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Abstract

An analysis is made for tho laminar film condensation on a
rotating axisymmetrical general curved body of which the cylinder,
the disc and the cones are special examples, The body rotates

‘about a vertical axis and the film is assumed to drain uuder the
influence of gravitational and centrifugal accelerations. The
problem is formulated as a solution of the Navier~Stokes and energy
equations, A differential equation which governs the growth of
the condensate film is obtained and solvéd to yield one equation
which is applicable to all rotating axisymmetrical bodies. The
equation involves the geometvry of the body and requires a single
integration for the complete solution,

Theoretical results of condensate layer thickness and heat
transfer coefficienls are given for a curved body whose generator
forms a circular arc of 900 for a speed range of 0.1 to 106 rev/min,
It is shown thst when the curvature is neglected, the analysis ovecr-
estimate the local film thickness by 71 per cent.

Experimental results for the curved body confirm the theoretical
Tindings. However, due to the formation of roll-waves on the
condensate layer and hence a departure from the laminar model, the
experimental results for the heat transler coefficient were 1,055 to
1.440 times greater than the theoretical predictions,

No detachment of drops Irom the film of condensate was observed
at the experimcntal speed range of 0.0 to V00 rev/min. and the
condensate drained as a film along the generator, The criterion
for the detachment of drops given by Howe is re-appraised and a

new criterion which states that "the non-dimensional film thickness M

should be equal to or greater than 1,8 for the onset of the detachment

ol drops'" is proposed.
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1.0 INTRODUCTION

This work is concerned primarily with the filmwise
condensation of sieam on rotating axisymmetrical curved bodies.

éhe need to investigate condensation on rotating bodies
on the present scale arose in the 1950s when the Royal Navy
showed interest in the phenomenon, Transient thermal stresses
occur in all steam turbine rotors during cold starting and during
the maneouvring of marine steam turbines. These thermal
stresses result from the changes in rotor temperature on the
admission of the steam to the turbine, If the rate of change of
rotor temperature is not limited during these operations, the
rotor can be overstressed and eventually suffer thermally induced
fatigue which in turn leads to the visk ol rotor disintegration.
Thus a turbine has to be warmed up gradually until it attains
the operating temperatures,

The warming up time can be several hours depending on
the size of the turbine. This is tolerated in land based turbines
and some marine steam turbines, but it is something the Navy could
not entertain, hence the Navy's interest,

The present work therefore forms part of a wider investigation
into the question of transient thermal stresses in steam turbine
rotors during cold starting and during maneouvring.

The work reported here is not of interest to turbine
operators only but also turbine and heat exchanger designers,

Large acceleration fields created by rotating the condensing surface
lead to improvements in the rate of condensation. In the field of
condenser design such improvements could reduce the area of the

condensing surface for a given thermal load and thus reduce the
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size of the condenser. This advantage might be used in space-
[light applications where the condition of zero gravity demands
the creation of an acceleration field at the condensing surface

1o induce film drainage. Creating the field by rotating the
surface, as opposed to vibrating it, has the operational advantage
of being both silent and dynamically balanced. In large land
based condensers however, the advantage gained by the improved
rate of condensation as a result of the rotation might be cancelled
by the initial and running costs. However, in plants where
space conservation is of critical importance rotating surface
condensers could be a practical proposition.

The question of thermal stresses in turbine rotors is not a
problem for the turbine operator only, It is a primary concern
to the turbine designer, With the advent of the large rotors
used in land based turbines and the use of steam turbines in nuclear
submarines, there has been the need for the turbine desligner to
reduce the warm through period while maintaining safe levels of
stresses in the rotor. With steam turbines the problem of
finding the rotor temperature at a given time is complicated
by the deposition of condensate on the rotor whenever the saturation
temperature of the steam is higher than the rotor outer surface
temperature. The behaviour of the film as a heat transier barrier
depends on the thickness of the film which increasesuntil the
rates of condensation and drainage are equal, The rates of
drainage are governed by the geometry of the condensing surface
and by the megnitude and direction of the acceleration field
produced by the rotor. In this report an eguation has been
derived which enables the behaviour of the condensate film to be
predicted when the geometry and the speed of rotation of the

condensing surface are known,



.
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A considerm@hle amount of work, bolh theoretical and experimental,
has been done in ithe field of condensation on rotating bodies by
other workers, In: the main however, the published work covers the
cylinder, the disc and the cones. The general curved body of
which the cylinder, the disc and the cones are Special cases has
not been studied in depth, In the present work, the general
curved body has been studied in detail. A laminar model of the
condensation process on the general curved body has been studied
and equations developed to predict the behaviour of the condensate
film and hence the heat transfer coefficients on the body. To
test the theory, an experimental curved body (fig. 9) was designed
and used to obtain a complete set of experimental results over a
wide range of operating conditions. The experimental heat
transfer coefficienlis are in good agreement with the values

predicted by the theory.
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2,0 INTRODUCTION

The understanding of the mechanism of condensation has been
of interest to engineers for many years because of i1ts importance
in the running of steam engines and in the chemical manufacturing
processes, With the aid of the modern computers tremendous
advances in the techniques of theoretical analysis and of modelling
condensation have been made, In addition, the amount of
experimental work to verily the mathematical models and to fill in
the gaps where the models have been inaccurate has been increasing.
In this section a review of those advances with bearing on the
present work is made by considering the different modes of conden-
sation, the enhancement of condensation and lastly, the condensation
on rotating surfaces,

2,1 Modes of Condensation

Condensation occurs when saturated vapour comes in contact
with a colder surface whose temperatiure is below the saturation
temperature of the vapour, Liquid is formed and if the liquid
wets the surface (hydrophilic) then a continuous film of liquid
is formed and the process is called "filmwise condensation",

If the liquid does not wet the surface (hydrophobic) droplets
are formed which coalesce and run down the surface, This is
called "dropwise condensation', In practice both modes of
condensation can occur on the same cooling surface and this is
referred to as "mixed condensation". If efforts are not made
to keep the more common metals hyd#ﬁhobic, then dropwise and

mixed condensation will give way eventually to filmwise condensation.



It is for this reason that the majority of condensers are
designed for filmwise condensation and that the present work deals
only with filmwise condensation.

2,2 Dropwise condensation

This review concentrates on filmwise condensation and only
a brief mention of dropwise condensation will be made in section
2.4.1 when dealing with the enhancement of condensation, However,
one can direct the reader whose intevest lies in dropwise conden-
sation to papers by Tanner, Potter, Pope and West (1, 2) who
report their own experimental findings on the effects of heat
flux, of vapour velocity, of non-condensable gas concentration and
of surface chemistry on dropwise condensation, The physical
chenistry and performance of promoter; of dropwise condensation
have been studied by Ogment et al (3), Improved performance of
industrial plants by the use of dropwise promoters is reported by
Poll et al (4). The density of nucleation sites has been studied
by McCormick and Westwater (b5, 6), Dropwise condensation is
not a "steady-state'" process and is much more difficult to model
theoretically than is the case with filmwise condensation. A
successful attempt to predict heat transfer coefficients is that
of Lo Fevre and Rose (7) and Rose (8), Here the model used is
one in which drops grow at preferred sites on the metal surface,
and heat-transfer rates are calculated for conduction through
the drops.

2.3 Filmwise Condensation

2,3.1 The Nusselt theory

Filmwise condensation was first tackled theoretically by
Nusselt (9) in 1916 and the equations derived in the analysis

are still widely used to predici condensation rates,



Nusselt combined the laws of laminar flow of a liquid film
&ith heat transfer by conduction through it. The following
assumptions were used:
a) the energy given up by the vapour was latent heat,
the specific enthalpy\of condensation
b) the film drained firom the surface in laminar flow,
¢) heat was transferred through the film by conduction,
d) the temperature gradient through the film was linear
e) the surface of the solid was smooth and clean,
£) the temperature of the solid surface was constant,

an isothermal surface.

g) the only vapour flow was towards the condensing surface,

h) the vapour was free from non-condensable gases.

The implication of assumption (b) was that the thickness of the

film was small compared with the radius of curvature of the
condonsing surface and that fluid accelerations and hence the

inertia effects were negligible. Nusselt proceeded to obtain

the following equations for condensation on plain and cylindrical

surfaces for vertical drainage under gravity:

i) plain surface,

- 32 . Alx
h = 0,243 |k p ghi.g Sin ¢

b xg
(2.3.1)

(ii) ecylindrical surface (axis horizontal),

- 32
h = 0.725 | K"p ghy

pdeg
(2.3.2)
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The analysis of Nusselt for the laminar film condensatiion neglected the
contribution to the energy flow from the sub-cooling of the condensatie
below ﬁhe vapour saturation temperature. For the condensation of
vapours at low pressures, for example the condensation of steam
under‘vacuum conditions, the specific enthalpy of vaporisation is
large compared with the energy associated with sub-cooling and the
latter may be ignored, However, for organic vapours at high pressures
with large temperature differences across the condensate the contri-
bution of the sub-cooling term is significant and cannot be ignored.
Nusselt derived an alternative expression for equation (2.3.1) which
included this effect. However, due to an error in the analysis the
additional sub-cooling term is incorrect both in sign and in magnitude.
Bromley (10) corrected the Nusselt analysis and the result was later
verified by Rohsenow (11)

If a linear temperature distribution through the condensate
is assumed in the manner of Nusseli, the mean heat transfer coefficients
given by equations (2.3.1) and (2.3.2) can be corrected for sub-cooling
by multiplying by the correction factor:

(1 + 0.375 ce/hfg];I

Rohsenow improved this correction factor by calculating the actual
non-linear temperature distribution in a thick film to give:

%

[1 + 0.68 ce/hfg]

Hampson and Ozisik (12) have compared the mean experimental
heat transfer coefficient for steam condensing on inclined plates
with the Nusselt value, The experimental heat taansfer coefficients
were shown to be between 1.18 and 1.28 times the Nusselt values for
all angles of inclination away from the horizontal. However,
experimental heat transfer coefficients for condensation on the

underside of a horizontal plate were shown to be 1,5 times the



Nusselt values, This increase in the experimental heat transfer
coefficients was attributed to the formation and detachment of
pendant drops from the surface of the f£ilm,

2.3,2 The effect of vespour velocity on condensation

The general conclusion from the work on the effects of

vapour velocities on condensation and heat transfer rates is that
the effect is small for many fluids. Sparrow and Gregg (13)
considered the effect of vapour velocity on heat transfer in
connection with their work on condensation on a rotating disc and
showed that the effect is small, particularly for Prandtl numbers
greater than unity. They further concluded that depending on the
operating conditions and on the film thickness, vapour drag may
retard or augment the condensate drainage and hence may increase
or decrease the heat transfer rate,

Chen (14) and Koh, Sparrow and Hartnelt(l5) published studies
of the influence of shear stresses at the liquid~vapour interface
due to induced vapour velocity, Both studies were carried out for
laminar films and both utilised two-phase boundary layer theory.
Chen used the equations of momentum and of energy in a modified
integral form and provided a solution using a perturbation method
for vertical flat plates and horizontal tubes.Koh et al used the
partial differential form of the boundary layer equations and provided
a solution through the use of similarity transforms.

Both studies showed that the effect of induced vapour velocity
increased film thickness and reduced the heat transfer coefficient
by causing a negative velocity gradient at the liquid~vapour interface
with the maximum velocity occurring inside the film. The reduction
in heat transfer coefficient wes negligible at Prandtl numbers greater
than 10, but the reduction reached 0.91 of the value without shear

at Prandtl number of unity. In the liquid metal range, the adverse
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effect ol interfacial shear is maintained even in thin films and
the heat transfer coefficient 1s reduced to 0.75 of the value
without shear,

Nusselt (9) is analysing laminar condensation considered the
effect of a shear stress on the film surface caused by vapour
flow. From this consideration, his mean film velocity was modified,

- . 2 - . 2
from v = og(8in ) § to v = pg(8in @) § + ny = §)-d
3 3 2y

where ¢ is the shear stress.,
Shekriladze and Gomelauri (16) obtained analytical expressions
for the mean heat transfer coefficients on a flat plate in the horizontal
and vertical planes and also for a horizontal tube, They assumed
that the shear stress on the condensatec surface depends mainly on
the momentum transfer across the liquid vapour interface. This
assumption differs from that of Sugawara et al (17) who estimated
the shear stress from the consideration of a non~condensing gas
flow over an impermeable surface and estimated up to 35% reduction
in the heat transfer coefficient.

2,3.3 1Inertia effects

For water and organic liquids Chen (14) and Sparrow
and Gregg (18) using a boundary layer analysis have shown that the
inertia effects in the condensate film are insignificant, However,
for liquid metals, the inertial effects were shown to be significant.
The solutions of Sparrow and Gregg show that for a Prandtl number
of 0.003 and a value of CG/hfg = 0,1, the Nusselt model which
neglects both inertia and convective effects, predicts heat transfer
coefficients 1.75 times that of their own predictions,

2.3.4 Film flow behaviour on heat transfer rates

Several workers have measured significantly higher heat

transfer coeificients for conditons where Nusselt theory should apply,
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This discrepancy is attributed to the tuvrbulent flow characteristics
of the film which has been demonstrated as occurring at very low
Reynolds numbers. Zozula (19) defined a condensate film Reynolds
number by Re = 4W/p and classified the flow regimes on a vertical
surface into:

a) laminar for Re < 30

b) 1laminar flow but disturbed by waves for 30 < Re < 1600

c) turbulent or wave flow for Re)> 1600

Kirkbride (20) made measurements of the maximunm fi1lm thickness
for oil and water films flowing down vertical tubes, The films
at Reynolds numbers 4W/j. up to 8 were observed to be smooth and
the measured maximum film thickness agreed with the theoretical
laminar value, At Reynolds numbers between 8 and 1800, the film
was observed to support waves, The maximum film thickness was found
to be larger than the theoretical laminar values by a factor of
approximately two at a Reynolds number of 1000,

Friedman and Miller (21) and Dukler and Bergelin (22) published
mean film thicknesses for kerosene, toluene and water films flowing
down vertical tubes. The mean film thicknesses were found to agree
with the theoretical Jaminar film thicknesses.

Ginabit (23) as early as 1924 estimated that the effect of surface
waves on the condensate film would be to increase the condensate f£ilm
heat iransfer coefficient by 20 per cent, Kapitza (24) made
theoretical study of wave flow of thin layers of a viscous fluid
and predicted 21 per cent greater heat transfer rate in a.wavy
film than that for the equivalent smooth film, Kapitza attributed
this to the decrease in the average film thickness due to the wave shape.

More recently Leonard and Estrin (25) published their investigations
into heat transfer through a wavy film on a vertical surface, They

studied the sinusoidal wave and a steep crested and elongated trough wave,
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They concluded that the shape of the wave influences the heat transfer
considerably, They also noted that for low Reynolds numbers where
wave amplitudes are near zero, the wavy model predictions corresponded
to the laminar film model.

Colburn (26) in 1934 was the first to develop an expression for

the average heat transfer coefficient under turbulent flow conditions:

mIot

1/3
g 22 ()Y (Re®'® - 364) s+ 12800

Labuntsov (27) in a more recent study correlated a large amount of
turbulent flow data using:

Re

- 0.75
g 58(Pr) 3 (Re - 253) + 9200

s
<
1l

2,3.5 Influence of vapour superheat

The literature contains a lot of contradictory evidence about
the belief that it is more difficult to transfer cnergy from superheated
steam compared to saturated sieam, Information about the problems
associated with the use of superheated steam can be found in the
proceedings of a conference held at NEL in 1961 (28).

2,3.6 Effoct of non-condensable gases

When a pure saturated vapour condenses on a surface, the
difference in temperature between the surface of the condensate and the
bulk of the vapour is, in nearly all practical cases, very small and
the resistance to heat and mass transfer at ‘the interface is negligible,
Such is not the case when the bulk of the vapour contains some gas
which cannot condense under the operating conditions. In these
circumstances the condensing vapour must diffuse through the stationary

non-condensable gas surrounding the condensing surface.
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Othmer (29) estimated that the presence of only 1% by volume of

air in the vapour decreased the heat transfer coefficient by 60% when
compared with the case of no air. Hampson (30) studied the above
phenomenon using nitrogen, air and carbon dioxide. He presented
the results for nitrogen from which it was deduced that 2,0 per cent
by weight of nitrogen in steam reduced the heat tinansfer coefficient
by a third when compared with the case of no nitrogen.

There has been a number of boundary layer solutions to the
problem of condensation of a mixture of vapour and non-condensable
gases, Recent examples include those of Sparrow and Eckert (31),
Baasel and Smith (32), Sparrow and Lin (33), Sparrow, Minkowyez
and Saddy (34), Tamiv and Taitel (35) and Denny, Mills and Jusionis (36),

2.3,7 The effecit of non-uniform gravity

The effects of non-uniform gravity Iields on film condensation
were considered by Dhir and Leinhard (37) in connection with their
work on boiling heat transfer. The gravitational constant "g'" which

appears in the Nusselt equation for heat transfer coefficients was

replaced by an effective gravitational constant "g;if given by:
4/3
geff = E&EEI;C____,
4
j-xgl/3R /3 dx
o

where R is the local radius of the body. For a vertical flat

= i - where
plate geff = g and for a stationary cone geff %-g Cos'a

28 is the cone angle.
Gerstmann and Griffith (38) observed the condensation of
freon 113 onto the underside of horizontal and inclined plane surfaces,
wag
A random array of drops we¥re observed to form at the' free surface

of the film on the underside of the horizontal surface.
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At small angles of inclination, the drops ran down the surface and
became elongated, As the angle of inclination increased, the nature
of the interface changed, They observed four basically different
regimes of flow:
(i) a regime where the flow was dominated by the presence of
pendant drops.
(ii) a glassy smooth flow which existed at the leading edge of
the plato.
(iii) a developing wave state where the disturbances were
of appreciable amplitude but there was no rupture of the
interface (i.e. no drops).
(iv) a regime where the interface ruptured.
They also observed that although the heat flux was the same, no drops
detached from the interface when the angle of inclination was greater
than 130. Instead, all the condensate ran off the end of the test
surface, The heat transfer data for 20°tc>90° inclination were all
10 per cent greater than the theoretical values, suggesting that in
the roll-wave regime, the net effect of interfacial waves remained
roughly constant,

2.3.8 Evaluation of condensate film physical properties

Labuntsov (39) in his earlier work on fluids under

conditions of wave flow, evaluated the physical properties at the vapour

saturation temperature and then corrected for the physical property
variations., McAdams (40) recommended that the viscosity should be
evaluated at a temperature:

T=T - 0.75g

Poots and Miles (41) made a theoretical study of the effects of
temperature dependent physicsl properties on the condensation of

steam on a plane vertical surface,



B

- 14 =

’

They compared their results with those of Nusselt (9), Rohsenow (11)
and Chen (14) and recommended the Drew reference temperature:
T =T - 0.759
s
for the evaluation of the physical properties for the laminar model,

2.4 Enhancement of condensation

The amount of surface required for a given duty in a condenser
is a function of many variables. Studies in condensation have
shown that for a given duty the combination of filmwise condensation
and the plain cylindrical metal tube is not the optimum, In this
section some of the studies are reported.

2.4.1 Dropwise condensation

A few years ago, the Central Electricity Generating Board
in collaboration with the Warren Spring Laboratory (42) used regular
injections of stearic acid to promote dropwise condensation in a
large triple effect evaporator (3 evaporators in series) producing
boiler feed water for Tilbury Power Station, There was a 15 per
cent improvement in the net output of the evaporator and the feed
water produced was of acceptable purity. The authors estimated
that with some redesign, the plant could produce 35 per cent more
water with the same surface area, using stearic acid promoter.

Hampson (30) has shown that even with non-condensable gases,
dropwise condensation gives an improvemeni over filmwise condensation.
Rigorous studies have been carried out into the ways of promoting
dropwise condensation by Osment and Tanner (43), Brown and Thomas (44)
and Erb and Thielen (45) who considered gold plating.

2.4.2 Fluted tubes

In the film condensation of pure vapours, the only resistance
to heat transfer of any importance between the vapour and the cold

surface, is that thvrough the film of condensate, On a flat or
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cylindrical vertical surface the film, at any horizontal section,
is uniformly distributed across the surface, If means can be
found to disturb this uniformity, it is likely to improve the mean
film coefficient of heat transfer.,

Gregorig (46) was the first to suggest that the forces of surface
tension could be used to disturb the normal uniformity of the
condensat® <film across the surface, By suitably shaping the surface
into ridges and grooves, the condensate could be made to flow
rapidly off the ridges into the grooves. This would leave a very
thin film on the ridges where very high local coefficients of heat
transfer could be obtained.

Hawes (47) has analyised the case where the grooves are made
cylindrical and Thomas and Alexander (48) have discussed alternative
profiles, Experimental evidence shows that overall heat transfer
coefficients of up to 2,5 times that obtained from a plain tube of
the same length and under the same conditions, could be obtained.

2.4,3 Finned tubes

When pure steam condenses on a water cooled tube, the steam-—
side heat transfer coefficient predicted by the Nusselt equation and
measured in practice exceeds the water~side heat transfer coefficient,
typically by some 50 per cent. Water is exceptional however, in
having a high thermal conductivity, a high latent heat and a
moderate viscosity so that for a given mass condensing rate, the
condensate f£ilm is thin and highly conducting., Many hydrocarbons,
however, have velatively low latent heats and poorly conducting
and sometimes viscous phases so that, for the same mass condensing
rate the condensate film is thick and poorly conducting, giving rise

to vapour-side coefficients much lower than on the water side,
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In such circumstances it may pay to use an extended surface on the

condensing side.

Katz et al (49) studied condensation on extended surfaces and

produced the equation:

h = 0,728 ksnghi, 3 8t 4+ 1.10[d 1 2,
—=E H a (2.4.1)

bod 8

where H is the effective height of the fin, a_ is the exposed

t

primary surface of the tube between the fins, a_, the area of the

f

fins and a = a, + af; Henrici (50, 51) tested a number of finned

tubes using refrigerants and found a good agreement with equation

(2.4.1).

2.4.4 Reduction of coolant-side resistance

In steam condensers the steam-side heat transfer coefficient
is typically some 50 per cent greater than the water-side heat transfer
coefficient. Thus there is a need to reduce resistance to heat
transfer on the water side. Special shaped tubes have been developed
to improve the water-side coefficient, These tubes usually have
helical ridges inside the tube and the ridges have the effect of
roughening the inside wall. The tube-side heat transfer coefficients
for these tubes are reported by Ashraf (52). Experimental work
at NEL on such tubes indicate that the effect of ihe ridges is to double
the heat transfer coefficient on the water—side but to have only a
small effect on the steam side,

2.4.5 Use of electric fields

In 1965, Velkoff and Miller (53) presented experimental
heat transfer coefficients for freon 113 condensing in the presence
of uniform electrostatic fields created between the condensing surface
and an anode grid held in the vapour. The fileld strength was varied

by applying voltages up to 50 kV, and currents up to 14MA' Applying
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the electrostatic field induced waves in the film and caused jets of
condensate to be emitted from the film, Experimental heat transfer
coefficients 2,5 times the value without the field were measured for
these low electrical power inputs,

Recently Holmes and Chapman (54) published experimental heat
transfer coefficients for freon 114 condensing in the presence of
alternating electric fields. The fields were created between the
condensing surface and a plate held in the vapour by the application
of voltages up to 60kY, at 60 Hz, Experimental heat transfer
coefficients with the field applied were found to be as much as 10
times the value without the field.

2.5 Filmwise condensation on rotating surfaces

The experimental and theoretical studies of the heat transfer
between rotating surfaces and either single or two-phase fluids
have been underiaken for tﬁo main reasons, The first is to gain
some knowledge of the beneficial effects of r;tation on heat transfer
with a view to improving the performance of evaporators and condensers,
The second reason Ior the study is to enable calculations to be made
for the heat transfer between working fluid and the rotating parts
of power producing machines. A considerable amount of work has been
done by others on the rotating disc, the rotating cylinder and the
rotating cone and these are reviewed in the following section,
The general curééd body is also reviewed although there is very little
publisbed information.

2.5.1 Filmwise condensation on rotating disc

.The theoretical understanding of the [filmwise condensation
on rotating surfaces took a major step forward in 1959 when Sparrow

and Gregg (55) published their work "A theory of rotating condensation,’
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Stariting from the Navier-Stokes, energy and continuity equations,
Sparrow and Gregg used boundary layer techniques to derive equations
for heat tranfer coefficient for the condensation on a rotating
disc. They analysed +the case where conyection and inertia terms
were assumed important and compared their solution with the case
where such terms were neglected, They showed that for thin
condensate layers such terms could be ignored, This finding

has been used in the author's analysis of the condensation on
the.rotating curved body,

Sparrow and Gregg presented their results in terms of ce/h:Eg

and showed that for small values oi ce/hfg, which imply small
film thicknesses, and over the range of Prandtl number 1 to 100, the

heat transfer coefficient is given by:

p

h
k

€ i<

co

and the non~dimensional f£i1lm thickness

My = 6 i = 1.107 | _cg
Pr hfg

Thus for a given fluid and a fixed temperature difference between
the fluid and the disc, the local heat transfer coefficient and the
film thickness are determined by the speed of rotation of the disec,

3

It should therefore be possible to achieve high values of the
heat tranfer coefficient by rotating the disc at high speed.
Finally, Sparrow and Gregg showed that for liquid metals (low
Prandtl number fluids), the effects of inertia and convection were

very important.
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Later in 1959, Nandapurka and Beatty (56) published experimental

heat transfer coefficients for methanol, ethanol and freon 113 on a

horizontal rotating disc. They compared their heat transfer coefiicients

with the predictions of Sparrow and Gree (55) and observed that
experimental values were 25% less than the theoretical predictions,
They attributed this to the effects of ripples they had observed
when dye was introduced onto the rotating disc,

Espig and Hoyle (57) published experimental heat tranfer
coefficients for steam condensing onto a smooth rotating disc.
This was in connection with their work on transient thermal stresses
in rotating axisymmetrical bodies. The disc is considered as a cone
with an apex angle of 1800. Espig and Hoyle predicted theoretically
that, for the laminar model the heat transfer coefficient is given by:

) 3 2 %%
w

h = 0,903 | k™ p hfg .
®o
They compared their experimental findings with the above theory and
found that the experimental values for the heat transfer coefficient
were 1,5 to 2.0 times greater.
In an earlier work into the behaviour of water films on rotating
discs, Espig and Hoyle (58) observed waves and they argued that such

waves would be present on a film of condensate forming on a rotating

‘disc, The discrepancy in the experimental and theoretical results

was then attributed to the presence of waves on the film of condensate,

2,5.,2 TFilmwise condensation on rotating cylinders

Filmwise condensation on a rotating cylinder was studied

by Yeh (59) and by Singer and Preckshot (60), Similar resulis were

obtained in bhoth studies which indicated that for Weber number less than

1800, there was an increase in the heatl transfer coefficient.
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For Weber numbers greater than 1800, the heat transfer coefficient
decreased to almost the stationary value, Doubts have however been
expressed about the validity of the findings because a faulty
mechanical seal was suspected of leaking air and oil into the steam
space.

Hoyle and Matthews (61) studied the heat transfer from steam
condensing onto rotating cylinders. They studied three cylinders
of diameters 0.10m,, 0.20m, and 0,254m, to find the effect of the
different diameters on the heat transfer coefficient. Hoyle and
Matthews did not observe any decrease in heat transfer coefficient
when the Weber number increased beyond 1800 as reported by Yeh,
and by Singer and Preckshot, Hoyle and Matthews correlated mean
heat transfer coefficient for their three rotating cylinders.by

expressing the Nussglt equation thus,

e £
©od

=8 ]

where B = 1.5 1.9 - 0.9

[d\/_;_/;] 0.19 1.095 @/ 2g

In 1970 Nicol and Gacesa (62) published their experimental work

on the condensation of steam onto a rotating vertical cylinder. They
observed no decrease in heat tranfer coefficient even with Weber
numbers in excess of 5000, This agreed with the findings of Hoyle
and Matthews (61). Nicol and Gacesa found the Nusselt number to
remain constant at 110 for Weber numbers up to 430 and thereafter
increased according to:

[}
0.496 -
Nua = 6.13 We , where Nua = h.d/2k
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Experimental studies have recently been carried out by Williams
et al (63) into the condensation on a vertical rotating radially
finned tube. Their data for methandl and isopropanol shows that the
condensate film heat transfer coefficient could be signficantly
increased by the use of centrifugal force, They propose the

empirical equation:

1
32 T I1 3
he = 0,655 k~p'hfg G
40 L
where he is the condensate film heat transfer coefficient based on
the effective outside area of the tube, G the drainage acceleration
2 2,..2% .
Lg® + (aw™/2)7] and 1. length of condenser tube between adjacent
fins,

2.5.3 Filmwise condensatiion on rotating cones

Rotating conical boilers have been used in desalination
and in food processing for some years, This perhaps, partially
accounts for the amount of investigation that has gone into the
heat transfer and fluid flow on rotating cones,

Hickman (64) in 1957 described and gave performance data for
centrifugal boller and compression still in which the evaporating
liquid flowed in a thin film along the inner surface of a rotating
inverted cone. Vapour from the inner surface of the cone was
collected and compressed before being condensed onto the outer
surface of the cone, Energy liberated at the outer surface during
condensation was transferred by conduction to maintain the evaporation
process, Bromley (65) studied the above boiler analytically and

provided equations for predicting its performance,
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Starting from the Navier-Stokes equations, Bruin (66) has predicted
the velocity distributions in a liquid film flowing along the inner
surface of an inverted cone, Wu (67) made use of the Karman-Cochran
solution of the Navier-Stokes equations in his study of the laminar
motion of an incompressible viscous fluid induced by a spinning cone,

In 1960 Tien (68) indicated that the heat transfer results for
a rotating disc could also be used for rotating cones under boundary
layer approximations, Sparrow and Hartnett (69) used the findings
of Wu and Tien to modify their theory for condensation on rotating
discs and extended the analysis to condensation on rotating cones.
Comparing the heat transfer coefficients for rotating discs and for

rotating cones, Sparrow and Hartnett gave the equation:

%

B one = (Sin @)
disc
vhere 29 is the cone angle, It should be appreciated that Sparrow
et al have not considered gravity in any of their analyses.
Heat transfer by steam condensing onto a rotating 60o cone was

studied by Howe and Hoyle (70). Their conclusions were that:

(i) the rate of heat transfer was dependent on dw2/2g when awz/z, the

centrifugal acceleration, was of the same order of magnitude as
the gravitational acceleration,

(ii) +the rate of heat transfer was independent of dwz/zg
when dwz/z was large compared with the gravitational acceleration.
(iii) the heat transfer behaviour on the 60° cone was more

comparable to the c¢ylinder than to the disc,

Howe and Hoyle corvelated their results by the empirical fomulae:

hd = 2000 |dog ]
8
k 2.5 uz 10
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for the case of no rotation,

0.16dw2
and hd = 3700.0 |dop 28
k 2. 5u2108

for dm2/2g > 2.45

More recently, Howe (71) carried out an extensive study of
the heat transfer by condensation onto rotating cones in which he
considered the 10° and the 20° cones in addition to the 60° cone,
Howe assumed the laminar model and examined the effects of rotation
and gravity on the heat transfer rate, He made a comparison
between ihe cone and the disc and showed that when the acceleration

force acting on the condensate was predominantly gravitational,

h
cone was asymptotic to 0.976 (g Cos |}
X W

hdisc
but when centrifugal acceleration dominated the drainage the
asymptote was (Sin @)% which agreed with Sparrow and Hartnett (69).
Howe did not verify the above quotient experimentally.

Experimental local heat transfer coefficients were observed by
Howe to be 1.2 and 1.9 times the value predicted by the laminar
model. He observed waves and the detachment of drops from the
condensate in a photographic study and he explained the discrepancy
by their effects, He correlated his experimental results with

the equation:
2
NG ? g gip 5722 = A, [x sim® gl
g Cos & g Cos @ .

where H =|c 6 v2 j]
Pr(hfg + $ch)

and Al and A2 are constants.

Howe observed closer agreement between 1he laminar model and the

experimental results at high rotational speeds.
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The constants Al and A2 therefore vary with speed and are determined

: 2
according to the value of 5@281n 8. He provided a table of such

‘g Cos &

values.

2.5.4 Filmwise condensation on rotating curved bodies

A considerable amount of work has been done on the filmwise
condensation on rotating discs, cylinders and cones, However, this
is not the case with the general curved body of which the disc, the
cylinder and the cone are special cases,

Howe (71) was the first to tackle the problem of condensation
on bodies with curved generators, Working with the laminar model,
Howe extended his analysis for condensation onto rotating cones to
cover the curved generator, His Ffindings indicated that the
curvature of the generator had a significant effect on condensation.
Howe analysed three bodies with shaft diameters of 0,002m., 0.2m,
and 0.6m,, but each with a radius of curvature of 0,2m.,- Each body
was given speeds of rotation over the range zero to 10,000 rev/min,
together with common values of temperature difference 0 = 10°C
and Prandtl number Pr = 1,37, The conclusion from the analyses
was that the film thickness and the heat transfer coefficients were

very much dependent on the choice of radius of curvature and the

diameter of the cylindrical part of Lhe bodies, From the photographic

studies of the condensation process on his cones, Howe predicted
that drop detachment should occur at the shaft and of a body with a
curved generator where the angle‘@ is small and that the detachment
of drops should cease as the angle © inhcreases beyond 200.

2,6 Present work

The present work is concerned with the filmwise condensation
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of steam onto rotating axisymmetrical curved bodies, It is the
final phase of the investigation into the condensation of steam onto
rotating bodies undertaken by Hoyle and his colleagues as part of
their wider investigation into the question of thermal stresses in
steam turbine rotors during cold starting and during maneouvring.
The problems involved during these operations have been given by
Terrel (72), Hall and Britten (73) and more recently by Mé?e (74)

Hoyle and his colleagues studied the condensation of steam onto
rotating dises, rotating cylinders and rotating cones., As part of
the same research, Robson (75) studied the behaviour of a film of
condensate on the surface of a rotating 600 cone; and Holgate
(76) the stability of a fluid film on such a cone. Measurements
of the condensate film thickness on the 10o and 20° cones used by
Howe (71) have been made by Smith (77).

The work with the rotating discs, cylinders and cones had
provided much useful infoxmation about condensation on a rotating
body but these shapes were not representative of a steam turbine disec.
One school of thought at the onset of the research programme was
that any axisymmetrical body could be simulated by a combination of

truncated cones as shown below,

Thus the knowledge gained from discs (180° cones), cylinder (0o cones)
and cones should enable one to formulate a theory for the curved body,
There is onc difficulty however with the above idea, A cone
is a curve with an infinite radius of curvature and any thoories based

on the above assumption undoubtedly neglect the curvature effects
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in the analysis., This became apparent when Howe (71) extended his
theory of the laminar condensation of steam onto rotating cones to
cover the surface with the curved generator, It became clear from
the theory, that the final phase of the research programme should
examine in detail the condensation of steam onto a rotating curved
body, and in particular, the effects of curvature,

In view of Howe's (71) findings, a fresh approach to the problem
of condensation of steam onto rotating curved body was adopted. Instead
of considering a curved body as being made up of series of cones, the
reverse was considered. Thus the general curved body of which the
disc, the cylinder and the cone are special cases is considered., The
theory of filmwise condensation onto the rotating asixymmetrical
general curved body is developed. The Navier-Stokes and the energy
equations are solved for the laminar model of condensation on such
a body, The body is assumed to rotate with the axis of symmetry
vertical, The analysis considers pure vapours only and the vapour-
condensate interfacial shear, convective and inertia effects
are neglected. Gravity, rotational speed and curvature are considered
and the importance of the curvature effecl is examined, The analysis
presented in this thesis was developed independently of that given by
Howe,

To provide an experimental verification of the theory, a circular
curved body with a generator which forms a circular arc of 90° is
designed and used, Any curved generator could have Peen used,

The choice was a compromise between theoretical considerations, the
existing equipment and the cosi of manufacture.

Finally, a photographic study of the condensation process is

undertaken and the onset of the detachment oif drops predicted,
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3.0 Introduction

This section deals with the development of the laminar theory for the
condensation of a vapour onto a general curved body rotating with che axis

of symmetry vertical, The co-ordinate system employed in the theoretical

‘and the experimental analyses is introduced. This is followed by the

transformation of the Navier-Stokes and the energy equations into the new
co~-ordinate system. The governing equations are developed and analysed
and a single differential equation which describes the condensation
process is produced., A non—dimensionalisation procedure is employed
which simplifies the equation and facilitates a solution by a single
numerical integration. Expressions for the behaviour of the condensate
film thickness and the heat transfer coefficients with respect to the
variation of centrifugal accelecation and the variation of distance from
the start of the film are developed. The final equations are then applied
to the experimental curved body. The predicted results are finally
discussed.,

The assumptions made - some of which have been stated earlier -
are:

i) a laminar film flow, which implies that the thickness of the film
of condensate is small compared with the radius of the body and with the
radius of curvature,

ii) the film drains along the generator of the body; i.e. in a direction
parallel to the condensing surface, by the action of both gravitational
and centrifugal accelerations.

iii) the inertia and convective effects are neglected.

iv) the vapour-condensate interfacial shear is neglected.

v)  pure vapour, i.e. no non-condensable gases,
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vi) angular symmetry and steady state conditions prevail.
vii) the fluid is incompressible.
viii)no axial conduction, i.e. conduction along the generator, at the
steady state is neglected.

For completeness, the full mathematical manipulations are carried
out and the above assumptions and any others are brought in at the

appropriate stage.

3.1 Derivation of equations

3.1.1 The co-ordinate system

The cartesian co=-ordinate system of x, y and z could not conveniently
be used in the present work because of the rotational motion. Different
othogonal co-ordinate systems were considered and the most convenient
was chosen, Consider the general curved body shown in fig. 1. The
curved surface is described by the rotation of a defined curved generator
about the vertical axis, The angle of rotation is denoted by ¢. The
direction along the generator is denoted by S and the distance from the
leading edge to some point on the generator in this direction by s, Y
is the direction normal to the surface S at the point of consideration.

Y is positive in a direction away from the axis of rotation. The thick-
ness of the film of condensate in the Y direction is denoted by y as shown
in fig., 2. In fig. 1, eys %? and.es denote unit vectors in the directions
Y, ¢ and S respectively.

3.1.2 Derivation of the Navier~Stokes equation in terms of S, Y and ¢

Scale factors

Foliowing Spiegel (78 p.135), the scale factors for the orthogonal

co-ordinate system S, Y and ¢ are obtained as follows:
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From fig. 1 and fig. 2, consider a particle of condensate at a point P,
a small distance away from the surface of the body,

x = (R+yCosB) Cos ¢

y (R+yCosB) Sin ¢

z

(2~ySinB)
Let the vector
r = (R+yCosB) Cos¢i + (R+yCosB) Singj + (2 -ySimB) k

Let hs, hy and h¢ be the scale factors,

a%

s

9F

y

oF

¢

h =

h =
]

y

by

For thin films of fluid, y is small compared with R or &, hence any

contributions by y can be neglected. For such a case,
2 2
= 1 1
h o= VT {@)*+ @n?]
where R' = 3R/ 39s = SinB and &' = 9%/3s = Cos§

Hence hs = 1 and similarly hy =1 and h, =R,

¢

The Navier-Stokes equation

The general vectorial form of the Navier-Stokes equation for an incom-

pressible fluid is:
DV _ 2
P 5¢ = F ~ grad.p + uV'v

where V is the vectorial velocity and F the vectorial body force.
Referring to fig, 1

V = Vse + Ve +Ve

§ yy ¢ ¢
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The acceleration force terms

Following Lamb (79) and applying assumption (vi), namely that angular
gymmetry and steady state conditions prevail, the expansion of the accel-

eration term of the Navier-Stokes equation in the S-direction is given by

equation (3.1.l1) below.

DVg . [ Vg Vg ,Vy 8Vg . V
oBe e B N R g B

{vs 2 oy a%}

2
e P%‘m’ ] (3.1.1)
s ¢ 8

Substituting for hs’ hy and h¢ in equation (3.1.1) and simplifying,

v vV oV V,> '

—5 = Iad: X —_—8 - :
[ Dt P [Vs s + VY ay —%- SJ.nB ] (3.1.2)
Equation (3.1.2) indicates the acceleration force acting on the film of

2
fluid in the S-direction., The centrifugal effect given by p Z%— Sinf

is easily recognised.

Body force terms

The body force, as implied here, is the force due to gravity only.
For a body with its axis of symmetry vertical, the body forces in the

S, Y and ¢ directions are given by:

F_ = pgCosB Pl
Fy = -pgSinf ¥ og
F¢ =0 B

Pressure force terms [\\,{s
grad.p = ?11-3 %E e+ %T- -g-% ey
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Hence in the S~direction, pressure force term is 3p/ds.

The viscous force terms

The viscous force terms in the Navier-Stokes equation are given by

uV2V.

By general vectorial notationm,

V2V = V(V.V) - Vx(VxV) (3.1.3)

(V.V) = 0 is the continuity equation. Hence at the steady state,

V3 = - Vx(VxV) (3.1.4)

From assumption (vi), 5% =0

hses hyey h(,)e(,>
9 9
_ 1 2 e 0
V) = 15w 38 by
s"y'¢
hV h V hV
5's y'y b0

Substituting for hs, hy and h¢ and simplifying,

_ [Tav " VySing _ 8V vy _ v
(vxv) = [s#]%*["h—r “ﬁ]ey*[—a% ‘a‘%:[%

(Vxv ) = Eses + Eyey + E¢e¢

where E represents the terms in the brackets

es ey Re¢
1 ) d
Vx(VxV) = = = -
x(7=0) = 3 36 3y 0
Es Ey RE¢
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v = |6 o o [ Tslb. Ml [y L Bl

R 38 58 By
(3.1.5)
For the S—-direction only,
L - = E-Q-
Vx (VxV) 3y
] v v
= o | Oy o s
oy [ 98 dy :l
I S PR | {(-al’l)} (3.1.6)
° s 2 3y 38 ole
. dy
Hence in the S—-direction, the momentum equation is given by:
v .oy W | wlsiesT oo 1 oae, DN 2 vy
8 9S8 y 9y R gLo p 9s 8y2 3y * 8s
(3.1.7)

Equation (3.1.7) is the transformed Navier~Stokes equation for the
S-direction only. It describes the motion of an axially symmetric thin
film of incompressible fluid along the generator of the general curved
body shown in fig. 1. From assumption (ii), equation (3.1,7) is the
equation of interest and the momentum equation for the Y and ¢ directions
will not be presented. However, before any analysis and hence a solution
for equation (3.1.7) could be contemplated, the transformation will be

completed by considering the energy equation,

The energy equation

Neglecting the mechanical and frictional energy di{ssipation, the
energy equation becomes:

DT k 2
5-1-:- -‘;E'VT

DT _ 3T
F ° 3% + (V.VT)
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and from assumption (vi)

DT aT aT

—_— = ) = .1.8

DE - 'S 35 T Vy oy (3.1.8)
2 .

VT = div, grad T

2w {ed) -« 5]

. 2 2
2. _ 8ing 9T 9" T o T
VT = R '5-8- + - + - ) (3.1.9)
98 ay
From (3,1.8) and (3.1.9)
9T aT k Sing 9T 32T BZT
s3s " Yy T e R 35 © 5.2 oy’ ] (3.1.10)

3.1.3 Analysis of the governing equations

From the assumption that for steady flow the inertia and convective

effects are negligible, equations (3,1.7) and (3.1.10) reduce respect-

ively to:
-V 2Si.nB 1 3P 32V 3,3V
Sy tesh - oo *"[“5;‘% At (3170
. 2 2
SinB 9T 37T 3T
0 = [: —— f — + :] (3.1.10i)
R 3s asz ayf

For a thin film, the component of velocity in the Y-direction is small
compared with that in the S-direction and the variation of velocity in
the S-direction is small compared with that in the Y-direction. On this

basis equation (3.1,7i) may be approximated by:

2. 2
- V4 glne = gCosB - %2% £ ﬂ% (3.1.7ii)
3y

It is assumed that the external pressure acting on the fluid is constant.

Hence pressure variations in the film are of the simple hydrostatic form
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produced by the gravitational force. As the film is thin, the variations
in pressure in the S and ¢ directions are small compared with the varia-
tions in the Y-direction. Hence the variations in pressure in the S-

direction can be neglected and equation (3,.1.7ii) then approximates to:

2 2
- Vg SinB 3V
--¢-R—1—— = gCOSB + V-—a—}:% (3.1.11)

Furthermore, from assumption (viii) namely that at the steady state
there is no axial conduction, i.e, no conduction in the S~directionm,
3T/3s = 0. Hence equation (3,1.10i) reduces to:

82

e

= 0 (3.1.12)

%

y

Solutions of the governing equations

Equations (3.1.11) and (3.1.12) are the governing equations. Their
solutions yield the drainage velocity, Vg and the temperature distribu-

tion, T in the film, For the condensation of pure vapour, the following
boundary conditions will prevail:

Vs=o

<
]

A Rw y=0

Vy =0

T =T,
At the vapour-—condensate interface, there will be negligible shear
(assumption (iv)), and the interfacial temperature will be common to

both fluids.

Thus, T, = 0

~
il

o
«
n

[~ ]

o]
]
=3
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Drainage velocity

It follows from assumption (iv) there is negligible slip; hence

equation (3.1.11) becomes:

——gﬁ- = - \-}- I:sz SinB + gCosB :[

This yield:
_ 1 2 .. 1.2
Vs = 5 [Rm SinB + gCosB] R AN By + D

where B and D are constants of integration,

When y = 0, Vg = 0 hence D =0

SV - -2—1\-, [sz Sing + gCosB:[ y% + By (3.1.13)

From the boundary condition at y = §
dv dv
AL - = Q= | =L
{dy ] y=s =0 [ds ] y=5
1 2 .. 2
and Vg = 5o | Ru” SinB + gCosf 28y~y (3.1.14)

The drainage velocity, Vg, has a parabolic distribution for a given
rotational speed. This is what one would expect of a laminar model

such as assumed here.

Temperature distribution

Equation (3.1.12) becomes,

ér .,
o

«e T = ay + b
where a and b are constants of integration.
Aty=0,T=T hence b = T

o o

Aty =6, T=T

sat
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S Tsat - To =af§ = 6 hence a = 9/§8
S T = 06y/§ + To (3.1.15)
and dT _ 6
dy 8 (3.1.16)
(Tsat -T) = e(l-y/8)

Equation (3.1.15) shows that the temperature distribution in the film

is linear., 1t is worth noting from equation (3.1.10i) that a different
temﬁerature distribution would have been obtained if axial conduction
had been considered. It is important to note therefore, that where a
comparatively thicker film of condensate is concerned, equation (3.1.10i)

will have to be solved as it stands as the assumption about axial con-

duction may not hold.

3.1.4 The governing equation of laminar film condensation on a rotating

curved body
In the preceeding section, equations (3.1.14 - 3.1.16) are used to
obtain the governing equation of laminar £ilm condensation on the rotat-
ing general curved body. This is achieved by considering the conserva-

tion of energy in a control volume of the condensate.

Y

r___ Film of condensate

————

o %

Ty g
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_d . . _
dqQ = Ty I:mhfg + fhac (Tsat T) ]Gs

Consider the element of condensate jnnj of width §s, which when rotated
about the axis of symmetry of the body forms a control volume of the

condensate film. The energy dQ crossing the boundary jj is given by the

condensation of the vapour of mass J%%-Gs and the sub-cooling of that
mass of condensate from the saturation temperature Tsat to the mean

temperature T which is between that of the wall and the steam. Assuming
that the energy is transferred to the boundary jj by conduction only

through the film of condensate, we can invoke an over-all energy balance

as follows:
dqQ = kad | & = 4l gh, 4 e =T |6 (3.1.17)
dy |y=0 ds fg ¢ Yaat s e

In equation (3.1.17) the term involving dT/dy represents the energy trans-

fer by conduction to the inmer surface of the control volume denoted by jj.
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On the extreme right hand side of equation (3.1.17), the term involving
ﬁ\hfg represents the energy liberated by the vapour condensing on the
outer surface of the control volume denoted by nn. The term involving

(Tsat - T represents the energy liberated by the sub-cooling of the

condensate to the mean temperature T.
The effective conducting area of the control volume is given by

dA = 27R6s. Substituting for dA and dT/dy from equation (3,1.16) into

equation (3.1.17) and simplifying yield:

21rRk i I:mh + mc-e (T - T):] (3.1.18)

. §
Nowm=p S o 21rRhydst

6
27qRp fo Vsdy

Substituting for Vv, from equation (3,1,14) and integrating,

m= :—er%f—s-— [Rw SinB + gCosB] (3.1.19)
3 N .
Lo = 2mRp8 hfg I:szsins + gCosB_l (3.1.20i)
3v

From equation (3.1.16),

me <Tsat =D

21Rp fg v, c6(1~y/8) dy

27Rp c6 ff) v, (1-y/8) dy

l!

2111;;\)) co [szsine . 800861 (3.1.20ii)

Substituting (3.1,20i) and (3.1.20ii) into (3.1.18),

3
9 d 27Rp 6 f
27Rk 3 = iz [ '"vD { g .+ .._.} {Rw Sinp + gCosB}]




- 38 -

Rk._g_ = vpcﬁ L :l l:l + -:-5-9-9- g‘—;' [R63(Rw251n6 + gCosB):[

R _ Pr hg [1 + 3¢ i[ d_ I:Ras(Ru)ZSinB + gCoSﬁ)]
S 3v2ce ds

Now let A = 3v

o ]

Then,

A

% -Z—; I:Ra3(Rw2sins * gCosB)] (3.1.21)

Eqﬁation (3.1.21) is the differential form of the equation governing the
filmwise condensation on a rotating general curved body. However, before
a solution is attempted, the equation will be examined in detail.

It was stated earlier that,

dR/ds

dp/ds

SinB
(3.1.22)

B' = 1/Re

From equation (3.1.21),
A =% E3(2Rw28in8 + gCosB) -g;l; + 63(R2wzcosB - gRSinR) -g—g-
+ 362(R2w28inﬁ + gRCosB) -g—%]

Substituting from (3.1.22) and simplifying,

5% 2 s 2
A= . SinB(2Rw“SinB + gCosB) + =— (Rw CosB ~ gSinB)

Re
+ 383 (szsinB + gCosB) %i

4
Now, %.(szsing + gCosB) E%; = 363(Rw25in6 + gCosB) %E

64 2 64 2
o A= = SinB(2Rw SinB + gCosR) * 5 (Rw"CosB —~ gSinB)
e
d64

3 2,.
+ 7 (Rw“SinB + gCOSB) T
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Hence re—arranging,

4 _A- {64Sin8(2RmZSinB + gCosB)/R +64(Rw2CosB— gSinB) /R

(RmZSinB + gCosRB)

3 ds
4 ds

' (3.1.23)

The final term in the numerator of equation (3.1.23) includes Rc’ the
fadius of curvature of the generator of the body. Thus (RmZCosB - gSinB)/Rc
represents the curvature effect,

Now consider the case where there is no rotation and angle B is zero.
Assume that R is infinite, This is the case of condensation on a stat-

ionary vertical cylinder. Equation (3.1.23) reduces to:

4
3 as® A
il (3.1.24)
and 8% = 4As/3g (3.1.24a)
oY 64 = .4_];.15.8_9-
P gh

fg

This is easily recognised as the Nusselt (9) expression for the condensa-
tion on a vertical plate., It shows that for such a body § ~ si.

In equation (3.1.23), let 64(a+b) represent the terms in the external

brackets of the numerator.

i.e. a = Ro’ [1-cos(28)] + %gSin(ZB)
R
b = Rw’CosB - gSind
R
[o]

When there is no rotation, i.e. w=0

a

a, = [gSin(28)] /2R

(3.1.25)
b, = -(gSinB)/Rc

b

At high speeds of rotation, i.e. w>>0 and g*0
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w? (1-Cos (28))

as=a
"2 (3.1.26)

o
L}
o
il

2 (RwZCosB)/Rc

The numerator of equation (3.1.23) becomes
A - 64(a1 + bl) when w=0 and 8490°

and A - 64(a2 + bz) when w>>0 and B490°

Thus the curvature effect (represented by the curvature term b above),
can assist or retard the growth of the film, From (3.1.25), the mag-

nitude of the net effect (i.e. in relation to the other terms) is given

and from (3.1.26) by:

CosB
(1~Cos (2B)

R.
) Rc
Thus, for all speed of rotation and a given value of the angle B such
that 90°>B>0°, the magnitude of the effect of curvature is governed by
the ratio of the radii R/Rc'
In equation (3.1.23), if the radius of curvature becomes infinite

(Rc=w) and the angle B = 90°, then when ©w>>0 and g-0

3 as* _ A - 26t?
T ds RmZ
and has the solution 64 = A/Zw2 (3.1.27)

But Rc = o and B = 90° is the rotating disc. Equation (3.1.27) compares
exactly with the Sparrow and Gregg (55) solution for the condensation on

rotating discs.

If in the above case, the angle B remained variable and unspecified,

then
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3 dst | a- 26%? sin%
“ ds Ru’Sing

which when B is constant has the solution

§4 = zA"z“ (3.1.28)
2w 8in B

It should be recognised that when Rc is infinite and B equals some
constant angle other than 0° and 900, is the case of the rotating cone.
Equation (3.1.28) compares exactly with the solution of Sparrow and
Hartnett (69) for the condensation on rotating comnes.

- It is important to note that equation (3.1.28) is only obtained when
B is assumed constant. This implies that equation (3.1.28) is applicable
to individual cones only. For a given cone and hence a given 8, equation
(3.1.28) gives the assymptote to which the film of condensate grows as
the speed of rotation is increased and the effects of gravity are dimi~-
nished,

It should be appreciated that if B varies with respect to the distance
(s), then this represents the case where the generator is made up of a
series of truncated conmes since the radius of curvature at any given point
is infinite. The problem becomes different in such a case and the solu-
tion requires the exact mathematical relationship between P and s, or a
technique to link one cone to another without causing any discontinuities
in the film of condensate.

In equation (3.1,23) if gravity, rotation and the angle B are finite

but R infinite, then

c
3. as® _ A - 6"sing(2ru’Sing + gCosB)/R
4

(szsinB + gCosB)

ds

(3.1.29)

Equation (3.1.29) requires a numerical solution, It compares exactly with
Howe's (71) solution for condensation on rotating cones including the

effect of gravity.



Lastly, consider Rc to be infinite and the angle B to be zero. This

represents the rotating vertical cylinder., Equation (3,1.23) becomes

as® A

b—-d—; = -é- (301130)

Mw

Equations (3.1.30) and (3.1.24) are identical. It can be seen from this
that the growth of the film of condensate on a rotating vertical cylinder
is not governed by the rotation. Any improvement in the heat transfer

coefficient such as reported by others, is the result of surface disturb-

ances and the detachment of drops.

3.1.5 Solution of equation (3.1.21) in non-dimensional form

The equation:

_ 6 d 3 2.
A= X T I:RG (Rw“SinB + gCosB):l (3.1.21)

is the governing equation of filmwise condensation on the rotating general
curved body. In the previous section, this equation was examined in
detail, 1In this section, a solution of the equation is presented., The
non-dimensionalisation of equation (3,1,21) facilitated the solution.

Let £ be the non-dimensional radius of the body, and n be the non-
dimensional condensate thickness, Then,

R=afand § =
where o and y are constants and have the dimensions of length,

Let angle B be a function of £

i.e. B = A(D), (and be denoted by A)

Now ds

dR/Sin8 = adg/SinA

Substituting into equation (3.1.21), it becomes:

A= ZL“ Sink — -- [sy3n (atw?Sink + gCosA):[
[ 30,242 vie
A= g Sini T (w™y & SinA + g——— Cosk:l (3.1.31)
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Suitable values of a and y are:
o = g/w2 and y= w—iAi
Hence £ = R/a = szlg, the ratio of centrifugal acceleration to gravita-—

tional acceleration. Substituting for o and y, equation (3.1.21) becomes:

1= sinxg-g [n3(g231nx " E;Cosk):[ (3.1.32)
or, '§_f_ﬁ' = n %E I:n3(EZSin)\ + ECos)\)] (3.1.32)

Let &/Sin\ =F(¢) and (azsinA +ECos)) = F(E)
Substituting *f and F, equation (3,.1.32) becomes:

=n9- (nsF)
Ty

€
%’f = 4n3Fn' + -g- n4F' where %—E = ! (3.1.33)
Let Z = n4 Then equation (3.1.33) becomes:

4 F'Z _ 4 ¥
7' + 5 5 = 5 . va (3.1.34)

which has the solution:

13
L4 ¥F 3 gg
and n” = “!L‘W—““’ (3.1.35)

Equation (3.1,35) is the solution of equation (3.1.21) in a non-
dimensionalised form, This form of the solution has the advantage that
only one integration is required for any given body. There are only
two functions in the equation, namely, F and ¥, and these are easily

determined when the geometry of the body is known. Equation (3.1,35)

applies to any axisymmetrical curved body, including cones, discs and

cylinders.

Solution in terms of s

When °f and F are substituted for, equation (3.1.35)becomes:
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1
_{é €2sin) + ECos)) & (£/SinA)dE

(E28in) + ECosh) 13 (3.1.36)

o e b

It will be observed that when SinA is zero the integrand goes to infinity.
In a computer programme to solve equation (3,1.36), A can be given a
small starting value to overcome the difficulty. If,on the other hand,
equation (3.1.36) is expressed in terms of the distance (8), this
problem does not arise.

If € and A are functions of s, i.e. & = ¢(s), (and denoted by @)
and A = Y(s) = B, (and denoted by y) then since SinB = dR/ds = ad&/ds,

equation (3.1.36) becomes:

8 1
b_ & T 0(Siny + QCOSlD)A"/S ds

n =
30 (@%siny + oCosy) 3

(3.1.37)
Equations (3.1.36) and (3.1.37) give identical results in practice and
either can be used depending on the problem. If the geometry of the body
is such that angle B becomes zero at some point, then equation (3.1.27)
is preferred. On the other hand, when treating a curved body as made up
of series of cones, angle B does not go to zero and equation (3.1.36) is
preferred, since £ is the same for either cone at the point of intere-
section and allows the linking of one cone to the other more easily
without introducing any discontinuities in the growth of the film.

When dealing with the curved generator made up of series of cones,

the integral part of the equation (3.1.36) or (3.1.37) is evaluated thus:

fz - fb

c z
a a +fb ....+f

y
If it is imagined that each integral on the right hand side of the above
equation represents the integration for a single trucated cone, then

apart from the leading cone, some difficulties arise when integrating with

respect to s as to what the lower limits of the integration should be for
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each cone, This difficulty does not arise when the integration is with

respect to &,

The heat transfer coefficients

When the geometry of the body on which the condensation is taking
place is known, equation (3.1.36) or (3.1.37) can be integrated to give
n.

-,

Now 6§ = yn = w n

The local heat transfer coefficient is then given by:

kO k 1
ek . [T{J] L (3.1.38)

W

-3 1
or h|w*A _ 1
l:._.__E____ :{ =5 (3.1.38a)

and the local Nusselt number by:

_hs _ 1 8
Nus _T(_. = [m ] n (3.1.39)

or Nug I:w'.& A*] = g/n (3.1.39a)

From the point of view of the heat exchanger designer, average heat
transfer coefficients are of more interest than the local heat transfer
coefficients, This is usually obtained by integrating the local heat
transfer coefficient with respect to the distance from the start of the
condensate film and dividing the results by area per unit depth., This
is acceptable when dealing with bodies such as cylinders which have a
constant diameter. When dealing with a body whose diameter varies with
distance from the leading edge, it becomes necessary to integrate with
respect to the area, The average heat transfer coefficient is thus based
on area instead of length,

Considering the general axisymmetrical body of fig. 1, the surface

area is given by,
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s
Area X = 27 fso Rds

The average heat transfer coefficient h over the distance so to s is given
by:

2n /° bhRds
= S0

=1

27 fs Rds
80

)
. b e @mys
®  Rds

ISO s
[w-iAi:l _ Jso (R/n) ds (3.1.40)
k /5 R ds

=

The average Nusselt number, up to the point g, is defined as ﬁus = hs/k

s
and ITIuS‘ E)_%A£] = 5 Jso (R/n) ds

s
fso R ds

(3.1.41)

It will be observed that equation (3.1.40) is non~dimensional but equation
(3.1.41) is not and has the dimensions of length. The equations (3.1.36) -
(3.1.41), as will be appreciated, enable the behaviour of both the con-
densate film thickness and the heat transfer coefficients to be predicted
for a given body without reference to any experimental evidence. In
practice, however, some experimental evidence might be necessary in order

to evaluate "A" correctly since it involves 6, the temperature drop across

the condensate.

3.2 Applications of equation (3.1.35)

As stated earlier, equation (3.1.35) is the non-~dimensional form of
the governing equation of condensation on any rotating exisymmetrical body.
Its applications are unlimited as far as the choice of the generator is
concerned but it is limited with regard to the speed of rotation. As
g = Rmzlg, and both ¥ and F have & as a multiplier, equation (3.1.35)

become indeterminate when w=o. This resulted from the non-dimensionalisa—~
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tion of equation (3.1,21). Therefore, for the condition that w=o one

has to go back to equation (3.1.23) and carry out the analysis from there.
On the other hand, this is not necessary if w is given some small start-
ing value, This is the common procedure in a case of this kind, and the
author has made use of the procedure. The applications of equation
(3.1.35) to cones, discs and cylinders are given in Appendix C to show
primarily its validity and the ease of its application. In the
following section therefore, only the curved body with a generator which

. o . .
forms a circular arc of 90 1is considered.

3.2,1 Application of equation (3.1.35) to the circular curved body

(experimental curved body)

The circular curved body with a generator which forms an arc of 90°
is of particular intecrest here because it represents the experimental
curved body, The application of the general equation (3.1.35) in the
form of equation (3.1,37) is illustrated using such a body.

Consider the generator with the constant radius of curvature Rc

shown below, -

-]
i

= R, + R  (1-Cos) = [D - R Cosg]

t = RmZ/g =D -~ RcCosB:[ wzlg

™
1l

S/Rc = ¥(s)
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2
g = E) - R, Cos (S/Rc):[ w/g = 9(s)
Thus in equation (3.1.37)

% = [@ - R, Cos(s/Rci] w2/g and ¢ = s/Rc

Also equations (3.1.40) and (3.1.41) respectively become:

~hyb '
B I:‘*’ e :[ = - 3 18 ®/n) ds (3.1.42)
[Ds - R “sin(s/R )] °

N S - 7% (R/m) ds (3.1.43)
and, Nug [07%a% [Ds - Rczsin(s/Rc)] °

For the experimental curved body fig. (9), R, = 0.1346m and D = 0.2745m
and when these are substituted into the above equations the complete
solutions of equations (3.1.37) - (3.1.43) are obtained. Figures 3, 4 and
5 show respectively, the complete solution of equation (3.1.37), (3.1.38)
and (3.1.42) for the experimental curved body. The figures also show the
solutions for the same body when the curvature term, as outlined in equa-
tion (3.1.23), is excluded in the solutions of the above mentioned equa-
tions. The graphs show the predicted non-dimensional film thickness,
local and average heat transfer coefficients plotted against distance
along the surface of the generator, However, before these results are

discussed, an outline of the method of solution will be given,

3.2.2 The integration routine

The integration of the numerator of equation (3.1.35) can be straight
forward depending on the complexity of the generator and whether curva-
ture and gravity are neglected. In the study of the experimental curved
body, a straight forward integration was not possible and numerical
integration had to be employed.

A computer programme was developed for use on an IBM 360/67 digital

computer to carry out the numerical integration. The integration routine
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utilized the Simpson's Y3 rule, as outlined by McCormick and Salvadori
(80). In the above mentioned computer programme, which was written in
FORTRAN IV, the 1:erm':1“}3‘1/3 in equation (3.1.35) was represented by a
single function f(x) =1ny%. A FUNCTION SUBPROGRAMME evaluated the
function f{x) and a DO LOOP carried out the "Simpson" summation.

The programme was simple but powerful and was capable of integra-
ting many mathematical functions. If n is the even number of strips
and H the width of a strip, then the error in the Simpson's ¥3 rule
applied to multiples of n=2 strips as in this case, is of the order H4.
Hence, the smaller the width of the strips, the more accurate the final
result, For many known mathematical functions which were used as a test
for the programme, strip width of the order 10‘-2 of one unit (of the
dimensions of the limits of the integration) was sufficient to produce
a very high degree of accuracy. However, for the results presented in

this work, strip width of the order 10”4 was used.,

3.2.3 Discussion of the predicted results

After the computer programme had been carefully tested and the con~
fidence in its use established, the programme was applied to equationms
(3.1.37), (3.1.38) and (3.1.42), using the data from the experimental
curved body, Fig. 3 shows the predicted behaviour of the film of con-
densate as given byfequatlon (3.1.37). The figure also shows the solu-
tion for the same body when the curvature term in the equation is neg-
lected. This implies that the generator is made up of a series of cones,
For the results presented here, the experimental curved body was assumed
to be made up of 450 truncated cones, This corresponds to a B value of
0.2o which approaches the smallest starting value when equation (3.1.36)

is used, The need to use equation (3.1.36) instead of equation (3.1.37)
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in such a case has been given. Different numbers of truncated cones were
considered and the choice of the 450 cones was a compromise between
accuracy and the use of computer time, The improvement in the value of n
at 1000 rev/min when 450 cones are used instead of 18 cones is only
3.5 percent but the computer time required is nmow 25 times greater.

A range of speeds, varying from 0.l rev/min to one million rev/min
were considered in the analysis. The solutions at some of these speeds
are presented in fig. 3. The speed of 0.1 rev/min was used instead of
zero rev/min for reasons stated earlier, namely that equation (3.1,.36)
or (3.1.37) becomes indeterminate when the speed of rotation is zero.

Looking at the solution that includes the curvature term, it will
be observed that for speeds up to 100 rev/min, the film of condensate
starts at the leading edge of the generator and grows in thickness with
distance. For speeds between 100 re;/min and 1000 rev/min, the film
grows to some maximum thickness and then thins out. The higher the
speed of rotation, the shorter the distance required for the film to
grow to the maximum thickness. At speeds above 3000 rev/min, the maxi-
mum thickness is attained almost instantaneously at the leading edge of
the generator and the thinning takes place all the way down.

To understand the behaviour, one has to go back to equation (3.1.23)

which is reproduced here for convenience

3 agt

@l oas {6%s1n8(2rw%sing + gCosB) /R + §%(Ru?Cosp - gSinB)/R.} (3.1.23)
4 ds T

(Rw?Sing + gCosB)

The numerator of equation (3.1.23) was shown (section 3.1.4) to be:
A - 64(a1 + bl) when w=o0 and Bé90°
and A - 64(a2 + b2) when w>>o0 and Bé90°

where "a" and 'b" are as defined in equations (3.1.25) and (3.1.26).
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From equation (3.1.25)
[gsin(28)] /2R

- (gSinB)/Rc

a4
and b1

Now since SinfziSin(2B8) and the geometry of the experimental curved body
is such that.R>Rc at any point on the generator, it follows that at véiy
low speeds, |b1|>|a1|. Hence, A - 64(a1 + bl) will always be positive
under such circumstances and the slope d64/ds will always be positive as
observed. Also in equation (3.1,23) the denominator is given by gCosp
when w=o. Thus when 8+90°, %;f-+ ®©, This behaviour is exhibited by the
curve for the 0.1 rev/min in addition to the positive slope outlined above.
Considering the case where w>>0 and the effects of gravity are neg-
ligible, the numerator becomes:
A= 64 (a2 + b2)
w? l—_i-Cos(ZB):[
» = (Ru’CosB)/R_

where a,

and b

As B lies between 0° and 90°, both a, and b2 will be positive in such a
case, and for large values of w, A—64 (a2+b2) will be negative and hence
the slope d64/ds will be negative, Such a behaviour is exhibited by the
curve labelled "limiting case". The term "limiting case" as used here
implies the solution of equation (3.1.35) for which the non-dimensional
film thickness n is not affected by further increases in the rotatiomal
speed, The limiting case was attained at speeds of 3000 rev/min and over,
Thus between zero rev/min and 3000 rev/min, the slope changes from
positive to negative. The family of curves in fig. 3 when the first
0.015m is neglected show that the slope remains positive up to 100 rev/
min and thereafter begin to change. The effects of the centrifugal field

can be said to begin to show prominence after 100 rev/min.



- 52 w

Without exception, the curves representing the solution with the
curvature term start with a positive gradient, although this may be
difficult to see in the case of the curve representing the limiting
case, Depending on the speed of rotation, the gradient of some of the
curves later change to negative, This is to be expected because the
leading edge of the generator forms a vertical cylinder and for the

first 0,003m it could be treated as such., It has been shown that for

such a case,

3 gt
% “ds

ca |k

(3.1.30)

and Gﬂ:s* i.e, nﬂas*
It can therefore be seen that at the leading edge, the slope d64/ds
will always be positive.

The relationship SNS* was further exploited as one of the methods
by which the computer programme could be tested, A plot of log 7 against
log 8 - not included - confirmed the relationship nms* at the leading
edge.

In equation (3.1.23) when w>o>g, the numerator, as before is:

A-s%(a+b)

and a = SinB(ZRwZSinB + gCosB)/R
b = (RwZCosB - gSinB)/Rc
A~ 64(a + b) will either be positive or negative depending on "a"

or "b", hence the change of slope by some of the curves.
It should be noted that the rate of change of the slope is governed
by 64(a + b) which is a function of w and 8, hence the point at which the

slope changes sign, and the rate at which the slope changes, will vary.

This can be observed in fig. 3.
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The family of curves representing the solution without the curvature
term exhibit similar characteristics, in many ways, to those discussed
above. Nevertheless, there are some outstanding differences when the two

families of curves are compared.

It was éhown earlier that at low speeds of rotation, the growth of
the film is assisted by the curvature effect, The comparison of the
curves at 50 rev/min ant 0.1 rev/min shows this very clearly. The growth
of the film, on the otherhand, is retarded by the curvature effect at high
speeds aﬁd this also can be observed when the rest of the curves are com-
pared. It could be estimated from fig. 6 which shows the deviations in
heat transfer coefficients when the two solutions are compared, that for
the above experimental curved body, the transition from the assisting
effect to the retarding effect takes place at 70 rev/min.

Turning to equation (3.1.23) once more, it should be noticed that the
numerator A - 64(a + b) becomes A - 64(a) since b»o when Rc+w and the rate
of change of the slope d64/ds becomes less in comparison., It is evident
that for speeds greater than 70 rev/min, the curves representing the solu-
tion with the curvature term will lie beneath the corresponding curves
for the solution without the curvature term, In other words, the solu-
tion without the curvature term predicts a thicker film of condensate
and hence lower heat transfer coefficients compared with the solution
with the curvature term,

It should glso be evident that the difference between A - 64(a + b)
and A - 64(a) is Ga(b) which represents the curvature effect, Thus the
difference between the corresponding curves in fig. 3 represent the
curvature effect at the given speed of rotatior, The examination of

fig. 3 shows that the importance of the curvature effects in the analysis
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of the condensation on rotating bodies cannot be over stressed. Comparing
the two limiting cases in fig., 3, it can be seen that the analysis without
the curvature term can over—estimate the local film thickness by up to
71 percent, This is reflected in the local heat transfer coefficients,
fig. 4 and hence in the average heat transfer coefficients shown in fig. 5.

Fig. 4 shows the solution of equation (3.1,38a). It shows the pre~
dicted behaviour of the local heat transfer coefficients for both cases of
with and without curvature. These curves are the inverse of the curves
shown in fig, 3 and no further comment is necessary.

Sparrow and Hartnett (69) have shown that for cones rotating at very
high speeds, n = O.841ﬂ$in£6). Equation (3.1.28) confirms this. Thus
for a given cone n is constant and the heat transfer coefficient is
independent of the distance s. This is not the case here and fig 4 shows
that the local heat transfer coefficient h, is dependent on s even at
high speeds.

The average heat transfer coefficients (fig. 5), tell a similar
story. Fig. 5 represents the solution of equation (3.1.42). Both graphs
show that at low rotational speeds, when gravity is the dominant field,
the heat transfer coefficients decrease with s, The situation is rever-
sed when gravity becomes less important and the centrifugal field more
dominant.

The effect of curvature on the local and average heat transfer co-
efficients can easily be observed from fig., 4 and fig. 5 respectively.
Fig. 6 illustrates the variation of the effects with respect to the
rotational speed, Expressing the maximum percentage deviation as

(Xizxz)-loo, where X1 is the predicted heat transfer coefficient when

the curvature term is included and X2 the predicted heat transfer co-

efficient when the curvature term is excluded, fig., 6 shows that the
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local heat transfer coefficients could be under-estimated by 43 percent
for speeds of 3000 rev/min and over. The average heat transfer coeffic-
ients show a slightly lesser percentage. Nevertheless, the under-estima-
tion of the average heat transfer coefficient by 37.5 percent is something
that could bé avoided. As pointed out earlier and illustrated by fig. 6,
the curvature effects are speed dependent and the above percentages decrease
with the speed. Fig, 6 shows that at 70 rev/min, the curvature effects
are zero and below 70 rev/min, the solution with the curvature term tends
to under;estimate the heat transfer coefficients. For speeds below 50 rev/
min, fig. 6 becomes less meaningful because the solution with the curvature
term implies no drainage at the disc end of the generator, and the film
should, therefore, grow to infinity., This, therefore, distorts the per-

centage deviation as presented here, particularly the local values.
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4.0 INTRODUCTION

The present work is the final stage of the research started by
Hoyle and his colleagues at the Imperial College of Science and
Technology and later continued at Durham, This means that the
basic equipment was available at the start of the present work and
any experimental studies had to take this into consideration.

The basic rig at Durham (fig. 7), was designed and built jointly
by Robson (75) and Howe (71). Robson was interested in the fluid
mechanics of the film of condensate while Howe was concerned with
the heat transfer properties. Each designer paid particular
attention to the overall design from his own point ol view and
their combined effort produced a large and versatile apparatus. Both
Robson and Howe have given a comprehensive account of the design,

manufacture and installstion of the equipment in itheir work.

4.1 Specification of the pasic rig
After a careful study, Robson and Howe drew up the following
specification in 1966 to form the bhasic requircments of the apparatus:

1) Steam pressure; variable up to 13,8 bar.

2) Steam condition; dry saturated.

3) Base diameter of the experimental body; 0.6lm, (2 ft.).

4) Speed of rotation; variable and up to 2000 rev/min,

5) The outside surface temperature of the experimental body
should be capable of controlled variation.

6) The condensate forming on the interior surface of the
pressure vessel should not drip onto the condensing surface,

7) The condensing surface should be capable of being viewed
both tangentially and normally while under test.

8) Windows in the pressure vessel should be capable of
withstanding the working steam pressure and temperature, and

allow ithe condensing surfiace to be photographed, .
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9) The polar axis of the experimental body should be vertical,
10) The experimental body should be capable of being rotated
with the minimum vibration.
11) The steam supply should be free from non-condensable
gases.

The condensing elements were made as large as possible to reduce
scale effects, This was necessary if the test results were to be
used to calculate the thermal stresses in turbine rotors, A base
diameter of 0.61lm, gave a large condensing surface even when cones
of largeapex angle are used,

4,2 General arrangement and operation of the basic rig.

Fig., 7., modified from Howe (71), shows the main features and
the general view of the complete assembly of the aﬁparatus. Item
numbers are assigned to the important parts of the apparatus and
these will be referred to in the following section.

The experimental body (iterm 7) which comprises a cover, the
curved body and a cylindrical base is mounted on the 0.58m, diameter
base plate which is coupled to the main shaft (item 19) by the screw
on flange. The main shaft had to be hollow to create a passage for
cooling water flowing into and out of the experimental body. A pair
of high precision tapered roller-bearings (item 13), mounted back to
back, supported the main shaft, The thrust from the bearings was
equally distributed to brackets welded to the four legs supporting
the pressure vessel, A double-~row spherical seating ball-bearings
(item 11), mounted in a sliding housing, acted as a locating bearing
at the upper position.

Rotation to the main shaft,)and hence the base plate and the
experimental body, was applied through the timing belt and the driving

pulley (item 12),. Power was supplied by a 11.5 EW. d.c. motor with
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a 200 per cent overload starting torque. The power to the motor
was provided by a control unit, comprising a 400 - 440V, 3 phase,

50 Hz. thyristor bridge.rectifier for armature supply, together with
a single phase bridge rectifier for field supply.

The .upper part of the main shaft with the attached base plate
and the experimental body was enclosed in a pressure vessel, The
pressure vessel had provisions for a pressure gauge, a thermometer
pocket (item 16), a blow-off valve (item 17) and a stuffing box
gland (1tem 5) to accommodate the hollow steel shaft (item 18)
which carried the thermocouple wires to the slip-ring unit (item 6),
A total of 7 ports of two different sizes were provided. Five of
these ports had a diameter of 0,3m., (item 3) and the rest 0,24m,
diameter (item 4). The ports were covered with armour-plate glass,
The armour-plate glass was strong enough to stand the design
temperature and pressure, and also clear enough to allow viewing
and the photographing of the condensing surface.

The steam to the condensing surface was supplied by an English
Electric automatically regulating oil fired package boiler unit.

The boiler was capable of 1400 kg/hr of steam with dryness fraction
0.99 at 15 bar. The steam supply to the pressure vessel was
controlled by a reducing valve which could produce reduced pressures
over the range 0,05 to 0.8 of the supply pressure, Throttling the
steam down to the desired pressure caused a certain degree of
superheat. The steam was therefore passed through a de-superheater
before entry into the pressure vessel,

The steam entered the pressure vessel via the steam inlet
(item 25) and the steam distributor (item 9), The condensate was
removed through a drain in the base of the pressure vessel via the

condensate drain (i1tem 26) to a condenser,
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The cooling water to the inside of the condensing surface was
supplied via an inlei manifold which divided the water into five
independent supplies (i1tem 15), The five water supplies were
connected to separate passages inside a 0,05m, diameter stationary
pipe which conducted them to the experimental body along the central
hole in tﬁe main shaft (item 19). Each of the water supplies
‘terminated in one of the four (originally five in Howe's work) water-
tight chambers of the sprayer head (item 8). Water was carried
from these chambers to the inner surface of the body by a number of
0.0055. bore tubes. The five independent supplies allowed the
flow in each chamber to be adjusted during operation so that the
inside surface temperature of the condensing body could be maintained
as constant as possible,

At the base of the experimental body, the cooling water was
collected by four stationary 0.025m., diameter scoops and carried
into the annular passage between the stationary central inlet pipe
and the bore of the rotating shaft. A sealed perspex box (item 14),
mounted over two 0,064mdiameter holes in the shaft, collected the
cooling water discharged from the annular passage.

A good sealing arrangement was required if the leaking of steam
was to be avoided, A mechanical seal (item 10), which ran in a
housing and could be pressurized by water to pressures in excess of
the vessel pressure, offered the best solution, Dry asbestos
packing and P,T.F.,E, tape were used to pack the gland (item 5), which
sealed the small shaft.

4,3 The experimental body

The experimental body (fig. 8) comprised a cover, the curved
body and a cylindrical base. It is a manganese bronze and

manufactured to B.S, 1400 H.T.B.l specification,
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Fig. 9 shows the details of the curved body.

The cover which had a base diameter of 0,2794m, was conical in
shape. It had a cone angle of 174o and a wall thickness of
0,0178m, The conical shape was essential to ensure that any
condensate on the cover drained off, Condensation on the cover was

inevitable at the beginning of a test. The cover performed three

main functions:

(1) coupled the hollow shaft (item 18), which carried the
thermocouples to the slip-ring unit (item 6), to the
curved body.

(ii) ensured that no steam leaked into the inside of the
experimental body or water out of the experimental body to
contaminate the steam,

(iii) carried thermocouples to measure the steam temperature inside
the pressure vessel, This was essential in order to correct
for the effects of rotation on the slip-ring unit.

A diaphragm made of 0,0032m., thick brass plate and 0,279%4m,..
diameter with 0,0064m, thick asbestos joint on one side (the watep
side) separated the curved body and the cover, The diaphragm prevented
cooling water from reaching the cover, It was essential that the cover
did not condense any steam after the warm through period since this
would affect the results, The diaphragm was very effective in this
respect.

The cylindrical base had an outside diameter of 0,6096m,, a wall
thickness of 0,0254m. and an overall height of 0.1905m, Its function
was to extend the base plate in such a way that the curved body would
clear the scoops. It also enabled the author to estimate without
difficulty, the approximate maximun stresses in the experimental body.
The author assumed that the maximum stresses would occur in the

cylindrical base and this allowed the use of standard equations for
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the stresses in rotating cylinders, The approximate calculations,
which neglect thermal stresses, gave a minimum safety factor of over
2.0 at 3000 rev/min and this safety margin gave a measure of
confidence in the design.

Two small pieces, 0,007m., square by 0.12m. long, were removed
Tfrom opposite sides of the cylindrical base and used to determine the
thermal conductivity of the body material, The strength and the
general appearance of the cylindrical base were not affected by the
removal of the material,

Dividing the experimental body into the three main parts as
above facilitated the manufacture, Of the three main parts, the
one of interest here is the curved body. It is the body under study
and will be examined more closely,

4,3.1 The rotating curved body

The experimental curved body, fig. 9, represents a generator
with a constant radius of curvature, It has a radius of curvature
of 0.1346m, and a thickness of 0.0178m. It has an external leading
edge (cylindrical) diameter of 0,2794m., and a base or disc diameter of
0.6096m, with a working length of 0,2115m, The material is a high
tensile brass B.S. 1400 H.T.B.1,

The choice of the manganese bronze H,T.B.l as the working material
was mainly for its cheapness compared with aluminium bronze. The
use of steel, other than stainless steel, could not be contemplated
because of corrosion, Stainless steel on the otherhand was too
expensive to be considered, Manganese bronze has corrosion
resistance and strength characteristics comparable with aluminium
bronze, but has a higher thermal conductivaity,

The choice of the generator was influenced by both practical
and theoretical considerations. From the theoretical point of view,

- . o
any generator other than the one with a 90 arc of a circle could have
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been chosen, However, the circular arc offered the ease of
manufacture, In addition, the circular arc was easier to check
dimensionally, Such checks were carried out by mounting the
body on a lathe and the surfaces traversed with a clock guage, In
all cases, the measurements were within the specified limits of
£5 % 10 on.

The choice of the radius of curvature was governed by:

(i) The existing apparatus, particularly the base plate -

(ii) A reasonable working length.

(iii) The theory which suggests a high value of the ratio of
radii R/Rc

The base plate diameter of 0,58m. was intended to give the base
diameter of the experimental body a value of 0,6096m. and thais
fixed the disc diameter of the experimental curved body.

To eliminate scale effects and the errors assoclated with small
measurements, a working length of about 0.2m, was considered appropriate.

One of the objectives of the present work is to examine the
importance of curvature on the condensation of vapours on a rotating
body, In section 3,1.4, it was shown that the magnitude of the
curvature effects is governed by the ratio of the radii R/Rc, A
small value of Rc would have been desirable but this would have given a
smaller working lengih, The choice of Re = 0,1346m, was a compromise
between the theory, the working length and the restriction on size set
by‘the existing apparatus. The Rc of 0,1346m. gave a working length
of 0.,2115m, and a working R/Rc ratio of 1,075 : 1 to 2,08 : 1,
These were considered adequate to meet ihe requirements.

4,3.2 Thermocouples

Copper-constantan thermocouples were used, The conductors
had a diameier of 0.000315m. each, Fach conductor was insulated

with paper glass and varnished before being braided together with a



- 63 ~
twin }1at glass pape; between them and further varnished.

The junctions of the thermocouples were made by first removing
the unwanted insulation. The conductors were then twisted together
such that the finished product resembled a closed helical spring,

The junction so formed was dipped in a molten high melting point
solder, This ensured a complete eletrical contact between
conductors, This method of construction was preferred to spot
welding because one could make the junction longer than required and
then cut off the excess when the couple was bonded onto place. This
was necessary in order to ensure that the junctions were not buried
far beneath or protruded above the surface of the body.

The number of thermocouples that could be used was dictated
by the capacity of the slip-ring units available. Two slip-ring
units were available, The two could handle a total of 23
thermocouples., One of the slip-ring units handled 17 thermocouples
and the other, the remaining six.

A total of 21 out of the 23 thermocouples allowed by the slip-ring
units were used on the experimental curved body. The remaining two
were used to measure the steam temperature in the pressure vessel,

A total of 24 thermocouples were required, the 24th thermocouple being
used to measure the steam temperature in the pressure vessel directly,
without passing through any of the slip-ring units., By measuring the
steam temperature through each of the slip~ring units and comparing
with the direct reading, the effects of rotation on the slip-ring
units could be estimated and corrected for,

After manufacture, the junctions of the thermocouples were
insulated by immersing them in Bostik 1160, dried for an hour at

27°C and finally cured for 20 minutes at 141°¢ in an oven. The same
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bonding agent, Bostik 1160, was used to bond the thermocouples onto
the experimental curved body, 'fo read local temperatures, it was
necessary that the thermocouple junctions did not make electrical
contact with one another through the experimental body. Insulating
the jgnctions before being bonded onto the experimental body ensured
that.

It is shown later (Section 7) that the overall accuracy and
reliability of the experimental results depend on the accurate
measurement of the fluid film.and the body interfacial temperatures.
In view of this each thermocouple had to be calibrated. The
calibration rig consisted of:

(i) A range of N,P.L. standard thermometers which covered

the range 0° - 200°C in steps of 0.1°C,
(ii) A thermostatically controlled calibrating oil bath with
a range of 0° - 200°C and fitted with stirrer assembly
and contact thermometer
(iii) A ZEREF type 136 thermocouple ice peint réference
(iv) CROPICO type SP2/P/B/CT, 24 positions, double pole
thermocouple selector switch
(v) SOLARTRON type IM 1420 - 2 digital voltmeter

The sketch below shows the diagramatic arrangement of the calibrating

rig.

SLIP-RING SELECTOR DIGITAL
b
UNIT > SWITCH VOLTMETER
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On the experimental rig, the curved body fig. 9, replaced the
oil bath, otherwise there was no change in the above set up. It
could be, said that the calibration was not for the ithermocouples alone
but the instrumentation as a whole, The calibration covered the
range Ooh— ZOOOC. By the use of the X4 scale of the Digital voltmeter,
variations in temperature of 0.05°C could be measured. This order of
accuracy was considered more than adequate to meet the experimental
requirements. The hot ends of the thermocouples were soaked in 10
per cent solution of Decon 90 for several hours to remove the oil

before use,

1

4.3.3 Instrumentation and Dynamic balaancing of the rotating body

Of the 21 thermocouples used on the curved body, 14 were used
on the condensing surface to measure the condensate and the body wall
interfacial temperatures, The remaining 7 were used to measure the
cooling water and the body wall interfacial temperatures, Grooves
of 0.0013m, deep, 0,00lm, wide and 0,051m, long were run on both
surfaces to house the thermocouples, Fig, 10(a) shows the distribution
of the grooves and fig. 10(b) the details of a groove with a thermocouple
in position. .

The grooves were equi~spaced circumferentially but at different
distances from the leading edge of the body. For identification
purposes, the body was divided into two diametrically opposite halves,
front and back, The letter F refers to the front while B refers to
the back, The letter I refers to the inside. The 7 inside
thermocouples were also equi-spaced but covered only one half of the
circumference, They covered the front part of the body such that

1F and 1I had the same angular position when observed from the centre

of curvature of the generator. The same was true for 2F and 21 and
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S0 on., The grooves on the inside however, faced the opposite direction
to those at the front outer surface. This was necessary in order

to avoid two grooves (one inside and one outside) facing each other

and hence reduce the thickness of the body wall considerably at

that point,

From the theory, a knowledge was gained as to the general behaviour
of the film of condensate. The angular positions of the grooves, with
;espect to the centre of curvature of the generator, were chosen such
that enough information could be obtained where it was needed, namely,
at the start of the film,

It can be observed in fig., 10(b) that, the thermocouples were
bonded into place with the manufacturer's insulation still on the
conductors except at the junctions, This provided a complete electrical
insulation of the thermocouples against the generator body; and also
the insulation of each conductor against the other so that the junctions
could not be short circuited, The leads of the thermocouples were
carried through 0,0014m, diameter holes to the inside of the body.

All the leads Qere twisted together and bonded onto the inside wall
to secure them against the cooling water spray tubes, fig. 7.

Before the thermocouples could be bonded onto the curved body,
the grooves had to be prepared to receive the honding cement, By
the use of a broken hacksaw blade, the grooves were dovetailed at the
base to offer a greater resisiance to any centrifugal force acting
to dislodge the cement from the grooves, A preparation of 1 part
Ammonium Persulphate to 4 parts of water by weight was used to etch
the grooves and the surrounding areas, The solution at 20°C was applied.
for 30 seconds and then washed ofi with clean cold water, The grooves

were finally rinsed with distilled water and dried in air stream at 20%,
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The thexrmocouples were bonded onto the curved body as shown in
fig. 10(b). The cement (Bostik 1160) was cured by drying for one
hour at 27°C, followed by 20 minutes at 14l°C. Surplus cement
and the excess thermocouple junctions were removed after the curing,
The surface of the curved body was rubbed down with different grades
of wet and dry carborundum paper, down to the finest grade, to restore
the contour of the curved body. The experimental body was then assembled
as shown in fig. 8 before being dynamically balanced,

The base plate, the shaft flange and the driving pulley were
attached to the main shaft, fig. 7, to make a sub-assembly of the
rotating parts, This sub-assembly was dynamically balanced by the
designers of the basic rig, Howe and Robson, The dynamic balancing
mentioned above therefore applied to the experimental body only,

For balancing purposes only, the loose ends of the thermocouple
leads were coiled and secured between the cover plate and the diaphragm,
Existing special jigs were adapted to support the experimental body
between the two bearings of the balancing machine, The balancing
was carried out for speeds up to 1500 rev/min by British Electrical
Repairs Ltd. of Killingworth. The balanced experimental body was
finally rubbed down with a very fine wet and dry carborundum paper
before being coupled to the balanced sub-assembly to form the complete
assembly of the rotating parts.

4.3.4 The general instrumentation

The measurement of an analytically useful condensate flow
rate was ruled out because under the experimental set up, such
measurements would have required no condensation to take place on the
cylindrical base of the experimental body and also no condensation
by the pressure vessel, This was practically impossible, However,

this was not an obstacle because the only measurements required for
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the experimental analysis were those of the speed of rotation, the
saturation temperature of the steam, the cooling water-body and
condensate~body interfacial temperatures.

The steam pressure in the pressure vessel was measured with a
Budenberg standard test guage. It had a range of O - 5 bar gauge
in steps of 0,01l bar. The gauge was connected to the end of an
extension pipe from the pressure vessel to help keep the gauge at
the calibration temperature of 20°C.

The speed of rotation was measured with a hand tachometer applied
to the end of the motor shaft. The high precision hand tachometer used,
recorded an average value speed over a period of several seconds.

The temperature measurements were recorded with the same
instruments and the same set up as described for the calibration.
Although each of the instruments in the set up was highly accurate for
the normal operations for which it was designed, the accuracy of the
individual instrument was unimportant as long as it was consistent.
The calibration of the thermocouples, and hence the instruments,
eliminated any inaccuracy of the individual instrument,

The steam temperature inside the pressure vessel was measured
with one stationary thermocouple and two rotating ones. The two
rotating thermocouples were attached to the cover of the experimental
body such that the hot junctions were about 0.025m. qbove the cover,
This meant that the two rotating thermocouples measured the stagnation
temperature, However, a simple calculaticn indicated that the
contribution to the actual steam temperature, as a result of the
rotation, was negligible, The leads of the two thermocouples were
passed through the hollow shaft tc the slip-ring units. As stated
before, it was necessary to measure the steam temperature through

the slip-~ring units so that the eifects of rotation on the slip-rings
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could be determined.

Finally, no attempt was made to measure the dryness fraction of
the steam and the concentration of non-condensable gases, Howe (71)
had shown that if the operating procedure for ithe boiler was adhered
to, dryness fraction of 0.96 to 0.99 and the concentration of non-
condensables of less than 0,06 per cent were always achieved.
Furthermore, if the pressure vessel was adequately vented during the
starting procedure, the non~condensables did not attain significant
1eve1§ during the test period of 30 minutes. These procedures were
strictly adherred to,

4,4 Photography

The formation and drainage of the film of condensate on the
condensing surface of the curved body was siudied with the aid of
still photographs taken through a window in the pressure vessel,

A large format (0.1016m. x 0.127m.) plate camera was used to
take the still photographs. Illumination was provided by a Hadland
2is flash unit which could provide a 50J flash every 30 seconds,

A special (0,1016m, x 0,127m.) POLAROID plate holder was adapted
for use with the camera, This enabled instant photographs to be
taken to determine the correct focus and exposure before photographs

for the detail study were taken,
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5.0 COMMISSIONING TESTS

Preliminary test runs were carried out after the apparatus had
been assembled, The experimental body was rotated at 50 rev/min
and steam was admitted into the pressure vessel at 1.5 bar absolute.
The thermocouples were checked for functioning, The failure of
a thermocouple to function correctly was usually the result of
"dry joint" and this was immediately corre¢ted. The cooling
water flow rate was adjusted such that the cooling water-body
interfacial termperatures were as uniform as possible. The running
time was increased from 30 minutes to 2 hours over one week. The
apparatus was checked for leaks and any form of failure during these
runs, Apart from few leaks which were observed at the beginning of
the tests, and which were put right immediately, the apparatus
functioned as expected.

5.1 The production of filmwise condensation

Dropwise condensation was observed during the first week of
tests, It was presumed that the condensing surface was contaminated
and that the action of the steam would clean the surface after a
few more runs. This however, did not happen, After 20 hours of
running, the condensing surface was soaked with a solution of 5
percent LIQUINOX and 95 percent water by volume for a period of
24 hours. LIQUINOX is the trade name of a soap concentrate widely
used for cleaning and degreasing commercially, Access to the
condensing surface was gained by removing one of the 0,3m, diameter
glass windows, The soaking did not have any significant effect
and the dropwise condensation persisted.

Pitting of the cement bonding the thermocouples onto the
condensing surface was observed, It was assumed at the time that
the LTQUINOX had attacked the cement, The LIQUINOX was replaced

with DECON 75, another detergent.
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‘The pitted surface of the cement was repaired by applying more
Bostik 1160 and curing as described before while the experimental
body yas still in the pressure vessel, The excess cement was removed
after curing and the condensing surface cleaned with Grit 600 wet
and dry paper and 5 percent solution of Decon 75 in distilled water,

Signs of a stable film of condensate were observed after 35
hours of running, It was also observed, that the area covered by
the stable film of condensate increased when the steam pressure
was increased to about 9.0 bar absolute and the test sustained at
that pressure for at least one hour. The belief was that the
comparatively high temperatures - associated with the higher
pressures - coupled with the cleansing action of the steam, eliminated
to some extent, the impurities in the casting which promoted the
dropwise condensation, In addition, the high temperature steam
favoured the formation of a stable film of oxide on the condensing
surface which improved the wettability of the surface considerably.

Further pitting of the cement was observed. This disproved
the assumption that the Liquinox had attacked the cement, The
manufacturers attributed this failure of the cement to the strain at
the cement-metal interface on the grooves and not to erosion by either
the steam or the condensate, Re-cementing was carried out while the
body remained in the pressure vessel, The excess cement was not
removed however until after several hours of running and a stable
film of condensate had been obtained for over 90 percent of the
condensing surface. Subjecting the cement to the heating and the
cooling in this way, had a pre-stressing effect on the cement and
further pitting was not observed after ths body had been finally

cleaned,



- 72 -

Complete filmwise condensation was achieved after 50 hours of
running, A run usually lasted between 2 and 3 hours. The
conderising surface was gently rubbed down with a very fine wet and
dry paper and 5 - 10 percent solution of Decon 75 in distilled
water after each run,

5.2 Performance of slip-ring units

The smaller slip-~ring unit, capable of carrying 6 thermocouples,
was mounted on the bigger slip-ring unit and the assembly was then
coupled to the hollow shaft (item 18). The drive for the slip-ring
units was supplied by the hollow shaft through two "pin and flange'
arrangement,

Friction between the silver graphite brushes and the silver
rings of the slip-ring units generated heat when the units were
rotated, Since copper-silver and constantan -~ silver connections
were used at the input and output terminals of the slip-ring units,
it followed from the "Law of Intermediate Metals" that a secondary
e.m.f, would be induced aé a consequence of the ilemperature difference
across the corresponding input and output terminals resulting from
the heating by friction,

To eliminate the secondary e.m.f,, provision was made by the
manufacturer of the slip-ring units to remove the heat generated
by the friction. This comprised air cooling of the slip-ring
units,

Compressed air from the laboratory air line was filtered and
used for the cooling. The provision for the cooling on the small
slip-ring unit was adequate and the test rxruns showed that the effiect
of rotation on the small slip-ring unit was negligible. Thus the

comparison of the steam temperature as measured:
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(i) directly, and
(ii) through the small slip-ring unit at varying speeds
of rotation showed no significant difference,

The cooling on the bigger slip-ring unit however was inadequate.
An appreciable secondary e.m.f. was observed, To improve the
cooling, the outer casing of the unit was removed and the cleaned
compressed air blown at the unit. This improved the circulation
of the air but not enough to eliminate the secondary e.m.f. A
maximum difference of 3.5°C was recorded for a rotational speed of
1000 rev/min when the compavison of steam termperatures was made.
It was observed that the efisct of rotation on the bigger slip-ring
unit was insignificant for speeds up to 200 rev/min. Thercafter,
the effect was a function of the speed of rotation,

5.3 Performance of thermocouples

The consistency of the e.m.f. readings from the thermocouples
on the curved body was checked several times, The check usually
took place when the apparatus had been standing for several hours
and had attained the ambient temperatures of the laboratory. The
readings of e.m.f, were found to be consistent to with:’.n"t 0.1°C.
This consistency was maintained even at rotational speeds of 1000
rev/min when the effects of rotation on the slip-ring units had
been corrected for,

Of the 23 thermocouples that passed through the slip-ring units,

two suffered damage, These were 1B and 5B (fig. 10(a)), both of which

were on the condensing surface, The thermocouple 1B was damaged
during the dynamic halancing operation, The thermocouple 5B was
observed, during these tests, to read excessively higher than the
rest. There was no explanation for this and the thermocouple 5B was

rejecled. The loss of these two thermocouples did not make any
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serious difference to the experimental results since the remaining

12 thermocouples functioned as expected. In addition, both came

from the same group (ihe "B" group) and this meant that the entire

’condensing surface was still covered by the thermocouples of the

"F" group.

Thé failure of another two thermocouples occurred after 30 hours

of operation, The cause of this failure was traced to be mechanical

. Vibrations acting on the solderced contacis of the input into the

slip~ring unit. Re-soldering restored the thermocouples. No

further failures have since been observed.
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6.0 TEST PROCEDURE

A standard test procedure evolved during the commissioning
tests and this was followed throughout the experimental tests.,
The procedure is briefly outlined below.

6.1 Condensing surface preparation

Experience from the commissioning tests indicated that filmwise
condensation on the entire condensing surface was possible iI the
surface was prepared immediately before a test,

The condensing surface was very gently rubbed down with a Gritt
600 wet and dry paper and a solution of Decon 75 in distilled water,
The solution of 15 - 20 percent by volume of Decon 75 was much stronger
than recommended by the manufacturers. of the detergent, After
rubbing down, the surface was rinsed with distilled water while the
wettability of the surface was critically examined. If the entire
surface was wettable, the surface was finally rinsed with some of the
solution before the glass window, which was removed to allow access
to the body, was replaced. It was observed that if a break occurred
in the f£ilm of condensate, the area occupied by the break increased
with time, It was necessary therefore to obtain a film without a
break at the start of a test, Rinsing the condensing surface with
the solution maintained the wettability of the surface and promoted
the f£ilm formation on the entire surface.

6.2 Starting procedure

The procedure adopted for starting the rig is outlined below.
The sequence evolved as a consequence of the commissioning tests.
It assumes that instruments such as the Digital voltmeter and the
Zeref ice point reference which required at least 3 hours warming

up have attained their working temperatures.
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The boiler was flashed to raise steam at 15 bar,
The experiment al body cooling water stop and drain valves
were opened,
The mechanical seal was pressurised to 2 bar above the
intended operating pressure alter starting the water pump.
The flow of water was then adjustod to 0,5 m3/h.
A supply of cooling air was delivered to the slip~ring
units from the Aerox filter,
The steam blow-off valve was opened.
Steam was admitted to the pressure vessel at a pressure
slightly above 1.0 bar absolute, using the pressure reducing
valve, The steam pressure was increased to 1.2 bar absolute.
Cooling water was supplied to the inner surface of the
experimental body by openang the main valve at the
distribution manifold.
The experimental body was rotated at 50 rev/min after the
motor-control unit had been switched on,
The cooling water to the experimental body was adjusted
such that the cooling water-body interfacial temperatures
were as uniform as possible,
Examination of the pressure chamber through one of the
windows showed a misty atmosphere, The blow-off valve
was closed when the mist cleared. This usually took
5 - 10 minutes.
The steam pressure in the pressure vessel was adjusted to
the desired value,
The condensate so far produced was drained before the system

was connected to the condenser,
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(xiii) The rotational speed was gradually brought up to the
. required value,
(xiv) The thermocouple readings was constantly checked for the
steady state running conditions,
(xv) The steam blow-off valve was opened for 30 seconds while
observing the e.m.f, readings from the thermocouples
to check for the presence of non-condensables.

(xvi) Five minutes was allowed alter operation (xv) before
readings were taken,

The starting and warming through procedure outlined above usually
occupied 15 to 20 minutes, It tﬁe apparatus had been standing for
more than 48 hours,; this period was exceeded,

6.3 Test runs »

A test run usually lasted 10 -~ 15 minutes, The parameters
that constituted the test conditions were:

(a) steam pressure and temperature

(b) speed of rotation

(c) the temperature reading from the inner and outer surfaces

of the curved body and from the pressure chamber,

For each pressure and speed setting, at least 3 complete results
were taken, The average of the results was used for the experimental
analysis. In practice it was found that the results were consistent
once & steady state had been reached and the averaging of results
proved largely unnecessary.

The condensing surface of the body was illuminated with
stroboscopic light to check that the condensate remained filmwise,
The test was abandoned if the areas supporting dropwise condensation

occupred more than 5 percent of the condensing surface,
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7.0 EXPERIMENTAL RESULTS

Over 300 results were recorded. These results were divided
into two sets so that their repeatability could be checked. A
further set of results was planned but as the first two sets were in
close agreement, this was not considered necessary,

In this section, the results are analysed and compared with the
theoretical predictions. A photographic study of the mode of drainage
"of the film of condensate is also presented, Finally, the end effects -

the effects of bolt holes at the leading edge - on the heat transfer
rate are discussed,

The experimental. analysis is based on a thin wall theory, The
justification for this is outlined in Appendix B,

In the theoretical analysis (section 3.2.1), both local and
average heat transfer coefficients were considered. In this section,
only local values are considered. It will be shown that the end
effects influenced the experimental results, particularly at the
leading edge, and the average heat transfer coefficients which
required the numerical integration of the local values would have
been grossly in error.

7.1 Mathematical analysis of the experimental results

Let the sketch below represent a working section of the

experimental curved body.
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Consider the element of area dﬁo at the outer face (condensing surface)

and dﬁm at the mean radius Rm. Let dQ be the energy crossing the

boundaries per unit time and g the heat flux (energy transfer per

unit area per unit time).‘ The other symbols are as defined in the

sketch or in the numenclature.

From the "thin-wall theory",

aQ = dk . q = dAm. q, = kw.dﬁm . (T° - Tl)/B
' n ~
Also dQ = h.dAo- (Tsat To) = h-dAo- 0

From equations (7.1.1) and (7.1.2)

h-dd . g = k. dﬁm. 0,/B

=4

and h = k

.

. S .
6

wli
)

d
(o]

From previous analysis (or appendix B),
2 .
ﬁo = 2n [DRCB R,~ Sin B
A 2 .
Similarly, & = 2q [DR B - R~ Sin B]
m a a
From (7.1.4) dﬁbﬁiﬁ = 2 [DRc - Rc2 Cos B]
2
From (7.1.5) dﬁm/ds = 2n [DR, - R Cos g]

From (7.1.6) and (7n107),;

dd =R (D ~-R_ Cos B)
m a a
EKO R, D - R, Cos B)
d =R R
m a m
dk R R
o c o

Substituting equation (7.1.8) into (7.1.3)

h ) R R

i

k
A
B

o |2

(7.1.1)

(7.1.2)

(7.1.3)

(7.1.,4)

(7.1.5)

(7.1.6)

(7.1.7)

(7.1.8)

(7.1.9)

For the experimental curved body, B, Rb and Ra are constant and

Ra/BRc = 59,957, Hence the local heat transfer coefficient h,

is given by:
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h=59.957k . ¢ .
w

& R (7.1.9)
0 R

o]

Multiplying both sides of equation (7,1.9) by [w—%Ai /k], equation

(7.1.9) becomes:

h w_%A%

= 59.957 k, . e, R o iat (7.1.10
k k © o]

The comparison of equations (3,1.38a) and (7,1.10) show that the
L.,H.S, are identical. Thus the comparison of the R.H.S. of equations
(7.1.10 and 3.1.38) is a direct comparison of the experimental results
and the results predicted by the laminar theory.
Looking at the R,H.,S, of equation (7.1.10), the unknowns are:
kw/k’ Gw/e, R.m/Ro and w—%A%. The thermal conductivity of the
body material kw’ was experimentally determined. The procedure is
outlined in Appendix A. The thermal conductivity of the material
was expressed by the equation,
kw = 190.4 Tw + 273

T + 776.6 mK
w

where Tw p. (T0 + Ti)/z, the arathmetic mean temperature of the body
walls,

The thermal conductivity and the other properties of the
condensate were determined from the "U.K., Steam Tables in S,I, Units
1970" published by Edward Arnoid. The ratio of thermal conductivities
kw/k was thus determined.

The ratio of the temperature differences was determined from the
experimental measurements, Fig. 11 shows typical temperature
distributions at the condensate-wall interface and wall-cooling water
interface from which the ratio of temperature differences was

determined.,

The ratio of the radia Rm/Ra was determined from the geometry
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of the body and the speed of rotation , was measured experimentally.
The constant A, was determined from the £luid properties of the

condensate once the Drew reference temperature T = T - 0,750

sat

was known, The Drew reference temperature was determined from
the experimental temperature distribution. The R.H.S. of equation
(7.1.10) was thus completely determined.

From equation (7.1.10), the experimental local Nusselt

number was obtained in the form

Nu =hs = 59.957 5 . & . Fa.s (7.1.11)
S — — — —
o]
or Nus[w-%Aé] = 59,957 lflV. . E}! . . w_%Ai.s (7.1.11a)

R
n
k 0 Ro

The reader may compare equations (7.1l.lla) and (3.1,39a).

7.1.1 Computer programme for experimental analysis.

A computer programme was developeq to carry out the
experimental analysis, The programme provided solutions for equations
(7.1.9), (7.1.10), (7.1,11), (7.1.1l1a), (3,1.38), (3.1.38a), (3.1.39)
and (3.1,39a). The fluid properties of the condensate, namely thermal
conductivity, kinematic viscosity, specific heat at constant pressure
and Prandtl number, together with the specific enthalpy of condensation
and their corresponding temperatures were stored in the computer.

Each fluid property was evaluated by a separate sub-programme for a
given temperature, A quadratic interpolation procedure, employing
the Aitken-Neville interpolation subroutine, was employed in the
evaluations, Each sub-programme was checked for the accurate
reproduction of the stored data before being incorporated in the

main programme,
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Experimental data of the temperature disiributions and their
corresponding positions on the bhody were . $imilarly stored before
use,

From the other input to the computer, namely pressure,
speed of rotation and saturation temperature, the programme first
evaluated the Drew reference temperature before proceeding to evaluate
the fluid properties, The arithmetic mean temperature of the body
wall, Tw’ was evaluated and the thermal conductivity of the wall
material determined, The solutions of the above equations were
then carried out,

7.2 Typical temperature distribution

It could be observed from equation (7,1.10) that the accuracy
and yeliability of the experimental results depend on the accurate
measurement of the thermal conductivity of the body material and the
ratio of the temperature d;fferences.

Fig. 11 shows a typical temperature distvibution for both the
outside and inside faces of the curved body, They represeont the
condensate~wall and wall-cooling water interfacial temperatures,

The results represent the two extreme cases of pressure considered,
and also rotational speeds of 50 and 1000 rev/min, With the exception
of the results for no rotation, any other result presented here lies
within these bands of extremities ,
It can ée observed from Fig., 11 that no information was obtained

al the leading edge. The thermocouple 1B (Section 5.3), which should

have provided the information was damaged during the dynamic balancing.
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However, it is not difficult to observe that on the condensate side,
the interfacial temperature was highest at the leading edge, and
gradually decreased away from the leading edge. For rotational
speeds of 100 rev/min and_over, the pattern of distribution was
similar. The temperature decreased for about 0,05m, of the distance
from the leading edge and then remained constant, For speeds

50 rev/min and below, the temperature rapidly decreased for the first

’ quarter of the distance from the leading edge and then more gradually

for the rest of the working distance, It can be said therefore that
at low speeds of rotation, axial conduction existed along the entire
working length, and along the first 0.05m. at higher speeds of
rotation,

The above behaviour can be explained by the fact that the water
spray and collector unit - fig. 7 (item 8) - did not vrotate with
the experimental body. The effect of the higher speeds of rotation
of the body was equivalent to increased flow rate and better
distribution of the cooling water, The existence of the temperature
gradient promoting the axial conduction, before and after the first
0.05m, of the working length, can be attributed to the inadequate
supply and distribution of the cooling water.

A comparison of the temperature gradients, 0.05m., after the
leading edge, for 50 rev/min at 6.0 bar and 1,5 bar indicate that
the temperature gradient at 6,0 bar is 3 times greater than that
at 1.5 bar, This confirms the assertion that inadequate cooling
promoted the axial conduction because, a greater amount of energy
had to be transferred at 6.0 bar than at 1.5 bar and the inability

to do so resulted in the greater axial conduction rate.
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The corresponding inner surface temperatures on the other hand
were approximately constant, It was observed however, that for
rotational speeds 500 rev/min and over, the cooling water-wall
interfacial temperature increased with distance from the leading
edge. The increase in temperature continued for the first 0,04m,
of the working length and remained constant, This suggested some
interference in the energy transfer process at the leading edge.
‘It will be shown later that this was due 1o the end effects,

The assumption of one dimensional flow of energy in both the
theoretical and experimental analysis is still justified although
it is not exactly true. Consider the.temperature distribution for
the 50 rev/min at 6,0 bar, which is the worst case, J£ the first

0.05m, from the leading edge is neglected for this analysis, then as

the film thickness is of the order of 5 x lo-sm., it will be appreciated

from fig. 11 that dT/dy »»> dT/ds. The overall effect however is a
slight under-estimation of the heat flux in tne Y-direction,

7.3 Comparison of experimental and theoretical results

The aim of the experamental work was to test the theory outlined
in section 3. The discussion which follows compares the theoretical
and experimental results and points out where any discrepancies occur
and the possible cause of the discrepancies,

Fig. 12(a-g) show the solution of equation (7.1.10) compared
with the solution of equation (3.1.38a). It should be remembered
that the solution of equation (3.1.38a) was obtained purely from the
geometry of the body while that of equation (7.1,10) was obtained
from the experimental measurements. Hence the solution of equation
(7.1.10) is referved to as "EXPERIMENTAL" in the above presentations.
The theoretical solution without curvature texm is also included for

comparison, However, unless otherwise stated, the words ''theory" or
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"theoretical" will imply the solution with the curvature term included
in this section,

The presentation covers the range 1.5 to 6.0 bar absolute and
50 to 1000 rev/min. The experimental results show a considerable
deviation from the mean at 50 and 100 rev/min and again at 500 and
1000 rev/min. The worst case of the deviation occurred at 50 rev/min
and 1000 rev/min. At 50 rev/min, the deviation is 5 per cent
of the mean. At 1000 rev/min the deviation is t 6.7 per cent of
the mean if the results up to 0.05m,. from the loading edge are
neglected, Some degree of deviation from the mean was expected
particularly at rotational speeds below 100 rev/min due to the inadequate
and poor distribution of the cooling water. The deviation at higher
speeds of rotation was not expected, However, 1t can be observed from
Fig. 11 that at 1000 rev/min, the temperature difference across the
£ilm of condensate was 7° -'900. Thus a deviation of t 1°C from the
true value could result in a deviation up to s 14.2 per ceant, which
is far in excess of the maximum deviation of s 6.7 per cent measured.
As the results outlined by Fig., 12 (a-g) represent 300 individual
results recorded over a period of 6 weeks, the author can claim the
repeatability of the overall results to within z 7 per cent,

The comparison of the overall experimental results and the
theoretical results show a remarkable agreement particularly at high
rotational speeds., Fig. 12(g) shows the comparison af 1000 rev/min,
Here it can be observed that for the first 0.05m. from the leading
edge, the experimental results deviate considerably from the
predicted results, Thereafter, the remarkable agreement cannot he
over—stressed.,

Fig, 12 (a-g) show the variation of local heat transfer coefficient
with distance along the surface of the curved body at the indicated
rotational speed. The increase in the local heat transfer coefficient

at the leading edge was believed to be the consequence of the detachment
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of drops as predicted by Howe (71), ©Examination of all the results
showed that higher local heat transfer coefficients were obtained

at the leading edge even at speeds where the detachment of drops
was not possible, It was concluded that the end elfects were
responsible for the behaviour. This was later shown to be the case
(section 7.5).

It is noticeable in fig. 12 (a-g) that the degree ol agreement
between the theoretical and experimental vresults diminish as the
speed of rotation is decreased, In addition, the degree of agrcement
vary with distance along the surface for a given rotational speed,
However, a pattern of behaviour can be established if the analysis is
confined to a fixed point along the surface of the generator, The
author has chosen to examine the pattern of behaviour at a point
0.130m, from the leading edge. This point is chosen because it can
be assumed to be Ffree of the end effects.

Fig..15 curve (A) shows the percentage deviation of the
experimental (non-dimensional heat transfer coefficient) results
Irom the laminar theory. It shows how the experimental results
deviate from the theory with speed. It shows also that in all cases
considered, the laminar theory under-estimated the heat transfer
coefficient, At 50 rev/min, the theory under-estimated the local
heat transfer coeflicient by 42 per cent and 5,5 per cent at 1000
rev/min, Curve (B) shows the comparison when curvature is neglected,
The comparison shows that the solution without the curvature term
under—-estimated the local heat transfer coefficient by 58 per cent
at 1000 rev/min compared with 5.5 per ceni when curvature was

included,
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Fig. 13 (a-h) represent the solutions of equations (3,1.38)
and (7.1.9), and show the comparison between the actual experimental
and theoretical local heat transfer coefficients, These results
are different from those of fig, 12 (a~-g) in the sense that they
are actual values W/m2 oC, and that local values of the experimental
temperature distribution were used to evaluate the theoretical as
well as the experimental results, Thus, the theoretical values
"shown in fig. 13 (a~h) take into accounti the axial conduction
which, was neglected in the previous case, The agreement here is
even better and both theoretical and experimental curves show
similar profiles, Pig. 15 curve (c) shows that the percentage
deviation of experimental results from the laminar theory is 39 per
cent at 50 rev/min and 5.5 per cent at 1000 rev/min.

The comparison of curve (A) and curve (B) indicate that the
assumption of no axial conduction was justified because at 50 rev/min
where the effect was considered very high, the difference between the
t&o results is only 3 per cent. This difference reduced to zero at
800 rev/min.

Fig. 13 shows the theoretical heat transfer coefficient for the
indicated rotational speeds. These curves are extracted from Fig, 13
(a-h) and allow the comparison of the heat transfer coefficients at
the various speeds. Fig, 13 shows that the heat transfer coeflficient
is a Ffunction of the rotational speed as well as distance from the
leading edge. It shows that the heat transfer coefficient increases
with the speed of rotation and that there is a unique curve for each
rotational speed. For speeds of 100 rev/min and below, the heat
transfer coefficient is larger at the starting point of condensation

and decreases with distance s, At 150 rev/min, the decrease continues
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until 0,08m. from the leading edge and then remain constant. For the
higher speeds of rotation, the decrease continues to about 0.05m. and
then ihcrease very gradually again, This form of behaviour is
characteristic of the growth of the film as predicted theoretically.

Fig. 14 (a-h) show the comparison between the theoretical and
experimental local Nusselt numbers, They represent the solutions of
equations (3.,1.39) and (7,1.11), Fig. 14 shows the theoretical Nusselt
number against distance for the various rotational speeds. It can be
observed here that the energy transfer rate near the leading edge was
comparatively low., The axial conduction and poor cooling rate at the
leading edge tended to increase the wall temperature and thereby reduced
the Nusselt number, For the zero rotational speed, the energy transfer
rate increased with the distance s, from the leading edge to a maximum
value and then rapidly decreased. This is in agreement with the
predicted film growth which showed that the curvature effect assisted
the growth of the film at low rotational speeds. Thus as the film
thickness increases rapidly at the disc end of the generator, the
resistance to the energy flow increases and the energy transfer rate
consequently decreases,

The general trend of the comparison between experimental and
theoretical results shows that the laminar theory under-estimates
the heat transfer coefficients. This implies that the experimental
film thickness was less than predicted by the laminar theory. As it
was not possible to measure the experimental film thickness, this could
not be proved, Fig. 15 curve (c) shows that the deviation is 44 per
cent at zevro rotational speed while it is only 5.5 per cent at 1000
rev/min, Before any explanation 1s attempted, the attention of the
reader will be drawn 1o the photographs plate (1-8). The photographs
which show the behaviour of the film of condensate at 5.0 bar and
rotational speeds of 0.0 to L1000 rev/min are discussed in detail in

seclion 7.4,
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The reader should observe the roll-waves on plate (1-5) which
represent the rotational speed range of 0.0 to 200 rev/min, On
plate 6, which shows the behaviour of the film of condensate at
300 rev/min, the roll waves could be observed to disappear and give
way to ridges. On plate (7-8), which represent rotational speeds of
500 and 1000 rev/min, the roll-waves have given way to the ridges. The
ridges can be observed to be thicker &t 500 revhin than at 1000 rev/min.

Kapitza (24) has shown that the heat transfer in a fluid under
undulatory conditions differs from that under laminar ones, He
showed analytically that if no turbulent heat transfer is assumed, then
the heat transfer under the undulatory conditions will be under-estimated
by 21 per cent by the laminar theory. Leonard and Estrin (25) and
Frisk and Davis (81) have published work on heat transfer through wavy
films and have shown that waves enhance the heat transfer rate. Leonard
and Estrin (25) found that the wave shape significantly influenced the
heat transfer rate, and that for low Reynolds numbers where wave
émplitudes were small, predictions corresponded to the Nusselt smooth
laminar f£ilm model, Frisk and Davis (8l) carried out an experimental
investigation into the enhancement of heat transfer by waves. They
studied four regimes of flow:

(i) smooth liquid film flow

(ii) two~dimensional wavy £low

(iii) three-dimensional wavy flow

(iv) roll-wave flow,
Their findings show that roll-waves appear to be quite turbulent and
that three~dimensional and roll-waves can increase the Nusselt numbers
by more than 100 per cent compared with smooth film flow. Of the
four cases studied, roll-waves produced the highest enhancement
effect.

In the theoretical analysis (section 3), the Nusselt smooth laminar
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film model was assumed, The photographic evidence of the behaviour of

the film of condensate shows that the laminar model was not achieved,

Between zero and 300 rev/min where the roll-waves persisted, the

heat transfer coefficient was under—-estimated by between 44 per

cent and 20 per cent as indicated by curve (c¢) of fig. 15. This

value of 20 to 44 per cent agrees with the findings of Kapitza (24)

and Frisk and Davis (81). The fact that the greatest deviation

from the laminar theory occurred at the zero rotational speed is not

surprising since from the above photographs and the temperature

distributions curves it could be recognised that the film was

thickest at zero rotational speed, The thicker the film the greater

the deviation from the laminar model and the greater the turbulent

effoects associated with the roll-waves which enhance the heat transfer.
At speeds above 300 rev/min, the roll-waves were observed to give

way to ridges. From the ﬁhotographic observations and the temperature

distrabution curves, it can be observed that not only had the roll-

waves disappeared and given way to the ridges, but also the film thickness

was decreasing with the higher rotational speeds. Between 300 and
1000 rev/min, the laminar theory under-estimated the heat transfer
coefficient by between 20 per cent and 5.5 per cent. It can be said
that as the roll-waves disappeared and the film became thinner with
increasing speed, conditions approximated more to the laminar state and
a better agreement between laminar theory and experimental results

was possible, ‘

The comparison of plate (7) and plate (8) which are of the same
scale shows that the amplitude of the ridges at 500 rev/min were
greater than those at 1000 rev/main, At 1000 rev/min, the amplitudes
are relatively small and the film could approximate to a smooth one,
From the findings of Leonard and Estrin (25), the under-estimation of

the heat transfer coefficient by only 5.5 per cent should not be

surprising.
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In section (2,5.3), it was reported that Howe (71) measured heat
transfer coefficients of 1.2 to 1.9 times the value predicted by the
laminar model. Both theoretical and experimental evidence, including
photographic studies, show that Howe dealt with comparatively thicker
films of condensate than the author, Thus, the measurement of heat
transfer coefficients of 1.2 to 1.9 times the laminar value by Howe,
and 1,055 to 1.44 times the laminar value as reported here, goes to
confirm what has been said so far, namely that roll-waves enhance heat

tranfer and that the degree of enh&ncement depends on the thickness

-

of the film,

It can therefore be concluded that the experimental results have
confirmed the theoretical predictions and that the under-estimation of
the heat transfer coefficient of up to 44 per cent by the laminar
theory was to be expected, The comparison of curves (A) and (B) of
fig. 15 confirm the theoretical findings, that for the condensation on
& rotating body the curvature term is important,

7.3.1 Heat transfer coefficient

The main aim in this section is to provide an equation for
the experimental results after the comparison with the theory. It
has been explained however, that the theory is in very good agreement
with the experimental results, It is therefore uﬁnocessary to provide
new equations. The designer whose interest lies in the heat transfer
coefficient should use the laminar theory in conjunction with a correction
factor, The "laminar equations" such as equation (3,1.38a) can be used

in the form:

nlw®ad | Mol (7.3.1)
k !

where M is a correctron factor, For the curved body used in THIS work,

M is given by curve (c¢) of fig. 15,
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The error in such an analysis is governed by the errors associated
with the experimental determination of the heat transfer coefficient h,
given by equation (7.1.9)

h = . RR

S n a (7.1.9)
0

k
X
B R R
oc

From the measurements made of the experimental curved body
after manufacture, it was established that all the dimensions were

-5

within p 5 x 10 m, For such high accuracies, the errors associated
with the geometric part of equation (7.1.9) can be neglected.

By differentiating equation (7.1.9) and taking the modulus of
the errors,

o= By W %

h k
w
+

From appendix A, Akw/kw = - 0,03

As stated before, the thermocouples were calibrated such that
temperature differences of 0.05°C could be detected. For this
analysis however, it will be assumed that the temperatures could be
+

read to - O.1°C. From fig, 11, the minimum temperature difference

across the film occurred at 1000 rev/min and 1,5 bar, For the

temperature difference of 0 = 70, re/6 = % 0,029 '
oo +
Similarly, Aew/ew = = 0,004
Hence Ah/h = t6.3 per cent,

Thus, there is a possible inherent error of 6,3 per cent associated with
the heat transfer coefficient measurements, It will be pointed out
that the drawing of a graph reduces the effects ol random errors in
individual readings but not consistent systematic error such as above.
This method of analysis gives very pessimistic assessmenis of the

experimental errors,
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If both sides of equation (7,.1.9) are multiplied by
[w—%Aé/k], then as A contains 0, the error will increase.

From above, A6/46 = I 0.007
The hand tachometer could be read to 0.2 per cent. Hence ZAW/W =2 0.004
Thus in the expression,

h[m—%A&] =s0.957 % . % . Ry, oBal (7.1.10)
R

Wl
ols

k
o

there is a possible inherent error of 7.4 per cent. The designer

can use equation (7.3,1) in the light of this pessimistic error assessment.

7.4 Photographic study

The photographic study was carried out with two main objectives:
(i) to study the behaviour of the condensate,
(ii) to observe the mode of drainage of the condensate,

The photographs, plate (1-8), sbow in full size the behaviour
of the Iilm of condensate as it drained along the condensing surface
at the indicated rotational speed.

All the photographs were taken under the same conditions and at
a pressure of 5,0 bar absolute, To avoid the masting of the glass
window through which the photographs were taken, and hence avoid the
blurring of the photographs, the steam pressure inside the pressure
vessel was raised above 5,0 bar absolute, sustained for about 5 minutes,
before being reduced to the 5.0 bar absolute. This procedure was
repeated for all the photographs.

It must be pointed out that no attempt was made, when these
photographs were taken, to prepare the condensing surface so as to
achieve a complete filmwise condensation as the test procedure
indicates. The belief was that the breaks in the Iilm of condensate
would give detail to the photographs, Plate 3 offers a good example
of this, Even under this adverse conditions, the total area occupied
by dropwise condensation is less than 1.1l per cent of the entire

condensing surface area.
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On plates (1-6), patierns of roll-waves are visible on the film
over the lower two~thirds of the working surface, On plates (1-2), which
represent zero and 50 rev/min it can be observed that the waves do not
have a regular pattern and no meaningful measurements could be made
of them, Plates (3-5) reveal a lot more information and it can be
observed from these photographs that the main waves appear to be
preceded by up to six smaller ripples. The separation of the main
waves is irregular but have an approximate wave length of 0.01lOm,
to 0,020m. For rotational speeds below LOO rev/min, the photographs
indicate that the drainage of the film of condensate was along the
path of the generator, For rotational speeds above 100 rev/min,
the drainage path changed and became inclined to the path of the
generator, Measurements of the inclinations indicate that they do
not follow a definite pattern. At 100 rev/min, the inclination
was 7° while at 150 and 260 rev/min, it was ]80. At 300 rev/min
(plate 6), where the roll-waves were giving way to the ridges, the
angle of inclination was 110. This angle of inclination was maintained
at 500 and 1000 rev/min. Plate (7-8) show that at 500 and 1000 rev/min
the roll-waves have given way completely to the ridges. At 1000 rev/min,
the amplitude of the ridges are comparatively smaller and it can be
observed that the ridges become slightly irregular in shape and tend
to join up with neighbouring ridges. The comparison of the break
in the film of condensate at 100 rev/min (plate 3) and at 1000 rev/min
(plate 8), gives some i1dea of the relative thicknesses of the film.

The distance between ridges was also irregular and vary between 0.002m,

and 0,003m.
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It is interesting to note that these observations are in
agreement with those of Howe (71), Robson (75) and Holgate (76).
In addition to the similar observations as above, Howe (71) observed
the formation and the detachment of drops from his 10o and 20° cones.,
Howe did not howevevr, observe any drop detachment on his 60o cone,
Howe related his observations of the drop detachment to the ratio of
centrifugal to gravitational accelerations and predicted that drop
detachment should occur at the shaft end of a body with a curved
generator, as reported in section (2.5.4).

The photographic study so far has not indicated the detachment
of drops. Plate 9 shows the experimental body rotating at 100 rev/min,
The film of condensate with its associated roll~waves can be seen to
drain along the generator and down the cylindrical base. There was
no detachment of drops cven where the film had broken and given way
to the dropwise condensation, Plate 10 shows the body rotating at
150 rev/min, The film of condensate could be seen to drain along
the generator still but drops had began to be thrown off the disc
end. A careful examination also shows that drops were beginning to be
det;ched from the cylindrical base. Plate 11 shows the body rotating
at 1000 rev/min, Here again the detachment of drops was confined to
the disc end and the cylindrical base, It is evidently clear that
the drainage of the condensate was along the generator, and that the
growth of the film was not influenced by the detachment of drops at any
point on the body or at any rotational speed. The above evidence did
not only take away the substance from Howe's (71) prediction, but also
destroyed the idea that the high heat transfer coefficients observed at
the leading edge could be the effects of the detachment of dropé at

the leading edge.
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Whilelﬁhe above findings confirmed the belief that the end
effects were responsible for the high heat transfer coefficients
at the leading edge, it also called for an explanation of the behaviour,
For éﬁch an explanation, a careful re-examination of the question of
drop detachment and of Howe's criterion were necessary.

howés (71) predictions were based purely on the ratio of
centrifugal to gravitational accelerations and did not involve the
£ilm thickness, A careful study of the problem indicated that the
criterion to predict the onset of the detachment of drops should
not only involve the ratio of the centrifugal {to gravitational
accelerations but must also be a function of the film thickness,
The use of the non-dimensional film thickness | whose solution
involves the ratio of centrifugal to grav1tationai accelerations as well
as the geometry of the condensing surfaces, for such a criterion was
considered one step better and more satisfactory,

Fig., 16 shows the solution of equation (3.1.35) in the form
of equation (3.1.37) for the 10° anda 20° cones used by Howe and
later by Smith (77). It also shows the limiting values of {

°, 25° ana 60° cones and the limiting value for the

for the 10°, 20
experimental curved body. The limiting case for a given body is

of course the asymptote to which the film of condensate grows.

For cones the asymptote is given by n4 = 1/(2 Sin2 o). The position
along the surface of the generator of a given body at which the growing
film is close to the asymptote is a function of the rotational speed,
In fig. 16, the film at 800 rev/min on the 10o cone will almost

reach the asymptote before the one at 600 rev/min, It it is assumed

that some minimum force is required to overcome molecular and surface



———————— L LIRS e ey A P ek s G et B e e ——amimami M e s o o

- 97 =

tension forces before the detachment of drops is possible, then the
onset of the detachment of drops will vary with rotational speed and
the distance from the leading edge. Thus, experimental evidence of
the detachment of drops from a body or bodies at different speeds
should enable a criterion to be established. The experimental
evidence of drop detachment obtained from Howe (71) and Smith (77)
and presented on fig., 16, point to N = 1,8 as the critical value.
Thus 1 should be equal to or greater than 1.8 for the onset of

drop detachment.

In terms of cones, M = 1.8 represent the limiting case for the
25° cone, This is in a remarkable agreement with the findings of
Gerstmann and Griffith (38) whose work on the stationary inclined
plate showed that drop detachment from the underside of an inclined
plate ceased when the angle of inclination was greater than 13o
(i.e. 26°cone), and all the condensate ran off ihe end of the test
surface, Thus, there is a strong independent experimental evidence
to support the assertion, that drops are detached when 7 is equal to
or greater than 1.8,

From fig, 16, it can be observed that as the limiting case
value for a 60° cone is no= 1,19, and that for the experimental
curved body is less than unity and decreasing, the formation and

o
the detachment of drops from the 60 cone and the experimental curved

body could not be expected, Howe's (71) observations of the 60° cone

and the experimental evidence presented by the author confirms this.
Pinally, it is shown in appendix C that n4 = 4w2s/3g for a
rotating cylinder, and N~ v %sé. The value of 1 will be governed
by y and s, If y is small, s will have to be large to yield M= 1.8
and vice versa, For a cylinder, the limiting value of n =,

i.e, the Iilm will grow to an .infinite thickness, It can be

appreciated that dvop detachment is inevitable on a rotating cylinder
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but how far down the cylinder it occurs is governed by the speed of
rotation,

7.5 End effects

It became apparent after the photographic study that the higher
heat transfer coefficient obtained at the leading edge was the result
of the end effects.,

Fig. 9 shows that the cover of the experimental body was bolted
onto the curved body. The cover was located in place by two
dowels 0,013m. diameter and then bolted down with ten 5/16" B,S,F,
bolts. The tapped holes on the curved body to receive the above
bolts had a minimum threaded depth of 0.0L3m. To achieve this, the
manufacturer drilled to a depth of about 0.030m, before tapping to
the right depth. As the bolts could not travel the Ifull length of
the holes when the body was assembled, air was trapped inside these
holes, The first 0,030m, from the leading edge of the curved body
was therefore not homogenous and behaved differently from the rest
of the body. It behaved similarly to a very porous casting with
the effective thermal conductivity considerably reduced. The
experimnental analysis used the expression for the thermal conductivity
obtained for the homogenous body and this was bound to introduce errors
in the solution at the leading edge.

To confirm the above assertion experimentally, the ten bolts
were removed while the experimental curved body was still in place
inside the pressure vessel, and the excess holes filled with lead
pellets, Fig. 17 shows the comparison of results at 200 rev/min
and 1000 rev/min of the cases with and without the lead pellets.

As shown in fig. 17, improvements in the condensate-wall interfacial

o o
temperatuves of 1.5 C 10 2 C were observed at the leading edge.
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This confirmed what was expected. The decrease in the
thermal conductivitiy of the body material at the leading edge meant
a greater resistance to the energy flow at the leading edge, The
effect of this was that the condensate-vall interfacial temperature
increased at the leading edge. At 1000 rev/min, the cooling water
flow rate, as far as the curved body was concerned, was at the maximum
and the distribution was better, hence the drop in the cooling
water-wall intepfcial temperature at the leading edge indicate that
a comparatively lower energy was crossing the boundary at ihe leading
edge.

Apart from the reduced thermal conductivity of the body material
at the leading edge, there was the question of axial conduction by
the bolts, This would have the effect of raising the wall temperature
at the leading edge and producing similar effects,

The complete eradication ol the end effects would have been
difficult in a case like this, though its magnitude could have

been reduced, Nevertheless, the overall effect is small,
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8.0 CONCLUSIONS

The following is a summary of the main points of this report.

The condensation of a vapour onto a general curved body rotating
with the axis of symmetry vertical was analysed, The theory developed
for the process used the laminar film model, Many other assumptions
were made and these are listed in section 3, The theory assumed that
the film drainage was along the surface of the generator under the
influence of both gravitational and centrifugal accelerations resolved
along the surface,

The general equation (3.1.21), which governed the rate of growth
of the condensate f£ilm, was developed and analysed. The analysis
showed that the equation represented a more general case than those
derived by Nusselt (9), Sparrow and Gregg (55), Sparrow and Hartnett(69)
and Howe (71), all of whose results could be obtained as special
examples of the general result. Above all, the analysis outlines
the importance of the curvature term when dealing with the condensation
on rotating bodies, It was shown that the curvature effect assisted
the growth of the film at low rotational speeds but the reverse was the
case at higher speeds,

Equation (3.1.21) was non-dimensionalised and solved to yield

§
4 j’ 1/3
W= 4 Sp¥FF (3.1.35)
3 73

which applies to any axisymmetric body and requires only one itegration
for any given case, Equation (3.1,35) was applied to the experimental
curved body by:

(i) considering the generator as a smooth continous curve

(ii) considering the generator as made up of 450 truncated cones.
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The results showed that the analysis without the curvature term
could over-estimate the film thickness by up to 71 per cent, This was
reflected in the local heat transfer coefficient, It was shown that
without the curvature term, the local heat transfer coefficient could
be under~estimated by 43 per cept for speeds of 3000 rev/min and over.
The effect on the average heat transfor coefficient was slightly

less at 37.5 per cent. The theoretical heat transfer coefficient

was expressed in the form:

nlodl) -1 (3.1.38a)
k il
and the Nusselt number based on distance as: NuS [® A7 = s/ﬂ

(3.1.39a)

The experimental results have shown that some of the assumptions
made were far from expected. Due to unsatisfactory cooling at rotational
speeds below 100 rev/min, gxial conduction could not be avoided, In
addition, due to the inhomogeneity of the body material at the leading
edge, and also the use of bolts to secure the cover plate to the
curved body, axial conduction at the leading edge was inevitable at
all speeds of rotation, The assumption of no axial conduction could
not fully be realized.

The photographic evidence has shown that the assumption of plane
laminar flow along the generator was never found during the experiments.
The flow was dominated by roll-waves and ridges. The comparison of
the theoretical and the experimental results have shown that the laminar
theory under-estimated the heat transfer coefficients in all the tests
carried out, It was explained that this was to be expected because
roll-waves have been shown by Kapitza (24), Frisk and Davis (81)
and Leonard and BEstrain (25) to enhance heat transfer. It became clear

from the discussion that there is no definite rule governing the degree
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of enhancement, Kapitza (24) predicted 21 per cent while Frisk
and Davis (81l) observed over 100 per cent increases in the heat
transfer rate. Howe (71) also observed 20 to 90 per cent increases
in heat transier rate on his cones and the author 20 to 44 per cent
in the_roll-waves region but 5.5 to 44 per cent over the entire range
covered by the experiment, It is the author's belief that ihe degree
of enhancement is linked to the turbulence associated with the roll-
waves and will therefore be a function of the I1lm thickness. This
is something that could be looked into in the Ifuture.

Despite the fact that the assumptions abhout the laminar model
and axial conduction were not 1{ully realized, the comparison of the
theoretical and experimental curves leave one in no doubt that the
agreemenl between the theory and the experimental work is good. The
author Lherelore strongly recommends the theoretical predictions
presented in this report for the analysis of the condensation.on
rotating bodies. It should however be borne in mind that because of
surface waves and the departure from the simple laminar flow, the
theory will always under-~estimate the heat transfer coefficient,
The degree of the under-estimation will depend on the film thickness and
hence the geometry and the speed of rotation, The knowledge available
at the moment makes it difficult to lay down any rules that will
correct for the deviations, The experimentalist is advised to determine
the order and the magnitude of the deviation Ifor a given case. The
theoretical predictions presented here should oIfer the basis or
platform {rom which to work,

For the experimental curved body studied here, the local heat

transfer coeflicient is expressed by:

h m-%Ai = M .

1 (7.3.1)
k il
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where M is a correction factor and bhas no dimensions or units. l
M has the value of 1,055 to 1.440 for the above case depending on '
the rotational speed, and it is obtained from curve (c) of fig. 15,

The fluid properties of the condensate in the constant A namely, Vv, C, k

and Pr, are evaluated at the Drew reference temperature of T = TSat - 0.750,

and the enthalpy of condensation h at the saturation temperature Tsa
1g

t.

It should be clear that the task of the experimentalist is simply
to determine the correct value of M for a given case in order to use
the theoretical relationships presented here. Where this cannot be
done, the M, values presented hore should offer a guide line,

The assumption of film drainage along the generator, together with
the rest of the assumptions were justified. The photographic evidence
has shown that contrary to Howe's (71) predictions, drop detachment
was not observed and that the drainage was along the generator, In
the light ol the experimental evidence, the criterion for the onset of
the detachment of drops were re-appraised, A new criterion based
on the non-dimensional condensate film thickness has been proposed,

The criterion states that the non-dimensional condensate film thickness

N must be equal to or greater than 1.8 for the detachment of drops

to be possible, The criterion is based on the experimental evidence of -,
Howe (71), Smith (77), Gerstmann and Griffith (38) and that of the author,
However, it can only be a proposition until further experimental

evidence, preferrably from other experimentalists, become available

to establish or disprove it.
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APPENDTX A

Thermal conductivity of body material

The thermal conductivity of the body material was determined both

directly and from the measurements of the electrical conductivity

of the material,

In 1932, Hanson and Rodgers (82) gave a correlation between the
thermal and electrical conductivities of several binary copper alloys.

In 1935, Smith and Palmer (83) extended the study to include commercial
copper alloys., More recently (1973), Koh and Fortini (84) further
extended the study to cover porous metlallic materials,

In 1965, Powell (85) reviewod the published data for the correlation
of thermal and electrical conductivities for both solid and liquid
phases of a wide range of materials, Powell gave the equation for the
thermal conductivilty of copper alloys as:

| 4

w = C1 coT + C2 Al
where ¢ = electrical conductivity of the material with units (1/0m)
T = absolute temperature K
c, = 2.39x107° W ox
C2 = 7.5 W/mK

By measuring the electrical resistance (r) of a conductor of length (Z),
cross-sectional area (a) and at a temperature T, equation Al can be
solved by substituting ¢ = 4/ar,

Fig, Al shows the diagrammatic arrangement of the appsratus used
to measure the electrical resistance ol a specimen of the body materisl,
The specimen was removed from the cylindrical base of Lhe experimential
pody and machined to 0,0014m,., diameter and 0.10m, long. The temperature
0of the specimen was varied by the oil bath, A current of 1.0 Amps, was
psssed through the specimen and the voltage drop across it measured,

From the readings the resistance was estimated,
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The by-pass circuit was necessary to eliminate drifting in the voltage
readings due to the change in resistance ol the circuitry as a resull
of electrical heating. Fig. A3 shows a plot of the thermal conductivity
against temperature as obtained with the above apparatus,

To check the above results, an experiment was devised to measurve
the thermal conductivity directly. Fig, A2 shows the details of the
main parts of the apparatus employed. A test specimen, also recmoved from
the cylindrical base, was machined to 0.007m, diameter and 0,145m. long.
It was heated electrically at one end and cooled at the other end by
water, The temperature distribution across the specimen which was well
insulated was determined. The thermal conductivity of the material was
determined from the Fourier rate equation:

Q = -kwa (dT/ax)
where "Q" is the energy flow rate, "a" the cross-sectional area of
the specimen and dT/dx the temperature gradient, The results of these
tests are also shown in fig, A3 and it can be observed that they confirm
the results from the electrical method. A comparison between the thermal
and electrical conductivities of copper alloys with composition close to
that of the body material (H.T.B,l), showed that equation Al predicted the
thermal conductivity to within t3 per cent of the measured value,

From fig, A3, the thermal conductivity of the body material was

derived as:

¥ =190.4|T + 2713| + 7.5
" T T y
T T+ 776.6 mC

where Tw is the material temperature in degrees centigrade (OC).
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APPENDIX B

Comparison of thin-wall and thick-wall theories

Consider the element db of the wall of the curved body at position b

from the inner surface. The surface area of the element is given by:

2

znfosR ds

R=D~- [Rr - b Cos (S/(Rr - b)

)

and & = 2p { Ds - [Rr - b]z Sin (s/(Rr - b))}

Now consider the case when Ti and To are constant (1.e. no axial conduction).

From Pourier's equation,

N

Q/8 = -kw dT/db

Q
2 {Ds - [Rr - b]2 Sin (s/(Rr -b);}

B db
9 .
2mk ‘[{ Ds - [R, = b] 8in (s/(R,

'o' Q = 211' kw (To - Tj.)

B db
/{Ds - [r, - b)? Sin (s/(Ry
b

ar
db

ar

n
-.“l\o_‘

(BL)
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Equation (Bl) is the ééhduction equation for the curved body shown,
At the leading edge, the body approximates to a thick-wall
cylinder.
s/(Rr - b) is small and Sin (s/(Rr - b)) = s/(Rr - b)
If the substitution is made and equation (Bl) is integrated the solution

becomes

2ns k. (T_ - T.) (B2)
. Q = Y ° = where Ro = Rl-k B
In (Ro/Ri)

Equation (B2) 1s easily recognised as the conduction equation for a
thick-wall cylinder. If (s/(Rr - b)) = /2, equation (Bl) yields

the solution:

2
w Dk (T -T)

Q= [R (2R -1ﬂ))] (83)
in Ir C
R (2R_ - TD)
(¢} r

For the experimental curved body, D = 0,2794,m.
Rc = 0,1346m, and Rr = 0,1524n,
Substituting into equation (B3),
Q = 14.980k (T -T,) (B4)
if the thin-wall theory is assumed and the analysis is based on the

area at the mean radius (Rm = Ri + B/2), then

Q

k A (r -71,)/8B
v m [o] 1

2 0.2666 n® and 1/B = 56.2

m

Hence Q = 14,983 k (T - T.) (85)
w (o] 1
The comparison of equation (B4) and equation (B5) show that the thin-~

wall theory could be used without any significant loss in accuracy,
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Appendix C

Applications of equation (3.1.35)

To show the validity of equation (3,1,35) and the ease of its
applications, the above equation is applied to the cylinder, the
disc and the cone. The two forms of equation (3.1.,35) namely,
equation (3.1.36) and equation (3.1.37) are illustrated by applying
equation (3.1.36) to the disc while equation (3.1.37) is applied to

the cylinder and the cone.

The cylinder

)
1]
© w
NANN \\\\\L
]

9{

Equation (3.1.37) is given by
§ 2. Y
J o 2(27Siny + oCosy) '3 ds

b &
L ™

(¢Zsin¢ + <1>Cosxp)4"3

For the cylinder, B =0 =

£ = sz/g = ¢ = constant
8
S @léds
Hence n4 =£—- 0
30 ® ";3
S )

n 3o 3 g
64 = Y4 n4 = 4As/3g (c1)

Equation (Cl) should be recognised as equation (3.1,24a) which was
shown to be the Nusselt (9) expression for the condensation on a

vertical wall.



cmem ————

b et e ——

[ PR A SR

[P U

- 116 -

The disc

et &

’7/1111"////11/11111
: %R

4
11:14;/111'/1111/11/11

o

Equation (3.1.36) is given by:

3 1
fao (E/Sinx)(azsinx + ECos)) /s dg

4 _ 4
n 3

(EZSinA + e;c:osx)q":‘3

For the solid disc, angle B is constant and £, = 0

B=x/2=2A; E= RwZ/g
g

Y
3
Jo & de

Hence n4 = i
3 5873
nt =1/,

and §% = 4 2a/2 (€2)
Equation (C2) compares with equation (3.1.27) which was shown to be

the Sparrow and Gregg (55) solution for the condensation on a rotating

disc.

For the cone, the angle B is constant,
From equation (3,1.37)

s 1
. fo <I>(<I>2'Simp + ®Cosy) 73 4g

L ™y

(@%siny + <I>Cos1p)q/3



- 117 -

Here B8 = § = constant
For a truncated cone,

£ = Rw2/g = (w2/g) (R, + 8.5iny) = ¢
For a solid cone, Ro is zero.
It should be appreciated that even though y and ¢ are known, equation
(3.1.37) is best solved by numerical integration. However, if equation
(3:1.37) is re-written as:

L) 1
f2 83 (eSiny + Cosy) 3 4s

3a QW% (¢Siny + Cosw)w%

and ¢ is assumed large, i.e. high rotational speeds, the solution becomes,

fs N 5/3
4 4 o (Ro + 5,5inB) ds

no= 38inB

(Ro + ss.SinB)“/3

For a solid cone this becomes,

n4 =1/ (ZSinZB)

and 6% = w?A/(281n8) (©3)
Equation (C3) is in agreement with equation (3.1.28) which is recognised

as the Sparrow and Hartnett (69) solution for the condensation on rotat-

ing cones when gravity was neglected.
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JHEORETICAL LOCAL HEAT TRANSFER COEFFICIENT
ACAINST DNSTANCE ALONG THE SURFOCE AT THE
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DAGRAMMATIC ARRANGEMENT OF THE APPARATUS FOR DETERMINING THE
THERMIAL, CONDUCTIVITY OF THE BODY WALL BY ELECTRICAL METHOD
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