingham N.A.C. Library Routines (1974). The subroutine
Lioa oo T A
SR R ,

LN
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advanced the solution of a system of ordinary differential
equations using a number of steps of Merson's form of the
Runge-Kutta method (see Mayers (1962));

Equations (3.13) and (3.14) were made non-dimensional using

the substitution

: ; u,L
I ”'%’9 X =T ? &% = L°*° ™=

and after rearrangement we obtained two ordinary differential

equations
*

du 60 as*
. 5*2[ - 20y &% Fr
24 m"  Orf cosf g*2  wm*
da¥ _ 21 8*Pr _ 3 * o+

ax or}, sing 5%2 R 3u}2

8 105

with the boundary conditions

X = 0, ul O, 6* =

as duy
At X =0, < d.jﬁ{ *® hence the solution was started at a

. - d5% duf
finite value of X, the values of i and X being obtained from
equation (3.24) and its equivalent for wj. When

x =1L, X =1, Gr], = Gr and Nuy = 2/6%

The subroutine obtained an estimate of the local truncation
erfor at each step, and varied the step length automatically to
keep this estimate below a given error band., When the programme
was run with negative angles of iﬂclinaiion (downward-facing
plate) the step length became too small and the subroutine
terminated the programme. It was felt that this was due to the
singularity atithe piate leading edge and it was not possible to
overcome thé problem;

These equations were solved for g =0° 1o = 90° over a

. range of Prandtl and Grashof Numbers, The data were then correlated
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in the form
Nu, = Cq (crX Pr)c8

Tébie 3;1 gives values of C7 and Cg for Pr = 0;1; 1 and 10
for various values of angle of incliﬁation; Figure 3;3 shows
the variation of C7 andlég with angle of inclination for Pr = 1.
Cg remains almost constant up to § = ;O° after vhich it slowly
decreases until 80° when there is a sharp fall in value.
Table 3.1 shows that Cg also varies with Prandtl Number. The
constant C, decreases until @ = 86° when it sharply increases.
Fusii and Imura found experimentally that over the range

86.8°< # & 90°, the data were best correlated using’

1/6
Nuy o Ray /

From their graphs, it is not possible to ascertain whether there
is a gradual change of Cg from 0.2.to 0.167.

To compare the analytical and numerical solutions, Figure
(3.4) shows the variation of Nusselt Number againéﬁ angle of
inclination at Gr; = 1010 and Pr = 5, This graph shows that the
heat transfer coefficient is slightly larger than that predicted

by equations (3;21) and (3.25) for § greater than 80°.

3.3 STEADY TURBULENT BOUNDARY LAYER FLOW

When_the flow mechanism is turbulent, equations (3.9) and

(3.10) are valid if the terms
o)

du a2
vlo a[om(T-T”)dy

are replaced by

)
1ar) 21,

(o]
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Pr = 0.1 Pr = 1.0 Pr = 10
Iﬁ%ﬁaﬁ ifon
Cq Cg Cq Cg Cq Cg

0 0.397 |0.200015 | 0. 548 |0.200020{ 0. 607 | 0.200000
20 0.396]0.199678]0.544]0.199793 | 0. 600 0. 200000
40 0.386 0.195057 0.5250.199687 |0.5780.199850
60 0.366]0.197860]0.487[0.19927010.534 {0.199650 |
80 0.340]0.192912}0.42310.196883|0.449 |0.198450
82 0.340{0.191365|0.415]0.195990{0.436{0.198017
84 0.342|0.1891950.409 {0.194650{0.422{0.197200
86 0.34810.1859020.406 {0.192157 }0.410}0.195610
88 0.367}0.179993 {0,420 |0.186647 |0.410{0.191360
89 0.389]0.175012]0.449 |0.180748|0.433{0.185663
8945 0.407]0.171378]0.483{0.175395}0.472}0.179603
90 0.434]0.166635 0.552 0.166677 |0.590{0.166680

TABLE 3.1

‘ xC
NUMERICAL VALUES or C7 AND C8 IN THE EQUATION Nu, "'?7 Rap 8

FOR AN UPWARD-FACING PLATE
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The integrated boundary layer equations now become

o 4B ) 5. .
-f;[ wldy = j &8(T-T ) cos@dy +f—%f gﬁ(T-Too)sin?‘dydy-I;w eee (3.26)
(o] 0 [o) Yy )

) o
d 1
= fou(TeTw)dy = =op g'" . : | oo (3.27)

Equations (3.26) and (3.27) have been solved by Eckert and
* Jackson (1955) for an isothermal vertical flat plate, They chose

the following velocity and temperature profiles to represent _the

flow /
/7 4
U= u2 (%) (1-%) '

T T m (Ty - T,,)[-(g)l/ 7]

but because the shear stress T, and the heat transfer rate, Q”,

cannot be calculated from these profiles (as the laminar sub-layer

has not been taken into account), they used the following

expressions from forced convection work

. u25
. ul (—=—
T = 040225 pug ( " )

s
e 0 ) P -’g‘ u26 *
& = 0.0225 uppCp (Ty - T.) Pr (-—v

On substitution into equations (3.26) and (3.27) and neglecting

the sin ¢ term, the equations become

0.0523 .d%: (ug ) - 0.125 g8 (Ty=To) & cos ¢

- 0.0225 u3 (E;ff-)-‘ eso (3.28)

d
fl“ = 010366 PCP E (‘6u2 [TWTQ,]) ' eee (3029)
These equations were solved by Siegel (1954) for a constant-heat-

flux vertical plate (cos § = 1) by replacing (Ty - T.) by

" | |
X _ Z Equati . .
0.0225pCpup (.u_?;.) < pp3 quations (3.28) and (3.29)

now become
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- a , 2 5., 56gﬁaaf' cos¢ 2

0.0523 == (u53) = - 0.0225 u5 ( ) .

, = 20 7 popup (2R prE oer (3.30)
LT > A ' 1 .

0.615 Pr"?25 v o _?%; I;(u26)4:] ' eee (3.31)

Fquations (3.30) and (3.31) may be solved by using the substi-
tution up = 091910 and § = Cpyx 12 giving

' s v w G
Nux = 0.0804 Pr% (1 + 0,444 Prg) /7 ( cos ¢)2/7 oo (3 32)

I

Equation (3.32) implies that, in turbulent flow, the effect of
inclination is more important than in laminar flow
i.e. Nug « (Gr; cos ¢)0'2 laminar flow

Nuy (Gr; cos ¢)0‘286 turbulent flow
This is contrary to the results of Viiet who found that over the
range ¢ = 0° to 60°, his data were best correlated by using the
ordinary gravity component and not that parallel to the plate.
The results of Lloyd, Sparrow and Eckert for turbulent natural
convection mass transfer from an upward-facing inclined plate
show that the constant = Shy/(Gry;SCccos ¢y% varies appreciably
over the range of angles # = 0° to 45°, the constant increasing
as ¢ increases. The results of Lloyd, Sparrow and Eckert were
for Schmidt numbers 500 times larger than the Prandtl numbers

used by Vliiet which might explain the discrepancy.



34

CHAPTER

METHODS OF MEASUREMENT OF TEMPERATURE AND VELOCITY

Due to the non-isothermal conditions in natural convection
heat transfer experiments, the measqrement of velocity can be'
difficult., The low velocities make calibration of anemometers
difficult. In the turbulent region, the fluciuating temperature
field produces difficultigs in interpreting the non-linear
anemometer signals and the low frequency of turbulence necessi-
tates long integration times., In this chapter, details of the

temperature and velocity sensors are described together with the

calibration of the velocity sensor, .

4.1 MEASUREMENT OF TEMPERATURE

As we were only interested in measuring mean temperature
profiles, the frequency response‘of the sensor was nof important.
The requirements for the sensor were that it must be robust, have
a stable calibration and be cheap. It should preferably have a
linear response and require little instrumentation. A suitable
sensor whiéh filled these requirements was a copper-constantan
thermocouple,

In the design of the thermocouple, the main consideration
was to minimise the effect of conduction along its leads. To
overcome this problem, a length of thermocouple wire was placed

after the hot junction parallel to the test surface as shown in

Figure 4.1, °

--~\\_-::::: stainless steel sheath
Araldite

— thermocouple bead
“FIGURE 4.1

THE TEMPERATURE PROBE
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4.2 VEASUREMENT OF VELOCITY

4.2.1 Survey of Velocity Sensors

In natural convection flows, a velocity sensor must be
able to measure very low velocities, of less than 60 mm/sec
in water. In the turbulent region, where the velocity fluc-
tuations are of the order of X 10% of the mean velocity, it is
necessary to average the velocity for up to one minute or
longer. There are various methods available for the measure-
ment of low velocities and these will be discussed in turn.
The various methods are listed belows

1. pressure difference with a pitot-static tube

2. hot-wire anemometry

3. quariz fidbre anemometry

4. optical techniques

Using a pitot—staiic'tube, it will be necessary to measure
a pressure difference from 0O to 10~4 mﬁ Ho0. This may be
achieved by weighing the pressure as described by Head (1972).
A top-loading balance is used as a micromanometer. A sketch of

the arrangement is showm in Figure 4.2.

l pressure in

fixed upper drum

annular liquid
seal

balance

FIGURE 4,2 SKETCH OF MICROMANONMETER
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By a suitable choice of drﬁm and balance, the sensitivity of
the arrangement may be increased, However, excessive lag might
become a problem, and continuous evaporation of the liquid
forming the seal might create difficulties.

The principle of hot-wire anemometry* is that the velocitiy
of a fluid flowing past a thin electrically heated wire can be
related to the heat transfer from the wire. The sensitive
eleﬁent of the anemometer is a thin wire suspended between two
.supports or a thin metal film deposited on a quartz support. In
conducting liquids, fibre or film probes with a thin quartz
coating are used instead of wire probes, The anemometer may be
used in either a constant-current mode or in a constant-
temperature mode., In the former, the resistance of the wire
allows the heat transfer, and so the velocity, to be calculated.
The most frequentl& used mefhod is the constant-temperature mdde
where the resistance of the wire is kept constant by controlling
the voltagzge acrbss it., This mode has greater ease of operation.,

As. the heat transfer f&om the sensor is proportional to the
temperature difference between the fluid and sensor, a change in
fluid temperature will cause a change in bridge voltage. TFor
natural convectiion flows, the probe will have to be calibrated
for both changes in velocity and temperature,

Doudbt has been.cast on the use of a hot-wire anemometer in
turbulent natural convection flows by Kutateladze, Kirdyashkin
and Ivakin (1972), suggesting that the velocities are too low

and the turbulence too high. Nevertheless, Cheesewright (1968),

* The term hot-wire includes hot-fibre and hot-film probes unless

otherwise stéted.
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Vliet and Liu (1969) and Dring and Gebhart (1969) have success-
fully used hot-wirés.

A quartz-fibre anemometer measures the velocity by the
deflection of a fine qua;tz fibre cantilever. This system has
been described by Tritton (1963¢c) who obtained mean and
fluctuating components of velocity in a turbulent natural
convection flow. The main disadvantage of this system is that
it is very labour intensive,

Various optical techniques have been developed which depend
on measuring the velocity of a tracer particle in the flow,
usually by photography. ZEiéhhorn (1961) used a colloidal
suspension of finely divided particles of elementgl tellurium
produced by an electrolytic reaction. The dye has a very louw
settling rate and a low rate of diffusion, The method has been
suécessfully used by Birkebak and Abdulkadir (1970) for natural
convection from a downward facing horizontal plate. 3Brodowicz
and Kierkus (1965) used dust pa?ticles and flash photography to
obtain velocity profiles in air., Gaster (1964) used a similar
procedure by introducing small neutral density particles into
the flow and measuring their velocity from the frequency of
reflected light passing through a diffraction grating. The
final method to be discussed used a flash pyrolysis method
described by Popovich and Hummel (1967). A dilute solution of
2 - (2,4 - dinitro-benzyl) - pyridine in 95% alcohol is employed.
When a high intensity light beam is exposed to the solution, a
blue tracer liné is produced which may be recorded photographically.

Of.the various gptions described, = hot-fibre anemometer was
chosen as the most suitable sysiem to use. The pitoi-siatic tube

was rejected because of its excessive laz, The quariz fibre was
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rejected because of the difficulty of viewing the fibre when
the plate was inclined and it being very labour intensive in
turbulent flows. The problems envisaged with the optical
techniques concerned the determination of the distance of the

" tracer from the wall and the effects of reflection and refrac-
tion through the tank windows. Also, this method would not have
been suitable for turbulent flows,

Since the decision to use a hot-fibre anemometer was made,
laser anemometry has emerged as a leader in velocity measure-
ments, The laser beam is scattered by particles suspended in
the flow and the scattered light may be interpreted by optoelec-
tric means to give the velocity, A recent report iy Morrison and
Tran (1974) has shown that the laser doppler anemometer may be
used to measure velocities down to 0.25 mm/sec with a typical
error of £ 4%, The system is attractive as its response is
" insensitive to temperature, However, at the time of decision on
a choice of velocity measuring technique, laser anedometry was
still in its infancy and'we envisaged a lengthy development

programme to implement it in the large water volumes to be used.

in this project.

4.,2.2 Hot-fibre Anemometry

A typical fibre probe (DISA 55F06) consists of a nickel
film deposited on a 70 um diameter quartz film. The sensitive
£ilm length is 1.25 mm giving a length to diameter ratio of 18.
The probe is gold plated at the ends and the nickel film is
protected by a quartz coating appréximately 2 um in thickness,
The main reason for choosing a quartz coated probe was to
electrically insulate the probe from the electrical potential

gradient in the water tank., The Reynolds Number (based on
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diameter) for this probe in a flow of 60 mm/sec is 6.

The heat transfef from the film is by radiation, buoyant
convectiqn; conduction along the film to its end supports and
forced convectioﬁ by the fluid flow, For a typical probe,
radiation loss is only 0,1% of the electrical input to the
probe. From the work of Collis and Williams (1959) for forced
convection past thin wires, buoyant convection may be neglected
provided

Reg >2 W Grg
For a probe with an overheat ratio of 1.1 we find Grg = 0.08
giving
2 *Grg = 0.86
As the Reynolds Number is of the same order of magnitude as
2 % Grg the probe will be working in a mixed convection region

where neither forced nor natural convection forces =zre dominant.

4.3 CALIBRATION OF THE HOT-FIBRE PROBE

4.3.1 Survey of Calibration Procedures

It is usual to calibrate a probe against anpther standara,
for example, a pitot tube or a flow meter, For natural convec-
tion flows, these methods become inaccurate and do not usuaily
include the calibfation of the probe for the effects of tempera-
ture, For these types of flows it is also advisable to calibrate
the probe in a flow field similar to that in wﬁich it is going to
be used.

The calibration of the probe for the effect of temperature
‘may be approached in several ways; Cheeseuright (1958) cali-
br;ted a hot-wire anemometer in the laminar natural convection
boundary layer on a vertical isothermal flat plate assuming that

the boundary layer conformed to the theoretical solution. This
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method has the disadvantage that only a limited number of
conditions of velocity and temperature are encountered and it
does assume that the experimental rig conforms to the theoretical
boundary layer solution; It has the advantage that the pr&be is
calibrated in a flow field similar to that in which it is to be
used, Using a linearized hot-film anemometer, Vliet and Liu
(1969) calibrated the probe over the temperature range 21° -
.45°C at 5° intervals using a iemperature regulateé heated

vessel,

Hollasch. and Gebhart (1972) calibrated for the effects of
temperature by varying the overheat ratio of the hot-wire at a
single reference temperature, They then d§£ived an analytical
relationship relating the anemometer output with a variable
overheat resistance to anemometer output with fluid temperature
variations.

The final method of accounting for temperature effects is
to use a tempefature-compensated probe, which ensures that the
overheat ratio always remains constant., Two types of compensat-
ing element were available, a tungsten wire coil sensor or
another identical hot-fibre sensor acting as a resistance
thermometer. The tungsten temperature-compensating element has
a slow response time and is only applicable o0 the compensation
of changes in mean temperature, whereas the dual sensor.option
has a much higher frequency response to temperature fluctﬁations.

0f {the various options discussed, a temperature—compensated
hot~fibre probe using a tungsten wire coil was chosen as this
simplified the velocity calibration procedure, The reason for

choosing this option as opposed to the dual sensor option was

economic, the latter option requiring a considerable outlay in
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a nev anemometer systemn,

Returning to thé problem of velocity calibration; there aré
two basic methods of calibration at low velocities, The first
method consists of holding the fluid stationary and moving the
probe through it, The disadvantage of this method is mechanical
vibration of the probe which obscures the output, The second
nethod, developed by Dring and cebhari (1969), is to hold the
probe stationary and move the fluid which. is contained in a
vegssel, The advantage of this is that vibrations are reduced
because of the relatively large mass of the fluid, Its dis-
advantage, for the present application, is that there is a
difficulty in orientating the probe in a manner similar to that
in the actual experiment as the angle of inclination of the

heated plate is changed., The first method was therefore chosen.

-

4.3.2 The Velocity Calibration Rig

The calibration equipment is shown schematically in
Figure 4.3 and a photograph of the equipment is shown in Plate 4.1.

The equipment was designed to simulate, as closely as
possible, the actual experimental situation. The probe was
driven through a large tank of de-aerated and de-ionized water
(230 £ capacity) by a thin stainless steel rod which was
connecfed via a carriage to a screwed rod, The screwed rod was
driven via a flexible drive and reduction gears by a variable
speed 3 h.p. D.C. motor., The probe could be traversed throﬁgh
the water at any angle from the vertical to the horizontal as
it was thought that there might have been a slight difference
in the calibration curves for differing angles, A counter-

weight was suspended from the carriage to reduce the vibrations

of the probe,
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A pair of microswitches (S and S5) were used to stop
the probe at the ends'of its travel.,, A Venner Digital Counter
Model 7737 was used to time the travel of the probe between
microswitches S3 and S4 whicﬁ had previously been set at a
known distance apart.

The temperature-compensating element, together with a
matching network, was connected to a DISA 55D01 anemometer
together with the hot-fibre probe (55F06). The output from
the anemometer was recofded on a Bryan's/Southern Instruments
XY/t plotter and a DISA Digital Voltmeter. The system is shown
in Figure 4.4, The XY/t plotter was automatically started by

microswitch S,. Detailg of the matching network are given in

Appendix A,

4.3.3 Exverimental Procedure

The following procedure was used to calibrate the fibre
probe, The angle of traverse was first set and the probe was
then moved to its starting position., The water in the tank was
allowed to settle until the output voltage from the anemometer
was steady. The XY/t plotter and Venner Timef were re-get.

The motor was théﬁ switched on to give the desired velocity.

The probe moved a short distance before the XY/t plotter
was triggered to allow the flow field around the probe to
stabilize, A short time later the timer was triggered.

It was found that the zero velocity output voltage from the
anemometer was very sensitive to vibration and could vary by up
to 6%,

The probe was calibrated at three angles of traverss, 0°,

60° and 81°, the velocity ranging from O to 80 mm/sec.
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4.3.4 Presentation of Calibration Data

Various universal correlations have been suggested for
: correlating the heat transfer from hot-wires. In situations
vwhere thé buoyancy force may be neglected, the universal
~ correlations like King's Law or the 0.45 law give a useful
guide to the best way of plotting the results (see Bradshaw
(1971)). When buoyancy forces are important these forms of
) éorreiétioﬁ do not hold, The data were therefore ploited as a
graph of anemometer output'voltage against velocity and a best
fit curve was fitted (see Figure 4,5). The best fit‘surve is
given in equation (4.1) .
u (mm/sec) = 653.37 - 383.67e + 82.76e2
- 7.84e3 4+ 0.28¢% ... (4.1)

where e 'is the output voltage from the anemometer.

. Thié was used to calculate the ve}ocities from the
anemoﬁeter output voltage.

Within the scatter of the data, there is no noticeable
difference between the calibration points for each angle of
traverse for velocities less than 30 mm/sec. Above this value,
there was some divergence of the data for differing angles but
as no velocity profiles were obtained above this value,

equation (4.1) was assumed to be only a fit for velocities

less than 30 mm/sec.
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CHAPTER

EXPERIMENTAL APPARATUS

5.1  INTRODUCTION

. This chapter describes the two experimental rigs together
with their respective instrumentation. A small rig was built
for investigation of the laminar flow region and a large rig for
investigation into the transition and turbulent regions,

There are two methods of heating whicﬂ will produce a uni-
form heat output from the heated plate, either direct electrical
heating oé a thin metallic foil or electrical heating elements,
for example, mineral insulated cable. Using a thin metallic
foil, one can ensure a uniform heat flux provided the foil has a
low thermal coefficient of resistance., To obtain a large heat
6utput it is necessary to use a high current because of the low
resistance of the foil, Using separate heating elements one -
cannot guarantee as uniform a heat flux, The small rig used
individual heating elements and the large rig used direct heating
of a thin metallic foil,

One of the main problems in the design of the rigs was caused
by corrosion. The majority of components for use underwater were
constructed from copper, brass or stainless steel, It was inevit-
able that some components were made of mild steel due to the
higher cost of, or difficulties in obtaining, the former materials.

In this event, the steel was painted to isolate it from the water,

5.2 THE SMALL INCLINED PLATE RIG

5.2.1 A General Description of the Rig

The general arrangement of the rig is showm in Figure 5.1.

It consisted of a small galvanized iron water tank (230 £ capacity)
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0.9 m long by 0.6 m high by 0.6 m wide mounted on a steel frame,
The tank had several perspex windows so that the heated plate
could be viewed from any direction; Both the inside and outside
of %ﬁe fank were painted with m;tt black paint to reduce stray
light when photographing the flow. .

The light source used for illuminating the pariicles for
flow visualization gave a narrow pa.z;'a,llel beam of light. A
commercial 12-volt motor car fog lamp was found to give a suitable
light source, The perspex window opposite th