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1. 

Abstir-act. 

A t h e o r e t i c a l analysis i s made f o r the condensation of 
>steam i n a laminar f i l m on the outer surface of an axisymmetrical 
body. The body r o t a t e s about a v e r t i c a l axis and the f i l m i s 
assumed to d r a i n under the combined influence of g r a v i t a t i o n a l 
and c e n t r i f u g a l a c c e l e r a t i o n s . A d i f f e r e n t i a l equation which 
governs the f i l m thickness i s derived and i s numerically' 
i n t e g r a t e d f o r tv/o types of axisjonmetrical body to ca l c u l a t e 
the t h e o r e t i c a l f i l m to surface heat t r a n s f e r c o e f f i c i e n t . 

The f i r s t type of body i s the cone. A decrease i n the 
apex angle on s t a t i o n a r y cones leads to an increase ±:i che 
component of g r a v i t a t i o n a l a c c e l e r a t i o n along the surface and 
to c-.n increase i n the t h e o r e t i c a l heat t r a n s f e r c o e f f i c i e n t . 
Hov/ever, an increase i n the apex angle of a cone r o t a t i n g a t 
high speed . increases the component of the c e n t r i f u g a l 
a c c e l e r a t i o n along the surface and increases the heat t r a n s f e r 
c o e f f i c i e n t . A comparison i s made between the heat t r a n s f e r 
c o e f f i c i e n t f o r discs and f o r cones. 

The second type of body has a concave surface described 
by the r o t a t i o n o f a c i r c u l a r arc and represents p a r t of a 
t u r b i n e r o t o r a t the t r a n s i t i o n from shaft to blade d i s c . 
T h e o r e t i c a l f i l m thicknesses and heat t r a j i s f e r c o e f f i c i e n t s 
are presented and discussed f o r bodies w i t h an arc radius- of 
0.2 m and shaft diameters between 0.002 m and 0.6 m. 

An apparatus f o r making measurements of heat t r a n s f e r 
c o e f f i c i e n t from steam to r o t a t i n g axisymmetrical bodies w i t h 
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diameters up to 0.6 m, i s described. 

The heat t r a n s f e r r e s u l t s f o r steam condensing on cooled 

r o t a t i n g cones w i t h apex angles 10*^, 20° and 60° are presented 

and discussed. The condensate f i l m supports various patterns 

of waves as i t drains along the surface of the 10°, 20° and 

60° cones. At high speeds, drainage on the 10° and 20° cones 

i s a s s i s t e d by the formation and detachment o f drops. The 

p a t t e r n of waves arid the mode of drainage are shown to be 

dependent on the apex angle, the speed o f r o t a t i o n , the cone 

diameter and the distance from the s t a r t i n g p o i n t of condensation, 

With e i t h e r mode of drainage, the experimental heat t r a n s f e r 

c o e f f i c i e n t s are g e n e r a l l y l a r g e r than the t h e o r e t i c a l laminar 

valueso • . • . 
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1, 

1.0 I n t r o d u c t i o n . ^ 

The work reported i n t h i s t h e s i s i s concerned w i t h the 
fi l m w i s e condensation of steam on r o t a t i n g axisymmetrical bodies 
and has a p p l i c a t i o n s i n several f i e l d s . 

Large a c c e l e r a t i o n f i e l d s created by r o t a t i n g the condensing 
surface lead to improvements i n the r a t e o f condensation. I n 
the f i e l d o f condenser design such improvements could reduce 
the area o f the condensing surface f o r a given thermal load 
and thus reduce the size of the condenser. This advantage 
might be used i n s p a c e - f l i g h t a p p l i c a t i o n s v^fhere the c o n d i t i o n 
of 7jeTo g r a v i t a t i o n a l a c c e l e r a t i o n demands the c r e a t i o n of an 
a c c e l e r a t i o n • f i e l d a t the condensing surface to induce f i l m 
drainage. Creating the f i e l d by r o t a t i n g the surface, as 
opposed to v i b r a t i n g i t , has the op e r a t i o n a l advantage of being 
both s i l e n t and dynamically balanced. 

The present work fonns p a r t of a wider i n v e s t i g a t i o n i n t o 
the t r a n s i e n t thermal stresses which occur i n a l l steam tu r b i n e 
r o t o r s d u r i n g cold s t a r t i n g and during the maneouvring of 
marine steam t u r b i n e s . I f the rate of change of r o t o r temperature 
i s n ot l i m i t e d d u r i n g these operations, the r o t o r s can become 
over stressed and even t u a l l y s u f f e r t h e r m a l l y i n ^ i f a t i g u e which 
i n t u r n leads to the r i s k of r o t o r d i s i n t e g r a t i o n . I n the past 
the d u r a t i o n of the wann through period has been detemiined 
e m p i r i c a l l y by what has been considered to be safe p r a c t i c e 
i n the operation of steam t u r b i n e s . With the advent of the 
large r o t o r s used i n land based turbines and the use of steam 
t u r b i n e s i n nuclear submarines, there has been the need f o r 
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t u r b i n e designers to minimise the d u r a t i o n of the warm through 
period w h i l e m a i n t a i n i n g safe l e v e l s of stress i n the r o t o r . 
To c a l c u l a t e the thermal stresses during the warm through 
period r e q u i r e s a knowledge of the temperature on any part of 
the r o t o r at a given time* 

With steam t u r b i n e s the problem of f i n d i n g the r o t o r 
temperature a t a given time i s complicated by the deposition of 
condensate on the r o t o r whenever the temperature of the outer 
surface of the r o t o r i s below the s a t u r a t i o n temperature of 
the steam. Since the r o t o r s are u s u a l l y cleaned by the steam 
durin g f u l l load o p e r a t i o n , the condensate forms a continuous 
f i l m which becomes an a d d i t i o n a l b a r r i e r to heat t r a n s f e r and 
i n f l u e n c e s the r a t e of change of r o t o r temperature. The 
importance of the f i l m as a heat t r a n s f e r b a r r i e r depends on 
the thickness of the f i l m which increases u n t i l the rates of 
condensation and of drainage are equal. Rates of drainage are 
governed by the shape of the r o t o r and by the magnitude.and 
d i r e c t i o n of the r o t o r ' s a c c e l e r a t i o n f i e l d . 

Thus an experimental study of the heat t r a n s f e r by steam 
condensing onto t u r b i n e . r o t o r s i s required to determine the 
change i n r o t o r temperature w i t h time. Because of the v a r i e t y 
i n shape and i n the size o f t u r b i n e r o t o r s any experimental 
heat t r a n s f e r study based on t e s t s w i t h one r o t o r has a l i m i t e d 
scope. The study must be more broadly based so the r e s u l t s 
can be a p p l i e d to any r o t o r . 

I f an axisymmetrical body such as a r o t o r i s cut i n t o a 
number of t h i n s l i c e s by planes normal to the axis of symmetry, 
each s l i c e approximates to the frustum o f a cone. Thus 
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a more fundamental approach to the problem has been made by 
studying the heat t r a n s f e r by steam condensing onto r o t a t i n g 
cones w i t h a v a r i e t y of apex angles. 

As described i n section 2.4 an experimental and t h e o r e t i c a l 
study has already been made of the condensation of steam on 
r o t a t i n g h o r i z o n t a l c y l i n d e r s which are 0° cones and represent 
the s h a f t p a r t o f the turbine r o t o r . The f i l m of condensate 
was found to d r a i n from the c y l i n d e r by the formation and • 
detachment of drops. The condensation of steam, on a r o t a t i n g 
d i s c , which i s the 180° cone and represents the outer p a r t of 
a blade d i s c , has also been studied by others. The condensate 
was found to support wave regimes and to d r a i n along tHe surface 
of the dis c as a continuous f i l m . 

The main purpose of the present work i s to make an 
experimental study of the condensation of steam on r o t a t i n g 
cones w i t h apex angles of 10°, 20° and '60°, . Film drainage on 
t h i s range o f cones was p r i m a r i l y along the surface. However 
at h i gh speeds of r o t a t i o n on the 10° and 20° cones drainage 
was a s s i s t e d by the formation and detachment o f drops. 

The experimental r e s u l t s f o r the c y l i n d e r s and f o r discs 
were compared w i t h a laminar model of the condensation process 
on c y l i n d e r s and discs r e s p e c t i v e l y . I n order to make a s i m i l a r 
comparison f o r the experimental r e s u l t s from cones, a theory 
was developed f o r the condensation of steam i n a laminar f i l m 
on the surface of a cone r o t a t i n g about a v e r t i c a l a x i s . The 
f i l m was assumed to d r a i n along the generator of the cone under 
the i n f l u e n c e of both g r a v i t a t i o n a l and c e n t r i f u g a l accelerations. 
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The theory i s shown to l i n k the previous theories which consider 

drainage by e i t h e r g r a v i t a t i o n a l or c e n t r i f u g a l accelerations 

alone. 

The laminar theory was extended to cover the drainage of 

condensate along the surface of axisj'mmetrical bodies w i t h 

generators formed by smooth curves. Such an extension enables 

the experimental heat t r a n s f e r data f o r cones to be applied to 

t u r b i n e r o t o r s . . - . 
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2.0 I n t r o d u c t i o n . 

The condensation o f vapours has long been of i n t e r e s t 
to engineers, not only because o f i t s importance i n the o v e r a l l 
performance of heat engines, but also because of i t s importance 
i n the cheiaical manufacturing processes. 

Over the years of t h i s century, the general techniques 
of t h e o r e t i c a l a nalysis and of modelling have improved w i t h the 
aid of modern computing f a c i l i t i e s . These techniques have 
been a p p l i e d to develop t h e o r e t i c a l models of the condensation 
process f a r a v a r i e t y of f l u i d flow conditions and f o r a v a r i e t y 
of f l u i d s . The l a t e s t methods of modelling the process are the 
r e s u l t o f s e v e r a l separate advances i n technique. This section 
w i ] . l review and discuss the basic advances which have been 
made. 

Because the condensation process has been of such 
p r a c t i c a l i n t e r e s t , a considerable amount of experimental work 
has been done" to v e r i f y the mathematical models and to f i l l 
i n gaps where the models are inaccurate. Only the general 
f i n d i n g s o f t h i s experimental work can be reported here, because 
of a la c k o f space. 

2.1 Types o f condensation. 

Condensation may be defined f o r engineering purposes as 
the removal o f energy from a vapour i n such a way t h a t a change 
of phase occurs i n which the vapour i s converted to l i q u i d . 
I n the steady s t a t e , condensation u s u a l l y occurs when the vapour 
i s reduced to a temperature below t h a t of s a t u r a t i o n a t the given 
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pressure o f the vapour. There are exceptions to t h i s where under 
c e r t a i n conditions the vapour can become sub-cooled and remain 
i n a quasi-stable state w i t hout changing phase. I f the vapour 
i s cooled uniformly, as i t might be by expansion i n the l a s t 
stages o f a steam t u r b i n e , d r o p l e t n u c l e a t i o n w i l l occur 
throughout the vapour system. I f the vapour i s cooled l o c a l l y , 
as i n a condenser, the phase change i s confined to the l o c a l i t y 

' o f the energy s i n k , i . e . to the condenser tubes. The scope of 
t h i s review i s l i m i t e d to the l a t t e r kinds o f condensation* 

The l i q u i d deposited on the surface o f the energy sink has 
been observed to take on one, or p o s s i b l y a combination of two, 
b a s i c a l l y d i f f e r e n t forms. These two d i f f e r e n t forms or types 
of condensation are:-

( i ) f i l m w i s e condensation, and 
( i i ) dropwise condensation. 

These two forms are analogous to f i l m and nucleate b o i l i n g 
r e s p e c t i v e l y . But whereas f i l m b o i l i n g i s desirable and not 
e a s i l y maintained, f i l m condensation i s more u s u a l l y encountered 
i n p r a c t i c e and i s the l e a s t e f f e c t i v e form of condensation. 

The type o f condensation t h a t occurs on a given surface 
depends to a large extent on the cleanliness o f the surface. 
Most e x p e r i m e n t a l i s t s have found t h a t clean vapours, whether or 
not they contain non-condensable gases, w i l l fonn a complete 
f i l m on chemically clean metal surfaces, whether the surfaces 
are rough or polished. This r u l e has been found to be true f o r 
steam condensing on the common metals used i n commercial 
condensers. The term 'clean vapours' means free from 
contaminants such as o i l vapour. Erb and Thelen ( l ) gave a 

^References given i n s e c t i o n 9. 
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q u a n t i t a t i v e d e s c r i p t i o n o f the surface c h a r a c t e r i s t i c s necessary 
f o r p a r t i c u l a r types of condensation i n teims of the number of 
fr e e bonds a t the surface. I f a r e l a t i v e l y large number o f free 
bonds are a v a i l a b l e , s u f f i c i e n t molecules of l i q u i d are adsorbed 
to form the base f o r a complete f i l m . This type of surface could 
be c a l l e d wettable and would favour filmwise condensation. I f 
r e l a t i v e l y few fr e e bonds e x i s t the surface density of adsorbed 
molecules i s i n s u f f i c i e n t to form a f i l m and the l i q u i d i s 
weakly bonded to the surface a t what are termed nucleation s i t e s . 
This type of surface could be termed non-wettable. Surface 
tension forces a c t i n g on the liqu.id a t the nucl e a t i o n s i t e s forms 
the l i q u i d i n t o drops. The angle of contact made between the 
drop -and the metal surface has been used as a measure of the 
w e t t a b i l i t y of the surface; a contact angle of 0^ s i g n i f i e s 
p e r f e c t l y non-wettable surfaces and a contact angle of 180o 
s i g n i f i e s p e r f e c t l y wettable surfaces. 

No j u s t i c e could be done to the previous studies of dropwise 
condensation by a shortened account, so the d e t a i l e d review of 
previous work w i l l concentrate only on filmwise condensation 
which i s the d i r e c t concern of the present work. However, one 
can d i r e c t the reader, who i s making a l i t e r a t u r e survey i n the 
f i e l d o f dropwise condensation, to several important papers. 
Extensive l i s t s of work published p r i o r to 1965 are given i n 
two papers by Tanner, P o t t e r , Pope and West (2, 3) who report 
t h e i r own experimental f i n d i n g s on the e f f e c t s of h e a t . f l u x , of 
vapour v e l o c i t y , of non-condensable gas concentration and of surface 
chemistry on dropv/ise condensation. Later works of importance 
are those o f Umur and G r i f f i t h (4) v/ho in v e s t i g a t e d the 
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existance of t h i n l i q u i d layers between drops: 

of McCorraick and Westwater (5) who i n v e s t i g a t e d the density of 
n u c l e a t i o n s i t e s ; 

of Le.Fevre and Rose (6) and Rose (?) on the theory of dropwise 
condensation;. 

^ and to the work of Mikic (8) who considered the e f f e c t s of the 
thermal p r o p e r t i e s of the condensing surface of dropwise 
condensation. 

2.2 Filmwise condensation on s t a t i o n a r y surfaces. 

Filmwise condensation occurs only on wettable surfaces. 
•Condensate deposited on the surface during the i n i t i a l t r a n s f e r 
of energy from the vapour to the surface forms a complete 
l i q u i d f i l m . Further energy t r a n s f e r from the vapour to the 
surface has to be transported across the f i l m , which acts as 
a b a r r i e r . Once the f i l m i s established, the energy t r a n s f e r , 
which i s a f u n c t i o n of the'condensation r a t e , becomes d i r e c t l y 
r e l a t e d to and l i m i t e d by the drainage r a t e . 

I n 1916 Nusselt (9) produced a very simple model f o r f i l m 
condensation. Nusselt considered the problem i n two p a r t s . 
F i r s t he considered the drainage o f a f i l m of l i q u i d under the 
a c t i o n of an a c c e l e r a t i o n f i e l d , and derived an expression f o r 
the v e l o c i t y d i s t r i b u t i o n across the f i l m by making a balance 
between the body forces and the viscous forces i n the d i r e c t i o n 
of f l o w . The thickness of t h e . f i l m was assumed to be maintained 
constant and the d i r e c t i o n of drainage of the f i l m was assumed, 
to be p a r a l l e l to the s o l i d surface. I n the second p a r t , the 
r a t e of energy t r a n s f e r across the f i l m from the vapour to the 
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s o l i d surface was r e l a t e d to the condensation rate through the 
s p e c i f i c enthalpy of the condensation. The two parts were 
combined to obtain equations f o r f i l m thickness and f o r heat 
t r a n s f e r c o e f f i c i e n t , by equating the rate of drainage to the 
ra t e of condensation. To s i m p l i f y the mathematics of the 
a n a l y s i s , Nusselt made the f o l l o w i n g assumptions about the f i l m 
of condensate:-

( i ) The f i l m was i n laminar flow along a smooth isothermal 

surface under the a c t i o n of an ac c e l e r a t i o n f i e l d , 

and t h a t the thickness of the f i l m was small compared 

w i t h the radius of cur/ature of the surface. 

( i i ) Energy l i b e r a t e d by condensation a t the liquid-vapour 
i n t e r f a c e was transported across the f i l m only by' 
conduction. 

( i i i ) F l u i d a c celerations and i n e r t i a e f f e c t s were neglected. 

( i v ) The temperature dependent physical properties of the 
f i l m were evaluated a t the mean f i l m temperature. 

(v) The temperature a t the l i q u i d vapour i n t e r f a c e was 
at the s a t u r a t i o n temperature o f the vapour. 

( v i ) Under-cooling o f the f i l m was neglected. 

( v i i ) The vapour was r e l a t i v e l y s t a t i o n a r y w i t h respect 

to the surface and did not exert drag a t the l i q u i d -

vapour i n t e r f a c e . 

( v i i i ) The vapour was fr e e from non-condensable gases. 
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More recent t h e o r e t i c a l models of the condensation process have 
relaxed these r e s t r i c t i o n s . 

I n a review of Nusselt's published work by Monrad and 
Badger (10) we are t o l d t h a t Nusselt subsequently considered 
the condensation process under f i v e d i f f e r e n t sets of co n d i t i o n s , 

( i ) Vapour condensing on a smooth i n c l i n e d surface w i t h 
n e g l i g i b l e vapour v e l o c i t y . / 

' ( i i ) Vapour condensing on the outside of a h o r i z o n t a l 

tube w i t h n e g l i g i b l e vapour v e l o c i t y , 
( i i i ) Vapour condensing on an i n c l i n e d plane w i t h appreciable 

vapour v e l o c i t y . " 
( i v ) Superheated vapour condensing on any surface, 
(v) Impure vapour condensing on any surface. 

Nusselt derived the f o l l o w i n g equations f o r condensation on 
a v e r t i c a l p l a t e w i t h n e g l i g i b l e vapour v e l o c i t y . 
The f i l m thickness was expressed as 

& = 1.414 k/iQ X 

I p ^ g j 

* ; oC X* 

and the heat t r a n s f e r c o e f f i c i e n t was expressed as h = k 
5 

g i v i n g h = 0.707 k ^ l g 4 ; h DC x-^ 
fiO X _ 

S i m i l a r equations were developed f o r i n c l i n e d planes, and 
h o r i z o n t a l tubes; the main dif f e r e n c e s being i n the numerical 
constant, i n the l e n g t h parameter x or i n the component of the 
a c c e l e r a t i o n f i e l d , 

Monrad and Badger compared the Nusselt heat t r a n s f e r 
c o e f f i c i e n t f o r condensation on the outer surface of a h o r i z o n t a l 
tube w i t h data f o r condensing steam, benzene and carbon 
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t e t r a c h l o r i d e , and found reasonable agreement when the vapour 
to surface temperature d i f f e r e n c e was small. More r e c e n t l y , 
Hampson and Ozisik ( 1 1 ) have compared the mean experimental heat 
t r a n s f e r c o e f f i c i e n t f o r steam condensing on i n c l i n e d plates 
w i t h the Nusselt value. The experimental heat t r a n s f e r c o e f f i c i e n t s 
were shown to be between 1 . 1 8 and 1 . 2 8 times the Nu'sselt values 
f o r ' a l l angles o f i n c l i n a t i o n away from the h o r i z o n t a l . However, 
experimental heat t r a n s f e r c o e f f i c i e n t s f o r condensation on 
the underside of a h o r i z o n t a l p l a t e were shown to be 1 . 5 times 
the Nusselt values. This increase i n the experimental heat ' 
t r a n s f e r c o e f f i c i e n t s a t angles close to the h o r i z o n t q l was 
a t t r i b u t e d to the formation and detachment of pendant drops 
from the surface of the f i l m . 

The Nusselt theory was extended by Bromley ( 1 2 ) who 
considered the e f f e c t s of undercooling the f i l m of condensate 
and by Rohsenow ( 1 3 ) who considered the e f f e c t s of cross.flow 
i n the f i l m to determine the true temperature d i s t r i b u t i o n . 
A f t e r some discussion, Bromley and Rohsenow agreed t h a t the 
e f f e c t s of undercooling, and of cross flow or energy convection, 
could be accounted f o r by rep l a c i n g the s p e c i f i c enthalpy 1 ^ 

used i n Nusselt's equations, by the term ( 1 + 0 . 6 8 c 9 ) o 

Sparrow and Gregg applied the mathematical techniques of 
boundary l a y e r theo'ry to the condensation of vapours i n laminar 
f i l m s on v e r t i c a l p l a t e s ( I 4 ) and on the outer surfaces of 
h o r i z o n t a l tubes ( 1 5 ) o This study took i n t o account the f u l l 
e f f e c t s of energy convection and of i n e r t i a . S i m i l a r i t y transforms 
were used to reduce the p a r t i a l d i f f e r e n t i a l equations f o r the 
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conservation of mass, momentum, and energy to ordinary 
d i f f e r e n t i a l equations which were then solved • n i m i e r i c a l l y . 

Solutions were obtained f o r values of the parameter c9 between 
1 

0 and 2 and f o r P r a n d t l numbers between 0,003 and 1 0 0 . The 
e f f e c t s of i n e r t i a were shown t o be n e g l i g i b l e f o r f].uids w i t h 
P r a n d t l numbers greater than t e n . The f a c t o r ( l + 0 . 6 8 c 0 ) given 
by Rohsenow was v e r i f i e d and found to p r e d i c t heat t r a n s f e r 
c o e f f i c i e n t s of 1 . 0 5 h at c9 = 2 w i t h Prandtl numbers of u n i t y . 

S+G 1 

I n e r t i a e f f e c t s were shorn to be much more s i g n i f i c a n t f o r l i q u i d 

metals where the P r a n d t l numbers are less than u n i t y . With a 

P r a n d t l number of 0.003 and a value of cO = 0 , 1 , the Nusselt model, 
1 

which neglects both i n e r t i a and convection, p r e d i c t s heat t r a n s f e r 
c o e f f i c i e n t s of l o 7 5 h* , 

Chen ( 1 6 ) and Koh, Sparrow and Hartnett ( 1 7 ) published 
studies of the i n f l u e n c e of shear stresses a t the liquid-vapour 
i n t e r f a c e due to induced vapour v e l o c i t y . Both studies were f o r 
laminar f i l m s on v e r t i c a l surfaces and both u t i l i s e d two-phase 
boundary l a y e r theory, Chen used the equations of momentum and 
of energy i n a modified i n t e g r a l form and provided a s o l u t i o n 
using a p e r t u r b a t i o n method f o r the c o n d i t i o n of u.p « UP 

vapour l i q u i d , 
Koh et a l used the p a r t i a l d i f f e r e n t i a l form of the boundary l a y e r 
equations and provided a s o l u t i o n through the use of s i m i l a r i t y 
transforms. 

Both studies showed tha t the e f f e c t of induced vapour 
v e l o c i t y increased f i l m thickness and reduced the heat t r a n s f e r 
c o e f f i c i e n t by causing a negative v e l o c i t y gradient a t the 
li q u i d - v a p o u r i n t e r f a c e . The reduction i n heat t r a n s f e r 
c o e f f i c i e n t a t c0 = 2 . 0 was n e g l i g i b l e a t Pr a n d t l numbers 

1 
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greater than 10, but the reduction reached 0 .91 of the value 

without shear at a Pr a n d t l number of u n i t y . I n the l i q u i d 
metal range the adverse e f f e c t of i n t e r f a c i a l shear i s maintained 
even i n t h i n f i l m s ; a t P r a n d t l number 0.003 and c£ = 0 .06 , the 

1 

heat t r a n s f e r c o e f f i c i e n t i s reduced to 0.75 of the value 
without shear. The values without shear are based on heat 
t r a n s f e r c o e f f i c i e n t s given i n (14) which account only f o r the 
e f f e c t s of i n e r t i a and convection, Chen preferred the f o l l o w i n g 
expression to r e l a t e h is published r e s u l t s w i t h those of 
Nusselt's simple expression f o r mean heat t r a n s f e r c o e f f i c i e n t 

4 
h •m Nusselt 

1 + 0,68 cO + 0„02 c0 2r 
1 1_ 

1 + 0,85 ^ - 0,15 c9 X 
T J 

where K Is a parameter f o r the e f f e c t of i n e r t i a and i a equal 
to k9. The expression, i s accurate to I'fo over the range 

1 

00 < 2; ^ ^ 20 

Pr > 1 and P r < 0 . 0 5 . 
Koh et a l showed t h a t the heat t r a n s f e r - c o e f f i c i e n t remained 
unchanged by i n c r e a s i n g the r a t i o 2 from 100 to 600. /</)liquid 

|_ vapour 
Chen (18) extended h i s study of the e f f e c t s of i n t e r f a c i a l 

shear on heat t r a n s f e r c o e f f i c i e n t , to laminar condensation on 
s i n g l e and on m u l t i p l e h o r i z o n t a l tubes. I n t e r f a c i a l shear 
was found to e f f e c t the heat t r a n s f e r c o e f f i c i e n t f o r single tubes 
i n - t h e same way as was the case f o r v e r t i c a l p l a t e s . The model 
f o r m u l t i p l e h o r i z o n t a l tubes arranged i n v e r t i c a l banks 
appeared to provide a lower l i m i t f o r the experimental r e s u l t s 
f o r condensing freon 1 1 , freon 12, water, n-butane and acetone 
on banks of 2 , 3 , 4 and 5 tubes. Chen explained the d i f f e r e n c e 
between his r e s u l t s and the experimental r e s u l t s as being due 
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to t h e ' i r r e g u l a r d r i p p i n g of condensate from higher tubes. 

The experimental heat t r a n s f e r data a v a i l a b l e f o r 
condensates w i t h P r a n d t l numbers greater than u n i t y are f o r 

values o f cO less than 1.0. This data shows f a i r agreement 
1 

w i t h the laminar theories of Rohsenow, of Sparrow et a l and 
of Chen, which are almost i n d i s t i n g u i s h a b l e from one another 
a t cO less than u n i t y where they a l l become asjmiptotic to the 

, 1 
Nusselt theory.' The modified laminar theories show a 
s i g n i f i c a n t decrease i n heat t r a n s f e r c o e f f i c i e n t from the 
Nusselt value when the Pr a n d t l number i s less than u n i t y . 
Experimental data f o r l i q u i d metals appear to be as much as 
two orders of magnitude below the modified laminar t h a o r i e s . 
Sukhatme and Rohsenow (19) showed t h a t p a r t of t h i s discrepancy 
could be explained by the presence of a s i g n i f i c a n t temperature 
d i f f e r e n c e between the vapour and the liquid-vapour i n t e r f a c e . 
This temperature d i f f e r e n c e caused a decrease i n the f i l m 
temperature d i f f e r e n c e used i n the laminar theory, and was 
a t t r i b u t e d to a decrease i n vapour pressure i n the neighbourhood 
of the l i q u i d vapour i n t e r f a c e . The concentration gradient 
necessary f o r the m i g r a t i o n o f vapour molecules towards the 
l i q u i d - v a p o u r i n t e r f a c e caused the pressure drop. The 
accommodation c o e f f i c i e n t , which i s the f r a c t i o n o f the molecules 
s t r i k i n g the surface and condensing, also e f f e c t s the rate of 
heat t r a n s f e r . Previous attempts to explain the discrepancy 
between the experimental heat t r a n s f e r c o e f f i c i e n t s f o r l i q u i d 
metals and the values predicted by the modified laminar theory, 
suggested t h a t the accommodation coefficient.decreased from 
near u n i t y a t low pressures to approximately 0.06 a t one 
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atmosphere. Wilcox and Rohsenow (20) have made precise 
measurements of the accommodation c o e f f i c i e n t f o r potassium and 
have found the value to be u n i t y up to pressures of one 
atmosphere, thus c o n t r a d i c t i n g the dependence on pressure. 

Poots and Miles (21) made a t h e o r e t i c a l study of the 
e f f e c t s of temperature dependent p h y s i c a l p r o p e r t i e s on the 
condensation of steam on a plane v e r t i c a l surface. They 
compared t h e i r r e s u l t s , w i t h those obtained from the constant 
p r o p e r t y models of Nusselt (9) Rohsenow (13) and Chen (16). 
The comparison yielded a reference temperature at v^^hich the 
f l u i d p r o p e r t i e s could be evaluated f o r i n c l u s i o n i n the 

cont'tant.-property models . Using the reference temperature 
cor r e c t s the constant property models f o r the e f f e c t s of 
v a r i a b l e p r o p e r t i e s . The reference temperature recommended f o r 
c o r r e c t i n g the Nusselt model was the Drew reference temperature 
t = t + 0.25 ( t - t ) where t = w a l l temperature and t 
r e f 0 s 0 0 ' s 

steam temperature. 
The presence of waves on f i l m s of condensate have been 

recognised as a possible source of the discrepancy betvi/een 
the experimental heat t r a n s f e r c o e f f i c i e n t s and those predicted 
by laminar theory- which presupposes a anooth liquid-vapour 
i n t e r f a c e , , 

K i r k b r i d e (22) made micrometer measurements of the 
maximum f i l m thickness f or o i l and water f i l m f l o w i n g down 
v e r t i c a l tubes. The f i l m s a t Reynolds numbers 4r up to 8 
were observed to be smooth and the measured maximum f i l m 
thickness agreed w i t h the t h e o r e t i c a l laminar value. At 
Reynolds numbers between 8 and 1800, the f i l m was observed 

to support waves. The measured maximum f i l m thicknesses were 
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found to be l a r g e r than the t h e o r e t i c a l laminar values by a 
f a c t o r of approximately two at a Re^molds number of 1000. 

Friedman and M i l l e r (23) and Dukler and Bergelin (24) 
published mean f i l m thicknesses f o r kerosene, toluene and water 
f i l m s f l o w i n g down v e r t i c a l tubes. The mean f i l m thicknesses 
were found to agree, w i t h the t h e o r e t i c a l laminar f i l m 
thicknesses w i t h i n the l i m i t s of experimental e r r o r . The 
wave p r o f i l e s were observed to be regular up to fiejraolds 
numbers o f 1080 and t h e r e a f t e r to become i r r e g u l a r . 

Grimley (25) measured the Rejoiolds nujnbers a t the onset 
of waves i n several f l u i d s and obtained the c o r r e l a t i o n 

c/p = 0.3 Re^ 

Binnie (26) measured the Reynolds number,, the v/ave length 
and the wave v e l o c i t y a t the onset of waves i n water f l o w i n g 
down a plane i n c l i n e d surface, and found t h a t waves appeared at 
Reynolds numbers down to 4. 

Kapitza (27) made a t h e o r e t i c a l study of long- s i n u s o i d a l 
waves i n t h i n f i l m s of l i q u i d f l o w i n g down plane v e r t i c a l 
surfaces, and showed t h a t once the plane laminar surface of 
a f i l m was d i s t u r b e d , the e f f e c t s of surface tension became 
as la r g e as the e f f e c t s of v i s c o s i t y . A f t e r the onset of 
waves i n the flow , the amplitude of the waves was shown to 
increase u n t i l the energy d i s s i p a t e d by v i s c o s i t y was balanced 
by the imparted kineti-c and c a p i l l a r y energies. Thus Kapitza 
argued t h a t the wave regime was more stable than p].ane laminar 
f l o w . Kapitza predicted the onset of waves to occur at 

5 Re = 2.43 
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and compared the f i l m thi.cknesses beneath the wave crests and 
the mean f i l m thiclmesses f o r wave flow w i t h the f i l m 
thicknesses f o r plane laminar f l o w . For a given flow rate 
the f i l m thickness beneath wave crests was shown to be 1.36 
times the value f o r plane laminar flow and the mean f i l m 
thickness was shown t o be 0.95 times the value f o r plane 
laminar flow/. Both of these r e s u l t s provided a q u a n t i t a t i v e , 
explanation f o r the previous experimental r e s u l t s of Grimley 
and of Friedmann and M i l l e r . 

Brooke Benjamin (28) and Yih (29) examined the s t a b i l i t y 
c h a r a c t e r i s t i c s . o f the f u l l Navier-Stokes equations and 
d i r e c t e d t h e i r work tov^/ards p r e d i c t i n g the s t a b i l i t y of l i q u i d 
f i l m s f l o w i n g down i n c l i n e d surfaces. Their work suggested 
t h a t the f i l m s were unstable at a l l f i n i t e RejTiolds numbers. 
By d i f f e r e n t methods, they both a r r i v e d a t the same s t a b i l i t y 
c r i t e r i o n which v/as expressed i n terms of the a m p l i f i c a t i o n 
f a c t o r A- f o r the most unstable wave as 

M = exp 0.1737 J-^-E..^ -Re^ 

The above equation shows t h a t the a m p l i f i c a t i o n f a c t o r i s 
always g r e a t e r than u n i t y . 

Brooke Benjamin argued t h a t waves would remain i n v i s i b l e 
w h i l e the a m p l i f i c a t i o n f a c t o r remained close to u n i t y and 
t h a t the wave w i t h the l a r g e s t rate of growth would be the 
f i r s t to become v i s i b l e a t the onset of waves. The above 
equation was evaluated a t the t e s t conditions used by B i n n i e , 
and showed t h a t the a m p l i f i c a t i o n f a c t o r only became s i g n i f i c a n t l y 
g r e ater than u n i t y at Reynolds numbers greater than f o u r . 
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= 1.47 i C 
1 

3 

. g _ J 

Binnie found t h a t waves became v i s i b l e a t Reynolds numbers 
grea t e r than f o u r . 

I t i s i n t e r e s t i n g to note t h a t Grimley cor r e l a t e d his 
^ 8 

experimental r e s u l t s i n terms of (S O and Re and t h a t 
g 3 ,1 

Kapitza p r e d i c t e d the onset of waves i n terms of o_j^ and Re . 
The var i a b l e s used i n the Nusselt equation f o r mean heat 

t r a n s f e r c o e f f i c i e n t on plane v e r t i c a l surfaces may be 
rearranged as:-

h _m 

where 4 r i s the f i l m Reynolds number. 

K i r k b r i d e (22) found t h a t experimental mean heat t r a n s f e r 
c o e f f i c i e n t s f o r condensing 02"ganic vapours w i t h large 
temperature d i f f e r e n c e s across the' f i l m , were greater than 
those p r e d i c t e d by the above equation when the Reynolds number 
exceeded 2000. This increase was a t t r i b u t e d to turbulence i n 
the f i l m o f condensate. 

Colburn (30) made use of an emp i r i c a l c o r r e l a t i o n between 
the t u r b u l e n t f r i c t i o n f a c t o r and the heat t r a n s f e r f a c t o r j 
f o r t u r b u l e n t gas flow along large rectangular ducts, to 
derive the f o l l o w i n g equation f o r the mean heat t r a n s f e r 
c o e f f i c i e n t i n the t u r b u l e n t region of the f i l m of condensate. 

k 
3 - Re 

22. r 8 1 
Pr^LRe - 364 J + 12,800 

This equation p r e d i c t s t h a t the mean heat t r a n s f e r c o e f f i c i e n t 

i n the t u r b u l e n t region increases w i t h both Reynolds number 

and P r a n d t l number. Golburn assumed t h a t the t r a n s i t i o n to 

t u r b u l e n t flow occurred a t a Reynolds number of 1600. 
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The equation showed reasonable agreement w i t h experimental 
mean heat t r a n s f e r c o e f f i c i e n t s f o r condensing diphenyle. 

Carpenter and Colburn (31) measured the e f f e c t of p o s i t i v e 
vapour v e l o c i t y on the condensation of steam, methanol, ethanol, 
toluene and t r i c h l o r e t h y l e n e on the i n s i d e o f a v e r t i c a l tube. 
They recommend the equation:-

h^ = 0.065 c ^ f 

' Ivapour 

G m 

.where Ĝ  was the mass flow of vapour/unit tim e . u n i t 
surface area 

and f was the fanning f r i c t i o n f a c t o r f o r the vapour. 

As the vapour v e l o c i t y increased the heat t r a n s f e r c o e f f i c i e n t 
became l a r g e r a t lower Reynolds numbers; a f i n d i n g which led 
these workers to conclude t h a t an appreciable vapour v e l o c i t y 
causes a t r a n s i t i o n to t u r b u l e n t flow at Reynolds number 
of less than 2000. At a vapour v e l o c i t y of 80 m, the 
t r a n s i t i o n to turbulence occurred a t a Reynolds number of 
approximately 240-. 

The Prandtl-Von Karman v e l o c i t y d i s t r i b u t i o n f o r a 
t u r b u l e n t boundary, layer.was adopted by Seban (32) to develop 
a theory f o r p r e d i c t i n g the heat t r a n s f e r c o e f f i c i e n t f o r 
pure vapours condensing i n t u r b u l e n t f i l m s on v e r t i c a l surfaces. 
Seban made the assumption t h a t the eddy thermal d i f f u s i v i t y was 
equal to the eddy kinematic v i s c o s i t y and the assumption t h a t 
the t r a n s i t i o n to turbulence occurred a t a Reynolds number 
of 1600. The predicted heat t r a n s f e r c o e f f i c i e n t s agreed 
w i t h Colburn over the range of P r a n d t l number 2 to 5. However, 
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at P r a n d t l numbers less than approximately 0.05 and a t Rejaiolds 
numbers below 10-^, the mean heat t r a n s f e r c o e f f i c i e n t i n the 
t u r b u l e n t region was found to be less than t h a t given by the 
Nusselt theory extended i n t o the t u r b u l e n t region. Seban 
a t t r i b u t e d t h i s f i n d i n g f o r the low Pr a n d t l numbers to the 
t u r b u l e n t t r a n s p o r t of energy being n e g l i g i b l e i n the region 
immediately a f t e r t r a n s i t i o n . The t u r b u l e n t t r a n s p o r t of 
energy was shown to make an important c o n t r i b u t i o n to energy 
t r a n s f e r a t Reynolds numbers greater than 10 . 

Seban's theory was extended by Rohsenov/, Weber and Ling 
(33) to include the e f f e c t s of p o s i t i v e i n t e r f a c i a l shear stress 
a t "he l i q u i d - v a p o u r i n t e r f a c e . The t r a n s i t i o n Reynolds number 
was assumed to decrease from 1600 a t a dimensionless i n t e r f a c i a l 

+ + 
shear stres s T = 0 to a Re'^^nolds number of 57 a t T = 9 

+ + 
and t h e r e a f t e r to remain constant w i t h f : where Z -

r vapour 1/3 

g(p- P T 
' / vapour 

Over the range of P r a n d t l number 0.01 to 10, the heat t r a n s f e r 
c o e f f i c i e n t was shown to increase w i t h T a t any Rejoiolds 
number. 

Dukler (34) p r e d i c t e d the mean heat t r a n s f e r c o e f f i c i e n t 
f o r . t u r b u l e n t condensation on v e r t i c a l surfaces w i t h p o s i t i v e 
i n t e r f a c i a l shear by working from the d e f i n i t i o n of eddy 
v i s c o s i t y and u t i l i s i n g the Dei s s l e r equation f o r i t s v a r i a t i o n 
near a s o l i d boundary. Dukler assumed t h a t the r a t i o of the 
eddy thermal d i f f u s i v i t y to the eddy v i s c o s i t y was u n i t y and 
obtained expressions f o r the v e l o c i t y d i s t r i b u t i o n i n terms 
of the f i l m thicloiess and the i n t e r f a c i a l shear s t r e s s . 
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The r e s u l t s w i t h zero i n t e r f a c i a l shear stress agreed w e l l 
w i t h Nusselt.at low Reynolds numbers and w i t h both Colburn's 

e m p i r i c a l equation and Seban's t h e o r e t i c a l equation i n the 

t u r b u l e n t region a t P r a n d t l numbers greater than u n i t y . An 
o b j e c t i o n to one of the assumptions made by Dukler was raised 

by Lee ( 3 5 ) , who pointed out t h a t Dukler had neglected the 
molecular c o n d u c t i v i t y i n comparison w i t h the eddy c o n d u c t i v i t y 
when d e r i v i n g the temperature d i s t r i b u t i o n i n the f i l m at 

dimensionless thicknesses of y"^ - y / T ^ greater than 20. 

This assumption was acceptable a t P r a n d t l numbers greater 
than u n i t y but not a t P r a n d t l numbers of less than u n i t y , 
f o r here the assumption led TO a decrease i n the heat t r a n s f e r 
c o e f f i c i e n t . " Thus Dukler's analysis at f i r s t - s i g h t appeared 
to account f o r the low experimental heat t r a n s f e r c o e f f i c i e n t s 
f o r l i q u i d metals. Lee repeated Dukler's analysis f o r no 
i n t e r f a c i a l shear w h i l e r e t a i n i n g both the molecular and eddy 
c o n d u c t i v i t i e s . " The modified r e s u l t s agreed w i t h Dukler's 
o r i g i n a l r e s u l t s a t high P r a n d t l numbers and w i t h Seban's r e s u l t 

at low P r a n d t l numbers. Kunz (36) extended Lee's work to 
account f o r i n t e r f a c i a l shear stress and the predicted'heat 
t r a n s f e r c o e f f i c i e n t s show good agreement w i t h the experimental 
values measured by Carpenter and Colbum. 

The e f f e c t s of non -uniform g r a v i t y f i e l d s on f i l m ^ 
condensation were considered by Dhir and Leinhard (37) i n 
connection w i t h t h e i r work on b o i l i n g heat t r a n s f e r . The 
g r a v i t a t i o n a l constant g v/hich appears i n the Nusselt 
eq-uation f o r heat t r a n s f e r c o e f f i c i e n t was replaced by an 
e f f e c t i v e g r a v i t a t i o n a l constant g . given by:-

e f f 
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g = X (g R)^ 
e f f . rx . ^ 

g^ R̂  dx 

where R i s the l o c a l radius of the body. 
By a d i f f e r e n t method the author has a r r i v e d independently'" 

at a s i m i l a r expression. The author's expression accounts f o r 
the e f f e c t s of g r a v i t a t i o n a l and c e n t r i f u g a l a c c e l e r a t i o n on 
the'condensation of steam i n laminar f i l m s on r o t a t i n g cones 
and on r o t a t i n g axisjrametrical bodies. A complete d e r i v a t i o n 
of t h i s expression i s given i n s e c t i o n 3. 

Gerstmann and G r i f f i t h (38) observed freon 113 condensing 
on the underside of h o r i z o n t a l and i n c l i n e d plane surfaces. 
A random a r r a y of drops formed a t the f r e e surface of the 
f i l m on the underside of t h ^ hori.zontal surface. These drops 
moved over the f r e e surface of the f i l m as neighbouring drops 
detached themselves from the f i l m . At a small angle of 
i n c l i n a t i o n , the drops ran down the surface and became 
elongated. At angles greater than 5°, the drops became 
elongated i n the d i r e c t i o n of flow and formed uniform ridges 
which were pitched 0.01 m apart. For angles up to 19° drops 
continued to form and be detached from the ridges. At angles 
greater than 19°, drop formation ceased and the flow p a t t e r n 
changed to one of jagged r o l l waves. A theory was developed 
to p r e d i c t heat t r a n s f e r c o e f f i c i e n t s during drainage by 
drops and by ridges and t h i s was used to c o r r e l a t e the 
experimental r e s u l t s . For h o r i z o n t a l surfaces 

0-193 10 8 

Nu = 0,81 (Ra) ; 10 > Ra > 10 

Nu = 0.81 (Ra)°'^ ;1D^> Ra > 10^ 
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and f o r i n c l i n e d surfaces 

Ku = 0.9 Ra' 
(1 ri- lol Ra-6 .) 

where Nu .= h^ 
k 

(T 
g l p ^ p ) Sinoc 

the Rayleigh number Ra = g Sinc<.yO(p-yOj 1 
k e^a 

- I i 
2 

gifi - p) Sin a 
I /vnfoon. 

• • Small q u a n t i t i e s of non-condensable gases such as Og, 
1̂ 2 or COg are o f t e n present i n condensing vapours. The gases 
may be introduced i n t o the b o i l e r by e i t h e r the make-up feed 

» 

water or by the feed water treatment and i n t o a condenser 
working under vacuum by imperfect s e a l i n g . Non-condensable 
gases i n the vapour accumulate a t the liquid-vapour i n t e r f a c e 
and have an adverse e f f e c t on heat t r a n s f e r c o e f f i c i e n t by 
c r e a t i n g a gas b a r r i e r through which vapour must d i f f u s e before 
condensing. Non-condensable gases e f f e c t dropwise condensation 
more than they a f f e c t filmwise condensation. The presence of 
an 0.5^ concentration of non-condensables i n the vapour h^s 
been shown to reduce the heat t r a n s f e r c o e f f i c i e n t f o r filmwise 
condensation to 0.5 of the value f o r pure vapour condensing. 
Inc r e a s i n g the vapour v e l o c i t y clears the gas b a r r i e r from the 
l i q u i d - v a p o u r i n t e r f a c e and leads to an improvement i n heat 
t r a n s f e r c o e f f i c i e n t . 

Provan (39) made a survey of the' t h e o r e t i c a l and the 
experimental work done, p r i o r to 1962 on the e f f e c t s of non-
condensable gases on filmwise condensation. This t o p i c has 
continued to receive considerable a t t e n t i o n a t the National 
Engineering Laboratory where the e f f e c t s of non-condensable 
gases oh the performance of tube condensers has been i n v e s t i g a t e d 
( 4 0 ) . 
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2.3 Methods of improving the condensation process. 

Many methods have been proposed f o r improving the 

performance of condensers operating under filmwise c o n d i t i o n s . 

Apart from inducing dropwise condensation by i n t r o d u c i n g 

contaminants i n t o the vapour, the methods f o r improving 

f i l m w i s e condensation consist of e i t h e r c r e a t i n g turbulence 

i n the f i l m or of reducing the thickness of the f i l m . 

Frankel and Bankoff ( 4 I ) made a t h e o r e t i c a l study of 

the f i l m w i s e condensation of vapours on a h o r i z o n t a l porous 

c y l i n d e r . The f i l m s were assumed to d r a i n from the.outer 

surface o f the c y l i n d e r by the a c t i o n of g r a v i t a t i o n a l 

a c c e l e r a t i o n and by suction through the porous w a l l . Increases 

i n heat t r a n s f e r c o e f f i c i e n t of 1.5 times the value without 

s u c t i o n were predict e d f o r f l u i d s w i t h P r a n d t l numbers of 10. 

I n the presence of zero g r a v i t a t i o n a l a c c e l e r a t i o n , the heat 

t r a n s f e r c o e f f i c i e n t was predicte d to be p r o p o r t i o n a l to the 

su c t i o n v e l o c i t y . 

I n 1965, V e l k o f f and M i l l e r (42)'presented experimental 

heat t r a n s f e r c o e f f i c i e n t s f o r freon 113 condensing i n the 

presence o f uniform e l e c t r o s t a t i c f i e l d s created between 

the condensing surface and an anode g r i d held i n the- vapour. 

The f i e l d s t r e n g t h was vari e d by applying voltages up to 50 kV 

and c u r r e n t s up to 14yuk. Applying the e l e c t r o s t a t i c f i e l d 

induced waves i n the f i l m and caused j e t s of condensate to 

be emitted from the f i l m . Experimental heat t r a n s f e r c o e f f i c i e n t s 

2.5 times the value w i t h o u t the f i e l d were measured f o r these 

low e l e c t r i c a l power i n p u t s . Recently Holmes and Chapman 

(43) published experimental heat t r a n s f e r c o e f f i c i e n t s f o r 
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fre o n 114 condensing.in the presence of a l t e r n a t i n g e l e c t r i c 
f i e l d s . T h e . f i e l d s were created between the condensing surface 
and a p l a t e held i n the vapour by the a p p l i c a t i o n of voltages 
up t o 60 kV a t 60 Hz. Experimental heat t r a n s f e r c o e f f i c i e n t s 
w i t h the f i e l d applied were found to be as much as 10 times 
the value w i t h o u t the f i e l d . 

Considerable e f f o r t has been d i r e c t e d towards improving 
the heat t r a n s f e r c o e f f i c i e n t s f o r filmwise condensation by . 
in c r e a s i n g the a c c e l e r a t i o n f i e l d to improve f i l m drainage. 
The c e n t r i f u g a l a c c e l e r a t i o n f i e l d created on a r o t a t i n g 
condensing surface can lead to sustained improvements i n 
f i l m drainage. For mechanical reasons, the types of rurfaces 
s u i t a b l e f o r " r o t a t i o n are u s u a l l y axisymmetrical and may 
take the form of e i t h e r discs,' c y l i n d e r s or cones. However, 
any surface can be used i f p r o v i s i o n i s made to balance the 
r o t a t i n g p a r t s . 

2.4 Eilmwise condensation on r o t a t i n g surfaces. 

2,4.1. I n t r o d u c t i o n . 

Broadly speaking, the experimental and t h e o r e t i c a l 
studies of the heat t r a n s f e r between r o t a t i n g surfaces and 
e i t h e r s i n g l e or two-phase f l u i d s have been undertaken f o r 
two reasons. The f i r s t reason i s to gain knowledge of the 
b e n e f i c i a l e f f e c t s of r o t a t i o n on heat t r a n s f e r w i t h a view 
t o improving the performance of evaporators and condensers. 
The second reason f o r the study i s to enable c a l c u l a t i o n s 
to be made f o r the heat t r a n s f e r between the working f l u i d 
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and the r o t a t i n g p a r ts of power producing machines. 

The .present work i s undertaken f o r the second' reason and 
i s p a r t o f a wider i n v e s t i g a t i o n , which has been undertaken 
by Hoyle and his colleagues, o f the t r a n s i e n t thermal stresses 
on r o t a t i n g axisymmetrical bodies. I n p a r t i c u l a r , the 
i n v e s t i g a t i o n has been di r e c t e d towards p r e d i c t i n g the t r a n s i e n t 
thermal stresses i n steam t u r b i n e r o t o r s during cold s t a r t i n g 
and d u r i n g manoeuvring. The problems involved during these 
operations have been given by T e r r e l (44), by H a l l and B r i t t e n 
(45) and more r e c e n t l y by Moore (46). Methods f o r c a l c u l a t i n g 
the r o t o r temperatures during the cold s t a r t i n g of steam 
tu r b i n e s have been given by Hhow and Hoyle (47) and Hoyle and 
Mahabir ( 4 8 ) . . 

As shown i n the sketch below, any axisymmetrical body 
can be simulated by a combination of truncated cones w i t h 
various apex angles d. 
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An i n v e s t i g a t i o n o f the t r a n s i e n t thermal stresses i n a 
r o t a t i n g axisymmetrical body such as the turbine r o t o r , 
requires the study of the heat and mass t r a n s f e r to the outer 
surface o f cones w i t h many apex angles. Such a study was 
undertaken by Hoyle and h i s colleagues and t h e i r experimental 
and t h e o r e t i c a l work on d i s c s , c y l i n d e r s and cones i s 
reviev/ed, together w i t h the work of others, i n the f o l l o w i n g 
s e c t i o n s , - ' 

2.4.2 

Pilmwise condensation on r o t a t i n g d i s c s . 

An important advance i n the t h e o r e t i c a l understanding 
of the f i l m w i s e condensation process on r o t a t i n g surfaces 
was made i n 1959 by Sparrow and Gregg (49) . They used the 
mathematical techniques of boundary l a y e r theory to study the 
condensation of pure vapour i n a laminar f i l m on the surface 
of a r o t a t i n g d i s c . The disc was assumed to r o t a t e w i t h i t s 
a x i s of symmetry v e r t i c a l and the f i l m o f condensate was 
assumed t o be drained by c e n t r i f u g a l a c c e l e r a t i o n a c t i n g 
r a d i a l l y over the,surface of the dis c . G r a v i t a t i o n a l 
a c c e l e r a t i o n was neglected because i t acted perpendicular 
to the surface and d i d not a f f e c t f i l m drainage. 

The problem o f condensation on a r o t a t i n g disc l e n t 
i t s e l f to a s o l u t i o n of the Navier Stokes and energy equations 
using boundary l a y e r approximations and thus enabled the f u l l 
e f f e c t s of energy convection and of i n e r t i a to be taken i n t o 
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account. S i m i l a r i t y transforms were used to reduce the p a r t i a l 
d i f f e r e n t i a l equations which express the conservation of mass, 
momentum and energy'to ordinary d i f f e r e n t i a l equations. An 
o v e r a l l energy balance was made f o r the f i l m and the boundary 
conditions a t the surface of the disc and a t the liquid-vapour 
i n t e r f a c e were introduced to enable a simultaneous s o l u t i o n 
of the conservation equations to be made. This s o l u t i o n f o r 
the conservation equations was obtained numerically f o r the 
range of P r a n d t l numbers 0.003 to 100 and f o r the range of 

values of c9 0.0001 to 1.0. 
1-

The r e s u l t s showed t h a t f o r a given angular v e l o c i t y oj 
and a given f i l m temperature d i f f e r e n c e , the heat flvx and 
heat t r a n s f e r c o e f f i c i e n t were uniform over the surface of 
the d i s c . This f i n d i n g confirmed one of Sparrow and Gregg's 
i n i t i a l assumptions; t h a t the temperature d i s t r i b u t i o n across 
the f i l m depended only on t h e perpendicular distance from the 
surface o f the disc and not on the radius of the d i s c . This 
assumption i m p l i e d t h a t the thickness of the f i l m of 
condensate was uniform over the e n t i r e surface of the d i s c . 
The heat f l u x and the heat t r a n s f e r c o e f f i c i e n t where shown 
to increase w i t h oj^. . 

Sparrow and Gregg's heat t r a n s f e r r e s u l t s are shown 
below. 

USSElT 0-901 

O-OOl OoODt 
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At sma],l values of c9, which imply small f i l m thicknesses, 
1 

and over the range of P r a n d t l number 1 to 100, the heat 

t r a n s f e r c o e f f i c i e n t was expressed by 

h 1 
0.904 Pr 

k L 
This equation was shown t o correspond e x a c t l y to the s o l u t i o n 

• of the conservation equations when the e f f e c t s of energy 
convection and of i n e r t i a were neglected. Thus the f i l m could 
be assumed to d r a i n r a d i a l l y over the surface of the disc and 
be described by a simple analysis o f the Nusselt type. 

At oO greater than 0.1, the. e f f e c t s of energy convection, 
1 

which improve the heat t r a n s i e r c o e f f i c i e n t , tend to dominate 
when the P r a n d t l number i s greater than u n i t y . At a Prandtl 
number o f u n i t y , the e f f e c t s of i n e r t i a , which reduce the heat 
t r a n s f e r c o e f f i c i e n t , tend to dominate the condensation process 
on the r o t a t i n g d i s c . The e f f e c t s of i n e r t i a continue to 
dominate the heat t r a n s f e r c o e f f i c i e n t f o r the r o t a t i n g disc 
as the P r a n d t l number becomes less.than u n i t y . Also the e f f e c t s 
of i n e r t i a also become important a t values of c0 less than 0.1. 

^ - . 1 • 
I t i s i n t e r e s t i n g t o note t h a t at P r a n d t l numbers of u n i t y 
the e f f e c t s of convection dominates the condensation process 
on s t a t i o n a r y v e r t i c a l surfaces and on s t a t i o n a r y h o r i z o n t a l 
c y l i n d e r s . 

Over the f u l l range of both P r a n d t l number and c©, the 
1 • 

temperature d i s t r i b u t i o n s across the fi l m . o n the r o t a t i n g disc 
w. ere shown to have l i t t l e departure from l i n e a r i t y . This 
f i n d i n g supported Nusselt's assumption o f a l i n e a r temperature 
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d i s t r i b u t i o n across t h i n laminar f i l m s . 

L ater i n 1 9 5 9 , Nandapurka and Beatty ( 5 0 ) published 

experimental heat t r a n s f e r c o e f f i c i e n t s f o r methanol, ethanol 

and freon 113 condensing a t atmospheric pressure on a r o t a t i n g 

d i s c . The disc had a diameter of 0 . 1 2 7 m and rotated a t speeds 

between^ 400 and 2400 rev/min. w i t h the axis of symmetry 

v e r t i c a l . 
Experimental heat t r a n s f e r c o e f f i c i e n t s were obtained 

a t values of cO less than 0 . 1 and w .ere compared w i t h the X 
1 ^ 

t h e o r e t i c a l p r e d i c t i o n given by Sparrow and Gregg, namely 

h 
k 

1 
2 = 0 . 9 0 4 Pr 

_ce7T 

The experimental heat t r a n s f e r c o e f f i c i e n t s were c o n s i s t a n t l y 
about Oo75 of the value given by the above equation. Also the 
experimental heat t r a n s f e r c o e f f i c i e n t s were found to increase 

Oc45 

i n p r o p o r t i o n to Od 
Dye was introduced to the f i l m through a No. 20 

hyperdermic needle to detect the d i r e c t i o n of drainage. The 
streamline of dye followed a r a d i a l path near the centre of 
the d i s c . Near the outer edge of the d i s c , the dye followed 
a path which was s l i g h t l y curved backwards from the d i r e c t i o n 
of r o t a t i o n . The dye also revealed the presence of r i p p l e s 
moving over the surface of the f i l m i n the d i r e c t i o n of 
drainage. Nandapurka and Beatty a t t r i b u t e d the low exp&igimental 
heat t r a n s f e r c o e f f i c i e n t s to the e f f e c t s of vapour drag a c t i n g 
on the waves and causing a reduction i n drainage. I n the 
discussion on t h i s paper, the low experimental r e s u l t s were 
a t t r i b u t e d to e r r o r s i n temperature measurement caused by 
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conduction along the thermocouple leads. which were taken through 
the thickness of the disc d i r e c t l y from the hot j u n c t i o n . 

Sparrow and Gregg (51) extended t h e i r previous t h e o r e t i c a l 
study of the condensation process on r o t a t i n g discs to include 
the e f f e c t s o f induced shear stresses a t the liquid-vapour 
i n t e r f a c e of a laminar f i l m of condensate, I n t e r f a c i a l shear 
was .found to cause reductions i n the heat t r a n s f e r c o e f f i c i e n t 
on r o t a t i n g surfaces i n much the same way as i t did on 
s t a t i o n a r y surfaces (16, 17, 18), The e f f e c t s of induced 
shear s t r e s s on a smooth f i l m a t the experimental temperatures 
reported by Nandapurka and Beatty was shown to reduce the 
heat t r a n s f e r c o e f f i c i e n t to 0,9936 of the value without 
i n t e r f a c i a l shear. Since t h i s t h e o r e t i c a l study did not 
take i n t o account the e f f e c t of shear stress when waves were 
present on the f i l m of condensate, the discrepancy between 
experiment and theory was not resolved,' 

Measurements of the maximum thickness of water f i l m s 
f l o w i n g outwards over the h o r i z o n t a l surface of a r o t a t i n g 
disc were reported by-Espig and Hoyle ( 5 2 ) , The measurements 
were made w i t h a micrometer f o r Reynolds numbers between 10 
and 600, and the r e s u l t s were co r r e l a t e d by 

g D^2 i: = 1 3 ^ • r - mass flow r a t e of water 

L ^ J ' L > ^ J ' ' ^ 
The c o r r e l a t i o n f o r the maximum f i l m thicknesses on the 
r o t a t i n g disc agreed w i t h the c o r r e l a t i o n given by K i r k b r i d e 
(22) f o r water f i l m s on s t a t i o n a r y v e r t i c a l surfaces, and w i t h 
the p r e d i c t i o n of.maximum f i l m thickness given by Kapitza (27) 
f o r long waves on v e r t i c a l surfaces. 
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Bromley, Humphreys and Murray ( 5 3 ) studied both the 
evaporation of l i q u i d f i l m s and the condensation of vapours 
on r o t a t i n g d i s c s . Discs w i t h various combinations of smooth 
and r a d i a l l y grooved surfaces were used. A series of experiments 
were undertaken to measure the o v e r a l l heat t r a n s f e r c o e f f i c i e n t 
between steam condensing on one side of the r o t a t i n g disc and 
vapour evaporating from a f i l m of l i q u i d . o n the second side 
of the r o t a t i n g d i s c . The experimental o v e r a l l heat t r a n s f e r 
c o e f f i c i e n t f o r the disc grooved on both sides was found to be 
1 . 1 3 times the experimental value f o r the disc w i t h smooth 
surfaces on both sides. 

I n 1 9 6 8 Espig and Hoyle ( 5 4 ) published experimental heat 
t r a n s f e r c o e f f i c i e n t s f o r steam condensing on a smooth 
r o t a t i n g d i s c . , I n connection w i t h t h e i r work on t r a n s i e n t 
theiTcal stresses i n r o t a t i n g axisj'mmetrical bodies, the disc 
could be considered as the cone w i t h an' apex angle of I8OO. 
The d i s c , which was made of copper, had a diameter of 0 . 2 5 m, 
and could be r o t a t e d a t speeds up to 2 5 0 0 rev/min w i t h the axis 
of symmetry h o r i z o n t a l . Thermocouples were arranged i n 
i s o t h e m a l regions on the steam and c o o l i n g water sides of 
the d i s c . The thermocouple leads were taken from the r o t a t i n g 
p a r t of the apparatus to'the potentiometer through mercury s l i p 
r i n g s . A resistance network analogue was used to represent 
p a r t of the cross-section of the disc between r a d i i O.O3 m and 
0 . 1 2 5 mo Temperature readings taken a t the inner and the outer 
surfaces o f the disc were used i n the resistance network to 
c a l c u l a t e the temperature gradient i n the disc a t the condensing 
surface. This temperature gradient was used to c a l c u l a t e the 
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heat f l u x from the condensate to the outer surface of the d i s c . 
.Espig and Hoyle also made a t h e o r e t i c a l study of the 

condensation process but used the i n t e g r a l form of .the 
equations f o r the conservation o f mass, momentum and energy. 
For t h i n laminar f i l m s o f condensate t h e i r analysis also 
gave the equation 

h = O c 9 0 3 k3 1/0̂  60^ 
-11. 
4 

T.he experimental heat t r a n s f e r c o e f f i c i e n t s were found 

to be about 1.5 to 2.0 times the value predicted by the 

above equation, and to be r e l a t e d to the above equation by the 

expression 
-0.415 .-0.6 

h exp - 113 N e . 
h 

where N was the r o t a t i o n a l speed i n rev/min 
and e was the steam to surface temperature d i f f e r e n c e i n °F. 
Espig and Hoyle argued t h a t the kind of waves observed on 
a f i l m o f v/ater d r a i n i n g from the surface o f a r o t a t i n g disc 
(52) would also be present on a f i l m of condensate d r a i n i n g 
from a r o t a t i n g d i s c . The wave motion on the f i l m of .condensate 
was proposed as the reason f o r the experimental heat t r a n s f e r 
c o e f f i c i e n t s being greater than those predicted by the laminar 
theory. 

2.4.3 Pilmwise condensation on r o t a t i n g c j d i n d e r s . 

I n 1953 Yeh (55) made an experimental study of the 
e f f e c t s of steam pressure and of r o t a t i o n on the heat t r a n s f e r 
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c o e f f i c i e n t f o r f i l m w i s e condensation on a r o t a t i n g c y l i n d e r . 
Yeh worked w i t h Hoyle on the t r a n s i e n t thermal stress problem. 
I n connection w i t h t h i s problem, the c y l i n d e r was considered 

to be a cone w i t h an apex angle of 0 ° . The c y l i n d e r had a 
diameter of 0 . 0 2 5 4 m and rotated w i t h the axis of symmetry 
h o r i z o n t a l a t speeds up to 2 0 0 0 rev/min. Heat t r a n s f e r 
c o e f f i c i e n t s v\'ere ca l c u l a t e d from temperature readings taken 
a t the i n n e r and outer surfaces o f the c y l i n d e r . Temperatures 
were measured w i t h thermocouples whose leads were taken from 
the r o t o r through s l i p r i n g s . The experimental r e s u l t s are 

shown p l o t t e d i n terms of the Nusselt number h.̂ D and the Weber 
W 

2 

number DyO-̂  • on the. graph below. Yeh found that the heat 
4 g ( T 

t r a n s f e r c o e f f i c i e n t decreased s l i g h t l y w i t h increases i n 
speed up to 3 0 rev/min, but an increase i n heat t r a n s f e r 
c o e f f i c i e n t was observed w i t h f u r t h e r increases i n speed up 
to 1 5 0 0 rev/min. This increase was a t t r i b u t e d to the fonuation 
and detachment o f drops from the surface of the f i l m of condensate. 
At speeds o f over I 5 O O rev/min, the heat t r a n s f e r c o e f f i c i e n t 
was observed to decrease to almost the s t a t i o n a r y value. This 
decrease was a t t r i b u t e d to the e f f e c t s of vapour drag a c t i n g 
on the drops and reducing the rate of drainage. Some doubt 
has been cast on Yeh's r e s u l t s because a f a u l t y mechanical 
seal was suspected of le a k i n g a i r and o i l i n t o the steam space. 

I n order to c l a r i f y Yeh's f i n d i n g s . Singer and Preckshot 
( 5 6 ) also studied the condensation of steam on an 0 . 0 2 5 4 m 
diameter h o r i z o n t a l c y l i n d e r r o t a t i n g a t speeds up to 6,500 rev/min, 
They c a l c u l a t e d the mean experimental steam-side heat t r a n s f e r 
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c o e f f i c i e n t h i n d i r e c t l y from the equation mo 

1 = 1 + X •+ 1 
H h k h 

mo • mi 

The o v e r a l l heat t r a n s f e r c o e f f i c i e n t U was based on the 

measured mass flow r a t e of condensate per u n i t surface area 

of the c y l i n d e r and on the d i f f e r e n c e betv\feen the steam 

temperature and the mean cooling water temperature. These 

temperatures were•measured by s t a t i o n a r y thermocouples placed 

i n the steam space and i n the cooling water. The water-side 

heat t r a n s f e r c o e f f i c i e n t was obtained from data presented 

by Kuo et a l ( 5 7 ) . 

The experimental heat t r a n s f e r c o e f f i c i e n t was c o r r e l a t e d 

i n teims o f a Nusselt number Nu = ĥ Q and a Weber number 
'2F~ • 

We = D^i2_«£ 

Three d i s t i n c t regimes of condensate drainage were reported 

and these are i l l u s t r a t e d below by the sketches (a, b, c, d 

and e) 

At zero speed, the condensate drained from the underside 
of the c y l i n d e r as shown i n ( a ) . The p o s i t i o n a t which the 

f i l m drained from the c y l i n d e r moved in • t h e d i r e c t i o n of 

r o t a t i o n w i t h i n c r e a s i n g speed while < 1 ( b ) . The f i l m 
2g 
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thickness increased and caused a reduction i n mean heat t r a n s f e r 
c o e f f i c i e n t to 0.8 of the s t a t i o n a r y value. At moderate 
speeds between 500 < We < 1800 the f i l m remained continuous 
and supported c i r c u m f e r e n t i a l waves ( c ) . Drainage occurred 
a t the wave crests ( c , d) due to the actions of c e n t r i f u g a l 
a c c e l e r a t i o n and g r a v i t a t i o n a l a c c e l e r a t i o n . The heat t r a n s f e r 
c o e f f i c i e n t increased to three times the s t a t i o n a r y value 
over t h i s range of Weber number. At a Weber number of 
approximately 1800, the circumferentialwave regime degenerated 
to one where drops were drawn from the f i l m . The drops were 
detached from a l l p o i n t s around the circumference of the f i l m 
by the a c t i o n of the c e n t r i f u g a l a c c e l e r a t i o n ( e ) . Over the 
range 1800 < We < 34,000 the heat' t r a n s f e r c o e f f i c i e n t was 
found t o decrease, almost to the s t a t i o n a r y valueo This 
decline i n heat t r a n s f e r c o e f f i c i e n t was also observed by 
Yeh and was a t t r i b u t e d to a s i g n i f i c a n t i n t e r f a c i a l drag between 
the drops and the steam. Singer and Preckshot argued t h a t 
steam drag acted on the drops i n the d i r e c t i o n opposite to the 
d i r e c t i o n of drop detachment and reduced the drainage rate by 
delaying detachment. 

. Further experimental work on the heat t r a n s f e r from 
steam condensing on r o t a t i n g c y l i n d e r s was undertaken by 
Hoyle and Matthews (58) who studied the e f f e c t of changes 
i n c y l i n d e r diameter and of r o t a t i o n on the heat t r a n s f e r 
c o e f f i c i e n t . They used cy l i n d e r s of 0.10 m, 0,2 m and 0.254 m 
diameter r o t a t i n g a t speeds up to 1500 rev/min w i t h the axis 
of symmetry h o r i z o n t a l . The mean heat t r a n s f e r c o e f f i c i e n t 
was c a l c u l a t e d from temperature readings taken from r o t a t i n g 
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thermocouples a t the inner and outer surfaces of the cy l i n d e r s , 
The heat t r a n s f e r r e s u l t s f o r these three c y l i n d e r s were 
compared w i t h the data produced by Yeh and by Singer and 
Preckshot. 

b = 0-Zm d<a 

(b) 

f - ^ " " ^ 
Ik 

NICHOL » CflCK/l 
1 

/o 10^ We r I^fito" 
490-

to" 

Hoyle and Matthews did not observe any decrease i n heat t r a n s f e r 
c o e f f i c i e n t when t'he Weber number increased' beyond 1800; t h i s 
being c o n t r a r y to the work of Yeh, and of Singer and Preckshot. 
No reason was o f f e r e d f o r t h i s variance. Hoyle and Matthev/s 
c o r r e l a t e d mean t r a n s f e r c o e f f i c i e n t s f o r t h e i r three r o t a t i n g 
c y l i n d e r s by using a simple m o d i f i c a t i o n o f the Nusselt 
equation f o r s t a t i o n a r y h o r i z o n t a l c y l i n d e r s : -

h m 
0.72 

The constant 0 o 7 2 was replaced by a v a r i a b l e B which accounted 
f o r the e f f e c t s of r o t a t i o n . An expression f o r 

B 1.9 - 0.9 
1.095'^ 

1. 
(D 

was derived from the experimental r e s u l t s . 
The continued increase i n heat t r a n s f e r c o e f f i c i e n t f o r 

Weber numbers greater than 1800 found by Hoyle and Matthews 
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was supported by the f i n d i n g s of Nichol and Gacesa (59) 
who i n v e s t i g a t e d the heat t r a n s f e r c o e f f i c i e n t s f o r steam 
condensing on a v e r t i c a l c y l i n d e r 0.0254 m diameter, which 
r o t a t e d a t speeds up to 2700 rev/min. The Nusselt number /^pi---^ 

was found to remain constant at 110 f o r Weber number up to 
0.496 

430 and t h e r e a f t e r t o increase according to Nu - 6.13 We 
I n a c o n t i n u a t i o n of t h e i r study of the condensation 

process on r o t a t i n g c y l i n d e r s , Hoyle and Matthews (60) used 
photographs of the condensing surface taken during t e s t s , 
together w i t h the experimental heat t r a n s f e r r e s u l t s , to 
demonstrate t h a t the f i l m on the 0.1 m diameter c y l i n d e r 
remained laminar during the formation of p r o t r u s i o n s . By 
.'protrusions' the authors meant drops i n t h e i r e a r l y stages 
of f ormation on the f i l m . On the assumption t h a t the area of 
condensing surface taken by the photograph was representative 
of the remaining surface, the number o f protrusions, or drops, 
per u n i t area were counted and the drop diameter was measured. 
The heat f l u x per drop and hence the mass flow rate of condensate 
i n t o each, drop was c a l c u l a t e d , together w i t h the circumference 
of the drop. Re;^Taolds numbers f o r the flow from the f i l m i n t o 
the drop were ca l c u l a t e d from 

Re = i C 
where V - mass flow r a t e per drop/circumference of drop. 

These c a l c u l a t i o n s were made f o r a range of r o t a t i o n a l speeds 

2g 
2 

and showed t h a t the Rejniolds number decreased from 17 at T)(X) = 12 
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to approximately 5 at Ĵ -ô  = 160. Thus the Reynolds number 
2g 

remained w e l l below the value of^2000 a t the t r a n s i t i o n to 
turbulence. Increases i n were shown to cause a reduction 

2g 
i n the size of the drops leaving the f i l m and to increase the 
number of drops per u n i t area. These r e s u l t s taken together 

showed t h a t the percentage area of the f i l m covered by drops 
reached a maximum of 189^ a t Da)£ = 2 0 . 

- 2g 

2.4.4. Pilmwise condensation on r o t a t i n g cones. 

P r a c t i c a l use has been made of r o t a t i n g c o n i c a l heat 
t r a n s f e r elements f o r the evaporation of l i q u i d f i l m s during 
food processing and f o r both evaporation and condensation 
during the d e s a l i n a t i o n of sea water. 

Hickman (61) i n 1957 described and gave performance data 
f o r a c e n t r i f u g a l b o i l e r and compression s t i l l i n which the 
evaporating l i q u i d flowed i n a t h i n f i l m along the inner surface 
of a r o t a t i n g i n v e r t e d cone. Vapour from the inner surface 
of the cone was c o l l e c t e d and compressed before being released 
to condense on the outer surface of the cone. The pressure 
r i s e was only 0.025 bar. Energy l i b e r a t e d a t the outer surface . 
of the cone during condensation was t r a n s f e r r e d by conduction 
to the i n n e r surface to maintain the evaporation process. 

The evaporation and condensation process described by 
Hickman was given t h e o r e t i c a l consideration by Bromley (62). 
Assuming t h a t the movement of the evaporating f i l m and of the 
condensate f i l m was due only to c e n t r i f u g a l a c c e l e r a t i o n , 
Bromley replaced the g r a v i t a t i o n a l term- i n the Nusselt equation 
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f o r the v e l o c i t y p r o f i l e through a t h i n laminar f i l m w i t h the 
teim , to obtain an equation f o r the f i l m thickness i n teims 

• 2 
of the mass flow r a t e . This equation f o r f i l m thickness enabled 
Bromley t o derive an equation f o r the o v e r a l l heat t r a n s f e r 
c o e f f i c i e n t between the vapour condensing on the outer surface 
of the cone and the vapour evaporating from the f i l m on the 
inner surface of the cone. Agreement between the theory and 
the s c a t t e r of the experimental o v e r a l l heat t r a n s f e r c o e f f i c i e n t s 
was reasonable. The t h e o r e t i c a l p r e d i c t i o n s were between 0 . 6 
and l c 4 3 times the data; w i t h the greatest d e v i a t i o n between 
theory and experiment occurring a t small values of temperature 
d i f f e r e n c e and a t low flow r a t e s . 

More r e c e n t l y , Bruin ( 6 3 ) has gj.ven r a d i a l , t a n g e n t i a l , 
and m e r i d i o n a l v e l o c i t y p r o f i l e s f o r laminar f i l m s of l i q u i d 
moving along the inner surface of an inv e r t e d r o t a t i n g cone. 

Some of the t h e o r e t i c a l work on the heat t r a n s f e r from 
r o t a t i n g discs and cones to sin g l e phase f l u i d s made a 
s i g n i f i c a n t c o n t r i b u t i o n towards the development of a theory 
f o r condensation on r o t a t i n g cones. Wu ( 6 4 ) made a t h e o r e t i c a l 
study of the laminar motion of an incompressible viscous f l u i d 
induced by a r o t a t i n g cone. The Karman-Cochran s o l u t i o n of 
the Wavier-Stokes equations f o r the boundary l a y e r induced by 
a r o t a t i n g i n f i n i t e disc was adapted f o r the boundary l a y e r 
induced by a r o t a t i n g cone. 

Heat t r a n s f e r from the r o t a t i n g i n f i n i t e disc to the 
boundary l a y e r was studied by Mil l s a p s and Pohlhausen ( 6 5 ) 
and by Sparrow and Gregg ( 6 6 ) , but t h e i r r e s u l t s were v a l i d 
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only where the f l u i d p r o p e r t i e s remained constant, and where 
the temperature d i f f e r e n c e s and speeds of r o t a t i o n remained 
small. The technique used by M i l l s a p s et a l v̂ as adapted by 
Tien ( 6 7 ) to study the heat t r a n s f e r from the r o t a t i n g cone 
to the induced boundary l a y e r . The results- were v a l i d f o r 
cones w i t h apex angles large enough to sustain the character 
of the boundary l a y e r . 

Sparrow and H a r t n e t t ( 6 8 ) used the f i n d i n g s of Wu and 
of Tien to modify the theory f o r condensation on r o t a t i n g 
discs ( 4 9 ) to include condensation on r o t a t i n g coneSo The 
f i l m was considered to d r a i n along the surface of the cone 
under the i n f l u e n c e of the comiponent of c e n t r i f u g a l a c c e l e r a t i o n 
resolved p a r a l l e l t o the surface. I n e f f e c t , the change from 
disc to cone merely required t h a t the angular v e l o c i t y co i n 
the dimensionless v a r i a b l e s f o r the disc should be m u l t i p l i e d 
by sincx . Thus the s o l u t i o n of the conservation and energy 
equations f o r condensation on the r o t a t i n g cone was obtained 
by the method used f o r r o t a t i n g d i s c s . The component of the 
g r a v i t a t i o n a l a c c e l e r a t i o n resolved p a r a l l e l to the surface 
could not be included i n the dimensionless v a r i a b l e s , therefore 
the modified theory was v a l i d only where the c e n t r i f u g a l 
a c c e l e r a t i o n dominated drainage. 

Comparing the heat t r a n s f e r c o e f f i c i e n t s f o r r o t a t i n g 
discs and f o r r o t a t i n g cones gave 

• h 1 
cone = (SintX ) ^ 

• h 
disc 

This equation which applies to laminar f l o w , p r e d i c t s t h a t ' t h e 
heat t r a n s f e r c o e f f i c i e n t f o r the cone i s always less than t h a t 
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f o r a d i s c . The presence of waves may a l t e r the above 
r e l a t i o n s h i p . 

Heat t r a n s f e r c o e f f i c i e n t s f o r steam condensing on a 
r o t a t i n g 60° cone were given by Howe and Hoyle (69). The 
experimental r e s u l t s were obtained on the apparatus which 
i s described i n d e t a i l i n section 4 of t h i s t h e s i s ; where i t 

w i l l be found t h a t the 60° cone has a base diameter D = 0.61 m 
and i s mounted w i t h the axis of symmetry v e r t i c a l . 
Experimental r e s u l t s were taken w i t h the cone r o t a t i n g a t speeds 

between zero and 700 rev/min under steam pressures between 1 

and 8 bar. The experimental heat t r a n s f e r c o e f f i c i e n t s were 

c o r r e l a t e d i n terms of the Nusselt number Nu = hD, tu9 r a t i o 
k 

of a c c e l e r a t i o n s a^^jj. -IY^Q non-dimensional group Dcrp. 
2g ^2 

The non-dimensional group Dcrp included the f l u i d 
p r o p e r t i e s r e l e v a n t both to the motion of the f i l m and to 
the character of the surface of the f i l m . " The f l u i d p r o p e r t i e s 
v/ere evaluated a t the Drew reference temperature - tQ +.25(tg-tQ). 
Between the l a r g e s t and the smallest val.ues of t.^., the v i s c o s i t y 
increased by a f a c t o r of 1.4, the surface tension increased 
by a f a c t o r of 1.2 and the density increased by a f a c t o r of 
1 . 0 5 . Thus i t was argued t h a t by increasing t ^ the body force 
remained s u b s t a n t i a l l y unchanged, while the freedom of movement 
of the f i l m increased. Therefore a t a constant Daj2 an increase 

2g 
i n t ^ improves the drainage r a t e and so reduces the e q u i l i b r i u m 
f i l m thickness. I d e a l l y the diameter D i n the group Do^ should 
be replaced by the l o c a l f i l m thickness 6 , but as measurements 
of t h i s were not a v a i l a b l e , D was used to r e l a t e the l o c a l f i l m 



4 3 . 

thickness to the distance from the s t a r t i n g p o i n t of condensation 
near the apex of the cone. 

The Nusselt number was shown to increase w i t h Dap over 
2 

the range o f Do) zero to 7 7 . 
2 2g . r At DIP = zero, the Nusselt mmiber was a f u n c t i o n of 

2g 
2 At Dcu \ 8, the Nusselt number was a f u n c t i o n of 

2g 
Dcrp 

Pop 

1.0 

4 

This change i n the dependence of Nusselt number on Pop was 
• • • • explained i n terms of the wave regimes, which changed p a t t e r n 

2 
w i t h increases i n T)^ . 2g 

The behaviour of the f i l m of condensate on the surface 
of the r o t a t i n g 60° cone was studied by Robson ( 7 0 ) who 
used s t i l l photography to obs'-^rve the formation and drainage 
of the f i l m . Pilm drainage was foUnd to occur only i n a 
d i r e c t i o n p a r a l l e l to the surface o f the cone over the speed 
range 1 0 0 to I 4 O O rev/min. The patterns o f the waves on the 
f i l m were found- to be dependent on Pto^. I r r e g u l a r patterns 

2g 
of roll-waves were observed on the f i l m a t speeds between 1 0 0 
and 4 0 0 rev/min. Over t h i s range of speeds, the wave len g t h 
decreased and the number of waves per u n i t surface area 
increased with-speed. At about 4 O O rev/min, the.roll-waves 
degenerated to r i v u l e t s or streaks of f l u i d which continued 
to e x i s t up to 1 4 0 0 rev/min. As the speed increased over 
t h i s range, the amplitude of the r i ^ a i l e t s appeared to decrease 
and the number of r i v u l e t s per u n i t surface area increased. 

At speeds below 1 0 0 rev/min, the d i r e c t i o n of drainage 
was along the generator of the cone; that i s along the meridian 
of the cone. As the speed increased to about 3 0 0 rev/min, the 
angle made between the drainage path and the generator of the 
cone increased to about 3 0 ° where i t remained constant w i t h 
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f u r t h e r increases i n speed. 

A r e l i a b l e method f o r measuring the l o c a l f i l m thickness 
of the condensate on the r o t a t i n g 60° cone was not a v a i l a b l e . 
To overcome t h i s d i f f i c u l t y , Robson attempted to .simulate 
the drainage of t h i s f i l m of condensate by studying the 
drainage of cold water f i l m s on a second r o t a t i n g 60° cone. 
The v a l i d i t y of the s i m u l a t i o n was based on the assumption 
t h a t the mean thicknesses of the f i l m s of condensate and of 
water were equal when the same mass flow rates occurred on 
each cone at a common cone diameter and speed of r o t a t i o n . 

Robson measured the mean f i l m thickness of cold water 
f i l m s f l o w i n g down the outer surface of a r o t a t i n g 60° cone, 
which was mounted on Holgate's apparatus (71). Cold water 
was introduced to the outer surface of the cone by a 
d i s t r i b u t o r a t the'apex of the cone. Measurements of the mean 
f i l m thickness were made a t several s t a t i o n s along the 
generator of the cone using a capacitance probe. The water 
flow r a t e was varied between 0 . 0 0 9 and 0,127 mVh and the 
speed of r o t a t i o n was var i e d between zero and 660 rev/min. 
Thus mean thicknesses of the water f i l m were obtained f o r 
given cone diameters, speeds of r o t a t i o n and mass f l o w - r a t e s . 
Robson then used Howe's heat t r a n s f e r r e s u l t s (69) to obtain 
the mass f l o w r a t e of condensate a t any cone diameter f o r a 
p a r t i c u l a r speed of r o t a t i o n . At a given speed and a t a 
given cone diameter, the cal c u l a t e d mass flow rate of 
condensate was matched w i t h the mass flow r a t e of cold water 
to o b t a i n a value o f the mean thickness f o r the water f i l m . 
Under these matched conditions the mean thickness of the water 
f i l m was assumed to be the mean thickness of the condensate f i l m 
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The mean thicknesses f o r the condensate f i l m s were 

c o r r e l a t e d by 

6 J)a? Sinf^d) 
2 ^ . 

1 3 
2 = 1 . 1 Re"* 

This equation p r e d i c t s mean thicknesses of 1 . 2 2 times the 

Nusselt v a l u e o 

Holgate ( 7 1 ) made measurements of wave l e n g t h , mean f i l m 
thickness and wave v e l o c i t y f o r cold water f i l m s f l o w i n g 
down the s t a t i o n a r y 6 0 ° cone. The wavelengths were found 
to be between 0 . 0 1 m a n d ' 0 , 0 3 m, These wave lengths v̂ êre 
i n broad agreement w i t h the values f o r condensate f i l m s 
measured by Robson from photographs of the condensate f i l m 
taken a t very low speeds of r o t a t i o n . The mean f i l m thickness 
of water f i l m s on. the s t a t i o n a r y cone was found to be 0 . 9 3 
of the Nusselt value, which was exactly the reduction predicted 
by Kapitza ( 2 7 ) and the v e l o c i t y of the waves was found to 
be 2 c , 5 to 2 . 6 times the l o c a l mean f i l m v e l o c i t y , which was 
only m a r g i n a l l y g r e a t e r than the 2 . 4 times predicted by 
Kapj.tza. Waves on the cold water f i l m s may not be exactly 
the same as the waves on the condensate f i l m s , due to the 
b a s i c a l l y d i f f e r e n t methods of s u s t a i n i n g the two f i l m s , i . e . 
the former has v a r i a b l e mass flow rate w h i l e the l a t t e r has 
constant mass flow r a t e . Thus the mean f i l m thicknesses may 
not be comparable under the matched conditions o f mass flow 
rate,,cone diameter and speed. However, i f one accepts t h a t 
the two thicknesses are comparable, the l a r g e r mean thicknesses 
reported by Robson could be caused by s u b s t a n t i a l components 
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of c e n t r i f u g a l a c c e l e r a t i o n resolved perpendicular to and 

a c t i n g outwards from the cone surface. 

Present work. 

As s t a t e d i n s e c t i o n 2.4.1 the present work i s p a r t of a 
wider i n v e s t i g a t i o n i n t o the t r a n s i e n t thermal stresses i n the 
r o t o r s of steam turb i n e s during cold s t a r t i n g and manoeuvring. 
I n t h i s i n v e s t i g a t i o n the heat t r a n s f e r to such a body has been 
simulated by studying the heat t r a n s f e r from steam to the 
surfaces o f cones w i t h many apex angles. 

Heat t r a n s f e r data f o r steam condensing on a r o t a t i n g 

disc (54) and on r o t a t i n g c y l i n d e r s (55, 56, 58 and 5'r.) have 
been published by other workers. One of the aims of the present 
work i s to extend t h i s heat t r a n s f e r study to include cones 

w i t h i ntermediate apex angles. To achieve t h i s aim, apparatus 
was designed and constructed f o r the measurement of heat t r a n s f e r 
c o e f f i c i e n t s from steam to r o t a t i n g cones and to r o t a t i n g 
axisymmetrical bodies. Experimentally deteimined heat t r a n s f e r 

0 o 
c o e f f i c i e n t s f o r r o t a t i n g cones w i t h apex angles of 10 , 20 
and 60° are presented. Some of the author's r e s u l t s f o r the l a t t e r 

cone have been discussed i n 2.4.4 (69). 
The published heat t r a n s f e r data f o r discs and f o r c y l i n d e r s 

was c o r r e l a t e d a g a i n s t a laminar theory f o r the condensation 
process. I n the present work a theory i s developed f o r laminar 
f i l m w i s e condensation on r o t a t i n g cones w i t h apex angles between 
0° and 180°. The cones are assumed to r o t a t e w i t h the axis of 
symmetry v e r t i c a l and the f i l m s of condensate are assumed to 
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.drain under the i n f l u e n c e of both g r a v i t a t i o n a l and c e n t r i f u g a l 
a c c e l e r a t i o n . Since the eventual aim of the research i s to 
make an experimental study of the heat t r a n s f e r to a r o t a t i n g 
axisymmetrical body such as a t u r b i n e r o t o r , the laminar theory 
f o r condensation on r o t a t i n g cones i s extended to cover the 
condensation on an axisymmetrical body whose p r o f i l e i s 
described by a smooth curve. This laminar theory f o r filmwise 
condensation on r o t a t i n g cones and on r o t a t i n g axis;^?mmetrical 
bodies i s given i n the next s e c t i o n . 



.3.0 THEORY 
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3.0 I n t r o d u c t i o n . 

This s e c t i o n covers the theory used i n presenting the 
experimental r e s u l t s and i s divided i n t o two main p a r t s . 

The f i r s t p a r t i s concerned w i t h a t h e o r e t i c a l study 
of the condensation of steam i n laminar 'films on the ex t e r n a l 
surfaces of r o t a t i n g axisymmetrical bodies. These f i l m s are 
assumed to be drained i n a d i r e c t i o n p a r a l l e l to the 
condensing Surface by the a c t i o n of both g r a v i t a t i o n a l and 
c e n t r i f u g a l a c c e l e r a t i o n s . Two kinds of axis^mimetrical 
bodies are considered during the studyc The f i r s t i s the 
c i r c u l a r cone which i s a sp e c i a l case where the p r o f i l e i s 
formed by a s t r a i g h t l i n e . The second, i s of a more g?neral 
nature where the p r o f i l e i s fonned by a smooth curve. 

A d i f f e r e n t i a l equation, which r e l a t e s the condensate 
f i l m thickness to the distance from the s t a r t i n g p o i n t of 
condensation,is developed from the study. Several a n a l y t i c a l 
s o l u t i o n s f o r t h i s equation are given f o r cones w i t h c e r t a i n 
l i m i t i n g conditions of apex angle and of speed of r o t a t i o n . 
A method o f numerical i n t e g r a t i o n i s given to enable the 
equation to be applied to a wider range of conditions. 
The numerical s o l u t i o n to the equation i s used to calcu l a t e 
f i l m thicknesses and heat t r a n s f e r c o e f f i c i e n t s f o r a large 
range o f speeds of r o t a t i o n and of steam to surface 
temperature d i f f e r e n c e s . These c a l c u l a t i o n s are made and 
presented f o r cones w i t h various apex angles and f o r one 
other kind of axisymmetrical body, where the p r o f i l e i s 
formed by a c i r c u l a r arc. This body i s designed to 
represent the shape of a turbine r o t o r . a t a p o s i t i o n where 
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the shaft meets a blade disc-
•The second p a r t of t h i s section deals w i t h the temperature 

d i s t r i b u t i o n across the w a l l of the hollow cone. Two 
temperature d i s t r i b u t i o n s are considered,, The f i r s t i s f o r 
w a l l m a t e r i a l s which have a constant thennal c o n d u c t i v i t y . 
The second temperature d i s t r i b u t i o n i s f o r m a t e r i a l s where 
the thermal c o n d u c t i v i t y i s assumed to have a l i n e a r 
dependence on temperature. 

3.1 The condensation of steam i n laminar f i l m on the surface 
of a r o t a t i n g cone. 

The important and extensive t h e o r e t i c a l work reported 

by Sparrow and h i s associates has' already been r e f e r r e d to 

as being of p a r t i c u l a r i n t e r e s t because the complete Navier-
Stokes and energy equations were solved using a boundary 
l a y e r approach. One general conclusion, which has relevance 

to the present research, can be drawn from the r e s u l t s of 
t h e i r previous work. This conclusion i s t h a t , f o r f l u i d s 

w i t h P r a n d t l Numbers i n the region of u n i t y and w i t h f i l m 
c o n d i t i o n s where the value of £0 i s less than 0.1, the e f f e c t s 

1 
of both energy convection and of i n e r t i a can be neglected. 
Such a conclusion y i e l d s a q u a n t i t a t i v e c r i t e r i o n which 
defines the high l i m i t of the region where t h i n f i l m 
approximations may be made. 

When applied to the present research work on f i l m 
condensation, which covers both s t a t i o n a r y and r o t a t i n g 
cones, the boundary l a y e r approach i s seen to have several 
disadvantages which are:-
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( i ) When e i t h e r the speed of r o t a t i o n becomes zero, or 
the apex angle becomes sraaD.l, the boundary layer 

character ceases to e x i s t . Tien (67). 
( i i ) The e f f e c t s of g r a v i t a t i o n a l a c c e l e r a t i o n are 

not considered.. 

( i i i ) The given equations f o r f i l m thickness and heat 

t r a n s f e r c o e f f i c i e n t apply only to condensate 
f i l m s s t a r t i n g a t the apex of the cone. 

The f o l l o w i n g t h e o r e t i c a l analysis f o r laminar f i l m s 
of condensate on c o n i c a l surfaces uses a d i f f e r e n t l i n e of 
approach and attempts to overcome these disadvantages of the. 
boundary l a y e r approach.. The theory i s designed to be applied 

to the present research c o n d i t i o n s , where the condensate 
(water) has a P r a n d t l Number near u n i t y and the f i l m s are 
such t h a t the value of ce_ i s less than 0.1. Because these 

1 
c o n d i t i o n s meet the c r i t e r i a f o r " t h i n f i l m s " , the e f f e c t s 
of both energy convection and of i n e r t i a are neglected. 
Thus the condensate f i l m i s assumed to be t h i n and i n 
laminar ,flow in-a d i r e c t i o n p a r a l l e l to the surface and along 
a meridian of the cone. ?ilm drainage i s provided by the 
combined e f f e c t s of both g r a v i t a t i o n a l and c e n t r i f u g a l 
a c c e l e r a t i o n resolved p a r a l l e l to the meridian. As such 
the present laminar theory f o r t h i n f i l m s may be applied t o : -

, ( i ) condensate f i l m s which s t a r t at any distance from 
the apex of the cone, 

( i i ) to cones of any apex angle between 0° and 180°, 
( i i i ) to cones which are e i t h e r s t a t i o n a r y or r o t a t i n g . 
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3.1.1 The co-ordinate system. 

Consider the truncated cone shown i n f i g . 1. The conical 
surface i s described by the r o t a t i o n of a s t r a i g h t l i n e 
generator, about the v e r t i c a l a x i s . The angle of r o t a t i o n 
i s denoted by f , but since the usual assumption of 
angular sj^mraetry i s made, t h i s dimension becomes redundant. 
The r o o t of the generator l i e s a t a- radius of -gii from the 
axi s o f r o t a t i o n and the generator makes an angle OL w i t h a xis 
of r o t a t i o n . Angle o( becomes the semi-apex angle of the cone. 
Throughout the t e x t , cones are r e f e r r e d to by t h e i r apex 
angle, which i s 2od. 

•-Directions p a r a l l e l to the generator are denoted by X 
and distances from the ro o t to some p o i n t on the generator 
i n t h i s d i r e c t i o n are denoted by x. Both X and x are 
considered to be p o s i t i v e i n the d i r e c t i o n of increasing 
cone diameter. D i r e c t i o n s perpendicular to the generator 
are denoted by Y, which i s considered to be p o s i t i v e i n a 
d i r e c t i o n away from' the axis of r o t a t i o n . The distance from 
the generator to some p o i n t i n the condensate f i l m i s 
denoted by y. 

» 

3.1.2 A c c e l e r a t i o n f i e l d . 

. The a c c e l e r a t i o n f i e l d , f o r the cone r o t a t i n g about i t s 
v e r t i c a l a x i s may be resolved i n two p r i n c i p a l d i r e c t i o n s : -

( i ) I n the X d i r e c t i o n , or p a r a l l e l to the generator, 
a = iD 6o2 Sinci + g Cos oc (3.1.1) 

where D = (d + 2x Sinc^) (3.1.2) 
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and ( i i ) i n the Y d i r e c t i o n , o r perpendicular to the 
generator^ 

a^ - iD fl)2 COSQ: - g Sin cd ( 3 . 1 . 3 ) 

I n t h i s study, the t h i n laminar f i l m of condensate i s 

assumed to d r a i n from the cone surface only i n the p o s i t i v e 

X d i r e c t i o n under the influence of a c c e l e r a t i o n a. 

Consequently the a c c e l e r a t i o n i n the Y d i r e c t i o n i s 

.neglected even though i t s magnitude may-greatly exceed t h a t 

of a. ' , 

3.1.3 V e l o c i t y d i s t r i b u t i o n across a lam.inar f i l m of 

condensate. 

The lam'inar f i l m of condensate i s assumed to s t a r t on 
the cone surface a t some distance away from the apex. I n 
f i g , 2, the diameter of the cone a t the s t a r t i n g p o i n t of 
the f i l m i s denoted by d and a t t h a t p o i n t , both x and the 
f i l m thickness 5 are zero. 

• A small elemental r i n g of f l u i d whose cross-section has 
a l e n g t h Ax and a thickness Ay i s p o s i t i o n e d inside the 
condensate f i l m . The upper surface of the element l i e s a t 
a distance x from the s t a r t i n g p o i n t of the f i l m and the 
inner surface of the element l i e s a t a distance y from the 
cone surface. 

I f the change i n the volume of the elemental r i n g 
w i t h change i n distance y i s neglected, then the volume of the 
elemental r i n g of f l u i d i s given by 

V = T T D AX Ay 

The body force on the element i n the X d i r e c t i o n i s 
I ' = pTT D Ax Aj a ( 3 . 1 . 4 ) 
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The shear stress a t the p o i n t y = T 
and a t the p o i n t ' (y + Ay) = 7 t d Tf\j. 

I n terras o f the v e l o c i t y gradient du and dynamic v i s c o s i t y jj. 

the shear stress T = JLI du 
dy 

and ^ - P- §3yL 

The area of the inner surface of the element i s given 

approximately by TTD Ax. Therefore the shear force on the 

inner surface of the element a t the p o i n t y becomes 

S = T T D /ix r ... (3.1.5) 

Assuming t h a t there i s no change between the areas of 

the i n n e r and outer surfaces of the element, the shear force 

on the outer surface o f the element, a t the p o i n t (y + Ay), 

becomes :-

(S f AS) - T T D Ax (T t dr Ay) (3.1.6) 

To ma i n t a i n a balance o f forces a c t i n g on the element i n the 

d i r e c t i o n X:-shear force + body force = 0 . (3.1.7) 
S u b s t i t u t i n g from equations (3.1.4), (3.1.5) and (3.1.6) i n t o 

equation (3.1.7) we have 
TTD p. d2u Ax Ay + p i r D a Ax Ay = 0 

and s i m p l i f y i n g we have 

d£u a ... (3.1.8) 
dy2 >̂  

I n t e g r a t i n g equation (3.1.8) gives an expression f o r the 

v e l o c i t y d i s t r i b u t i o n across the f i l m a t the p o i n t x 
u = - £ a y £ + C 3 ^ y + C 2 (3.1.9) 

M 2 



56. 

I n t r o d u c i n g the boundary conditions f o r the f i l m we have, at 
y = 0, v e l o c i t y u = 0 and the r e f o r e Ĉ  = 0. 

On the assumption t h a t the shear stress a t the free surface. 
of the f i l m i s n e g l i g i b l e , then a t y =S ; du = 0 

dy 
and t h e r e f o r e C-, = p a & 

Hence equation (3.1.9) becomes:-
u = ̂  a- 5y _ y^ 

1^ 
. C O . (3.1.10) 

This equation p r e d i c t s a semi-parabolic v e l o c i t y d i s t r i b u t i o n 
across the f i l m and has a form s i m i l a r to t h a t given by 
Nusselt f o r t i i i n laminar f i l m s on plane surfaces. 

I n equation (3.1o5) the area of the inner surface of 
the elemental I'ing of f l u i d may be c o r r e c t l y w r i t t e n as 

(D + 2y Cosĉ c ) ̂ x 

and i n equation (3.1.6) the area of the outer surface of the 
element becomes 

(D + (2y + 2Ay) Cos o( ) ̂ x 

Carrying these a d d i t i o n a l terms through to the d i f f e r e n t i a l 

equation f o r the v e l o c i t y d i s t r i b u t i o n introduces a new term 
2 Cos (X du 
(D -+ 2y Coscx ) dy 

to the l e f t - h a n d side of equation (3.1.8). The presence of 
t h i s a d d i t i o n a l term modifies the s o l u t i o n f o r the v e l o c i t y 
d i s t r i b u t i o n and gives, a f t e r i n t r o d u c i n g the boundary 
co n d i t i o n s , 

2 u = - pa J _DJ 
yU. 4 Gosa 

+ 
4 

8 GosD*. 
+ D S + fi_ 
2- Cosot 2 

2 In' 1 + 2y Coso: 
D 

The above equation may be s i m p l i f i e d by using a series 
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expansion f o r the I n term:-

I n 1 + 2y Cosot 
D 

2y Gosot - 2y^ Coŝ oC 
D D2 

+ 8 y5 Cos% - 4y^ Cos^c( 
3 D3 D4 

+ other terms 
For t h i n f i l m c onditions where y i s very much less than D, 
a l l tenns of y-̂  and of higher orders may be neglected to 

give a v e l o c i t y d i s t r i b u t i o n of 

u = yOa h - r 
2 

This equation f o r u agrees w i t h t h a t obtained by the 

i n t e g r a t i o n of equation (3.1.8).. ' • ' ' 

By i n t e g r a t i n g equation (3.1.10) between the l i m i t s y = 0 

and y = & the mean v e l o c i t y of flow U at the point x can be 

detennined 
( 3 . l o l l ) 

3ol.4 Conservation of energy. 

Consider a second element abed.shown i n f i g . 3. When 

ro t a t e d about the v e r t i c a l a x i s , the element forms a c o n t r o l 

volume i n the condensate f i l m . 

The equation f o r conservation of energy i n the c o n t r o l 

volume may be w r i t t e n i n a d i f f e r e n t i a l form as:-
n(d+2xSinc()k dt' Ax = Pd 

fe L 
y=0 

+ pd 

1 7T(d+2xSinc()u dy Ax 

n(d+2xSinoc)uc(tg-t) dy X 
(3.1.12) 
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The terra on the l e f t hand side of the equation represents the 
energy t r a n s f e r to the inner surface of the c o n t r o l volume 
denoted by l i n e ad. . The f i r s t term on the r i g h t hand side 
of the equation represents the energy l i b e r a t e d by the vapour 
condensing on the outer surface of the c o n t r o l volume denoted 
by l i n e be. The second term on the r i g h t hand side represents 
the energy l i b e r a t e d by under-cooling the condensate. 

For t h i n f i l m s i t has been shown by Sparrow et a l that 
the temperature d i s t r i b u t i o n i s l i n e a r . 

Therefore the temperature at- any p o i n t y may be expressed 
as : -

t = to t y © 
h 

and the temp.erature gradient a t the surface becomes :-
'dt' 

y=0 
6 

Thus the conservation equation becomes:-

e_l./lx = jOd[ 1 .7T(d+2xSino()u dy h: 
S dx 

7T(d+2xSina)k 

rS 
+ M 7T(d+2xSino()uce(l-y) dy 

dx^0 3 

The terms i n brackets 

Ax 

( 3 . 1 . 1 3 ) 

on the r i g h t hand side, may be 
i n t e g r a t e d at constant_x between the l i m i t s of 5 and zero 
g i v i n g : -
7r(d+2xSinoc)k 6 4x = pd_r npl(d+2xSinc()a £3 A x 

'dx"- M 

+ pd rTrpce(d+2xSino()a S^l /\x 
'dx*- M 

Equation (3.1.14) can be s i m p l i f i e d t o : -
(d + 2x Sin(X) k Q = 1 + 3 c9 

6 51 L 8 

8 
( 3 . 1 . 1 4 ) 

d_ 
dx 

D a 
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where D = (d 4- 2x Sin li) 

Completing the d i f f e r e n t i a t i o n of the r i g h t hand side of the 
equation we haver 
Dk e 

S 

0.2(1+300) 
^ 8 

3 D a i 2 ^ + DiS^da i- a^'^ dD 
dx dx dx 

and s i m p l i f y i n g we' have:-
a dS + 

dx 3 
da + a dP 
dx D dx 

k e 

p' 1 + 1 c e 

The group of f l u i d p r o p e r t i e s /U k 9 may be w r i t t e n as c Q \)'^ 
p2 .Pr 

which i s the form used by Sparrow & Gregg. 

a dl^ 2L. 
dx 3 

4 da -f a dp 
dx D dx 

c e r 
Pr f l f 1 c 6' 

^ 8 ^ 
( 3 . 1 . 1 5 ) 

The f r a c t i o n 3. which appears i n the above equation i c only 
8 

v a l i d i f the v e l o c i t y d i s t r i b u t i o n i s semi-parabolic and the 
temperature d i s t r i b u t i o n i s l i n e a r . For t h i c k f i l m s , 0.1<c0 <2.0 

1 
Rohsenow (13) has shown t h a t the f r a c t i o n should be 0.68. 

3.1.5 Mass flow r a t e a t p o i n t x. 

I t can be shewn t h a t equation (3.1.15) can be found from 
a simple mass balance on a c o n t r o l volume i n the f i l m . 
Again consider the c o n t r o l volume shown i n f i g . 3. 

• • The mass flow r a t e across plane ab 
m = 7 T D S U o (3.1.16) 

At plane cd, which i n t e r s e c t s the cone surface a t po i n t 
(x 4- Ax) , the mass flow r a t e i s 

ifl + dm Ax 
dx 

/ 

D i f f e r e n t i a t i n g equation (3.1.16) we get 
.7r dm 

dx 
D S dU + DU dS + SU dD 

dx dx dx 
(3.1.17) 
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3.1.6 Condensation r a t e 

Condensation takes place at the l i q u i d vapour i n t e r f a c e 
which coincides w i t h the outer surface of the c o n t r o l volmiie. 
This outer surface i s denoted by l i n e be i n f i g . 3. 

When the f i l m thickness S i s very small i n comparison 
w i t h diameter D, the area of the outer surface of the 
element i s approximately = 7TD/lx. 

Assuming tl'iat the heat t r a n s f e r from the steam through 
the f i l m to the surface of the cone i s by conduction only, we 
can express the energy flow rate per u n i t area of surface by 
Fourier's Equation 

energy flow r a t e 0" = - k ( t o - t g ) (3.1.18) 
i m i t area 

thus the condensation r a t e G = ^ - (3.1.19) 
u n i t area 1 , 

Hence the condensation r a t e over the outer surface of the 

element i s 

G 77 D Ax . . ... (3.1.20) 

3.1.7 Conservation of mass. 

A mass balance may be made on the three sides of the 
c o n t r o l volume through which f l u i d may pass,namely sides 
ab, be and cd. 

The equation f o r the conservation of mass on the c o n t r o l 
becomes:-

m t dm /Ix = m G 7T D /!x 

or dm = G TT D (3.1.21) 
dx / 
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Expanding equation (5.1.21) using equation (3.1.1?) and 
(3.1.20) we have:-

D S d U + D U d S + SUdD 
dx dx dx 

G D 

P 

( 3 . 1 . 2 2 ) 

The s u b s t i t u t i o n f o r dU i s obtained by d i f f e r e n t i a t i n g equation 
dx 

( 3 . 1 . 1 1 ) 

dU 
dx ^ 1 3 

2 a S d ^ t S£ da 
dx 3 dx 

On c o l l e c t i n g terms the equation ( 3 . 1 . 2 2 ) becomes:-

a 6^ dS + M 
dx 3 

da + a dD 
dx D dx 

c O j ) ' 
Pr r 1 + 3 c e ' 

L 8 
( 3 . 1 . 2 3 ) 

We can show from equation ( 3 . 1 . 1 5 ) t h a t the s p e c i f i c 
enthalpy of condensation i n equation ( 3 . 1 . 2 2 ) can be 

replaced by ( 1 + 3 0 0 ) to account f o r the energv t r a n s f e r r e d 
8 . • " 

to the cone by the ujider-cooling of the condensate. 

3.1.8 Behaviour of Equation ( 3 . 1 . 1 5 ) . 

Equation ( 3 . 1 . 1 5 ) i s the governing equation f o r condensate 

f i l j n s on the outer surfaces of r o t a t i n g cones. Before 

i n v e s t i g a t i n g the behaviour of the governing equation i t 

should be rearranged i n t o a more s u i t a b l e form:-

d_&4 = 4 H - i S l 
dx • 3 

da + a dD 
dx D dx 

( 3 . 1 . 2 4 ) 

where H = c e s) 2-
P r T l + 3 c e) 

8 

For the cones considered i n t h i s study, a i s given by equation 

( 3 . 1 . 1 ) from which 
da = ̂ 2 Sin^oC 
dx 

and D i s given by equation (3.1.2) from which 

dD = 2 SinOC 
dx • 

(3.1.25) 

(3.1.26) 
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Therefore the governing equation becomes:-

d i i = 4JH - , 5J 
dx 3 

26)2 Sin2c< + 2 g Sino( Cos ol 

1 D«2 SincA -i- g Cos (X 
12 J (3.1.27) 

At zero speed, the above equation reduces t o : -
d6^ = 4 H 
dx 

8 i i r g S i n ^ Cosol 
3 D L, 
g Costx (3.1.28)-

When (X i s zero the slope dS4 remains f i n i t e and p o s i t i v e . 
- dx 

Since the second tenn i n the numerator also remains, p o s i t i v e 
f o r a l l f i n i t e values of c(, the slope d j j ; w i l l decrease as the 

dx 
f i l m grows. The slope w i l l only become zero when 

H = 2 51 g Sino( CostX 
3 D-. ^ 

or 3 D H 

d__ 
dx 

2 g Sinoc CosO( . 
The r a t e of change of slopcr i s 

i i ^ l r 
dx J - 8 Sino^ ^ dD - 1 

3 . ^ [ D2 dx D dx 
-By i n s p e c t i o n , i t can be seen t h a t both the rate of change 
of slope d_ d£l and the slope d^^ are zero when D becomes 

dx dx • dx 
i n f i n i t e . Therefore the f i l m thickness grows monotonically 
from zero to i n f i n i t y . I f the f i l m s t a r t s a t some p o s i t i o n 
away from the apex, the presence of the cone diameter 
D (= d + 2 X Sin01) i n equation (3.1.28) w i l l have the e f f e c t 
of reducing the magnitude of the second term. I f t h i s occurs, 
the f i l m thickness should be greater than t h a t which would 
occur i f the f i l m s t a r t e d a t the apex. 
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When g = 0, equation (3.1.27) reduces to":-

H - 2&4 Sin^ci 
dx 3 (3.1.29) 

1 Sin 
2 

I f the f i l m s t a r t s a t the apex (D = 0 ) , the slope d 
dx • 

becomes i n f i n i t e . I f the f i l m s t a r t s a t some p o i n t away from 

the apexp the slope becomes f i n i t e f o r a l l f i n i t e values of 

ii) and Sinc< . The slope dS£ should tend tov^^ards zero very. 
dx 

r a p i d l y because i n equation (3.1.29) both the second term 

i n the numerator and the presence of the cone diameter D 

i n the denominator, are c o n t r i b u t i n g to the rate of decrease 

of slope. 
d c a n only be zero v/hen D i s i n f i n i t e or when 
dx 
H = ^ 20? Sin^oC 

3 
^4 _ . H or 2 3±n^oL 

I t can be shown t h a t d_ 
dx 

d S l 
dx i s also zero when d^^ i s zero. 

dx 

At t h i s p o i n t the f i l m thickness becomes independent of D 

or X, and w i l l remain uniform. 
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3.2 The condensation of steam i n a laminar f i l m on the 

surface of a r o t a t i n g axisymmetrical body whose 
p r o f i l e i s formed by a smooth curve. 

Having completed the study o f the condensation o f steam 
i n a laminar f i l m on the surface o f a r o t a t i n g cone, the 
general method of analysis may be taken one stage f u r t h e r 
and thereby made more widely a p p l i c a b l e . The next stage i s 
to consider the condensation of steam i n a t h i n laminar 
f i l m on the surface of a r o t a t i n g axisymmetrical bodj. 

vv'hose generator i s formed by a smooth curve. The e s s e n t i a l 
d i f f e r e n c e between the body with-the curved generator and 
the cone l i e s i n the angle a; . For the cone the angle ct. 

i s the semi-apex angle and i s uniform w i t h x. The angle 
f o r the curved generator becomes a v a r i a b l e dependent on x 
and as such needs to-be re-defined. Therefore new expressions 
must be derived to r e l a t e both the angle of. and the diameter 
of the body, to the distance along the curve. I n t h i s study, 
the reasoning applied to the f l u i d flow i n the f i l m and to 
the energy t r a n s f e r across the f i l m i s almost the same as 
t h a t already given f o r cones. I n most instances the 
same assumptions are made. As such, the presentation of 
these two aspects of the study w i l l be kept b r i e f to avoid too 
much r e p e t i t i o n . However the presentation w i l l v e r i f y t h a t the 
general method of analysis can be extended to cover bodies 
w i t h curved generators. 

The f i r s t step i s to introduce a new p a i r of co-ordinates. 
These are the c a r t e s i a n co-ordinates 77 and i , which s p e c i f y 
d i r e c t i o n s p a r a l l e l to the axis of r o t a t i o n , and d i r e c t i o n s 
perpendicular to the axis o f r o t a t i o n , r e s p e c t i v e l y . 
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Their i n t r o d u c t i o n eases the task of s p e c i f y i n g the shape 
of the curve which forms the generator. The co-ordinates X 
and Y remain as before i n the analysis f o r cones; but t h e i r 
existence on the curved generator needs to be c l a r i f i e d . 
At any p o i n t on the curved generator, the X d i r e c t i o n i s 
always t a n g e n t i a l . t o the curve and the Y d i r e c t i o n i s always 
perpendicular to X and i n the d i r e c t i o n o f the radius of 
curva t u r e . The distance along the curve from the starting-
p o i n t of the condensate f i l m i s s t i l l represented by x and 
the distance from the surface o f the body to some p o i n t i n 
the f i l m i s s t i l l denoted by y. The new co-ordinate system 
i s shown i n f i g . 4. The curve of the generator i s s p e c i f i e d 
i n terms of the c a r t e s i a n co-ordinates rj and 5 and may be 
defined as 

^ = f ( T ] ) • ... (3.2.1) 

The l e n g t h of a very small p a r t of the curve, denoted by/\x, 

i s r e l a t e d to the co-ordinates Tj and I by the equation 
Ax^ =hr]2 + /1̂ 2 (3.2.2) 

As /!• approaches zero, then 

dx = , 1 + 2" 1 
2 (3.2.3) 

dT] 
The l e n g t h of the curve x from the o r i g i n a t t] =̂  0 to some 

p o i n t p may be expressed as 
^ = p 

7]-0 

1 + i i 
dT] 

\^ dT] (3.2.4) 

I n most instances the equation f o r the curve w i l l not permit 

equation (3.2.4) to be i n t e g r a t e d w i thout using a numerical 

method of i n t e g r a t i o n . 
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F i g . 4 shows the oi'igin of the generator curve 
p o s i t i o n e d a t a p o i n t j^d from the axis o f r o t a t i o n ; t h a t i s 
the v e r t i c a l a x i s . Rotating the generator curve about the 
v e r t i c a l axis describes the outer surface of the axisymmetrical 
body. 

The diameter of the body a t any p o i n t on.the surface 
then becomes :-

D = d -t 2 f(T|) (3.2.5) 

or D = d + 2 ̂  (3.2.6) 
Therefore d D - 2 d £ (3.2.7) 

dT) dr) 

From (3.2.7) and (3.2,3) 
d i 

dD = 2 dr? (3.2.8) 
• f - - ' J -L dx 

1 dn] i Idr] 
The angle cX. i s shown i n f i g . 4 and i s re-defined to be the 

angle made between the tangent to the generator curve and 

the v e r t i c a l a x i s . Since the curve i s defined i n terms of Tj 
and ^ , equation (3.2.1) gives 

d i = tanoc (3.2o9) 
dn 

from which 

d f i - ^ d^ (3.2.10) 
^^2 Cos^ci dTj 

1 p where —=^=75— = 1 + tan'^ 
Cos^Dt 

equation (3.2.10) becomes 
d2e 

1 + ,dT|J J 
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S u b s t i t u t i n g f o r dx from equation (3.2.3) gives 
d^. , 
d2^ 

dot - . _ A I L 2 _ ^̂ ^̂  (3.2.12) 
dx 1 + 

dT]] J dT] 

The a c c e l e r a t i o n f i e l d f o r the body w i t h the curved 

generator may be resolved, as before, i n t o two components 

( i ) I n the X d i r e c t i o n 

a = i D cu^ Sin K g Cos PC ' (3.2.13) 

and ( i i ) I n the Y d i r e c t i o n 

a - i Dio2 Cosa - g Sinot ....... (3.2.14) 

Consider the small elemental r i n g of f l u i d , whose cross-

s e c t i o n has a l e n g t h hx and a thickness /iy, shown i n f i g . 5 . 

The element i s positioned i n s i d e the f i l m and has co-ordinates 

f o r i t s upper-most and innermost surfaces of x and y re s p e c t i v e l y . 

Making the t h i n f i l m approximation gives the volume of the 

elemental r i n g of f l u i d as 

V = TTD Ax i\y (3.2.15) 

The body forc e on the element i n the X d i r e c t i o n i s 

¥ = puD Ax Ay a (3.2.16) 

The shear stress a t the inner surface of the element a t the 

p o i n t y i s T and a t the outer surface of the element, at 

the p o i n t (y + Ay) , i s {T -¥ iT Ay ) 
ay 

since 7~ = yCt du 
dy • 

2 
and ^ ^ M d- u 

The shear force a t the inner surface of the element becomes 
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S - TTD Ax r (3.2.17) 
and the shear force a t the outer surface of the element 
becomes :-

( S As) = TTD Ax r + d j Ay 
dy 

(3.2.18) 

A balance o f the forces a c t i n g on the element i n the X 
d i r e c t i o n i s maintained by the equation :-

net shear force it- body force = 0 
Thus 

l2n Air A- ^TTVI a AIT — H (3,2.19) TTD jJ^ d'̂ u Ax Ay + yOTTD a A x hy = 0 
<ay2 

hence d^u = - ̂  a 
dy 

(3.2.20) 

The boundary conditions f o r the f i l m on the curved generator 

are the same as those used f o r ' t h e cone:-
a t y = S , du =̂  0 • 

dy 
and a t y = 0, u = 0 
I n t e g r a t i n g equation (3.2.20) tv/ice, and imposing the above 
boundary c o n d i t i o n s , y i e l d s an expression f o r the v e l o c i t y 
d i s t r i b u t i o n across the f i l m . 

S y - y2 (3.2.21) 
2~. ' 

which gives a mean v e l o c i t y of flow i n the X d i r e c t i o n 
U = ^ a h (3.2.22) 

3/i 

These two equations have the same form as t h e i r counterparts 

f o r the conco 
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Consider a second element abed shown i n f i g . 6. 

When the element r o t a t e s about the v e r t i c a l axis a c o n t r o l 

volume i s foi^ned i n the f i l m . The equation f o r conservation 

of energy i n the c o n t r o l volume may be w r i t t e n i n a 

d i f f e r e n t i a l form as:-
s 

ADkfdjfcl^x = p d J l J T T D u d y ] f\x 
d y j dx ° 

y=o . 
+ pd [ n D u c ( t ^ - t ) dy ] 4x 

^ d l ^ 
(3.2.23) 

I f the assumption of a l i n e a r temperature gradient across 

the f i l m i s made 
t - t ^ -f y e 

6 
and the temperature gradient a t the condensing surface 
becomes :-

= Q 
5 

y=0 
Thus the energy equation becomes:-

TTDkG 4x = pd !̂  1 Tl'l'u dy ̂  4x 
6 ^dx ° ̂  

+ £d[ 7TDuc9(l-y) dy ] Ax • (3.2.24) 
'dx °̂ 5 • 

The r i g h t hand side of equation (3.2.24) may be integ r a t e d 

f o r constant x and s i m p l i f i e d to g i v e : -
(D a §5) (3o2.25) D 6 = p £ ( l + | c e ) d_ 

dx 
Completing the d i f f e r e n t i a t i o n of the r i g h t hand side gives:-

Dke 
& 

( 1 c 0) 3Da52d&_ + D63da + aS^dD 
dx dx dx 

which s i m p l i f i e s to give 

dx 3 
da a dD 
dx D dx J P r ( l + F c 0) 

(3.2.26) 
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Where the group of f l u i d p r o p e r t i e s 
u k 6 has been w r i t t e n as c__0 ̂ 2 

Pr ( 1 •+ I c 6) 
The preceding analysis has shown t h a t the governing equation 

f o r the f i l m thickness on the curved body i s the same as 
t h a t derived f o r .the cone. 
Equation ( 3 . 2 . 1 3 j i s used to obtain 
da = izD2Sino( dD + (iDwSCosod-gSincc) dW ( 3 . 2 c 2 7 ) 
dx dx dx 
where dD and d^ are given by equations ( 3 . 2 o 8 ) and (3.2.12) 

, dx dx 
r e s p e c t i v e l y . 

Although the a c c e l e r a t i o n i n the Y d i r e c t i o n a , has 
been neglected f o r the reason already s t a t e d , t h i s a c c e l e r a t i o n 
has appeared on the r i g h t hand.side of equation (3.2.27) 
a f t e r d i f f e r e n t i a t i n g a c c e l e r a t i o n a w i t h respect to the 
changing angle cx . A c c e l e r a t i o n ay i s accompanied by the 
m u l t i p l i e r d« which i s by d e f i n i t i o n the l o c a l radius of 

dx . • 
curvature o f the generator curve. The average curvature of 
a small arc on any curve i s defined as the rate of t u r n i n g 
of the tangent to the arc w i t h respect to the length of arc, 

or as 
curvature - Act 

Ax " . 
I n the l i m i t as A approaches zero, the curvature a t a po i n t 
on the Curve becomes 

curvature = do( 
dx 

which i s expressed f o r any curve i n terms of the co-ordinates 
7̂  and E by equation (3.2.12). The l o c a l radius of curvature 

a t a p o i n t on the curve i s by d e f i n i t i o n equal to the r e c i p r o c a l 
of the curvature, t h e r e f o r e 

d£L = 1 
dx r 
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3.3 A n a l y t i c a l s o l u t i o n s f o r equation (3.1.15) 

Equation (3.1.15) f o r cones where the apex angle i s 
uniform w i t h x has the form 

a 5^ d8 1̂  M 
dx 3 

da - f a dP 
dx D dx J Pr [1 + t c 0; 

Equation (3.1.15) does not appear to have a complete 
a n a l y t i c a l s o l u t i o n f o r the general case because of the 
non - l i n e a r c o e f f i c i e n t s . Hov/ever a p a r t i a l a n a l y t i c a l 
s o l u t i o n to the equation may be obtained by in t r o d u c i n g a 
new v a r i a b l e v such t h a t 

= V X o (3.3.1) 
gives • 4 S d S = v + x d v ' (3.3.2) 

dx dx • 
S u b s t i t u t i n g the new r e l a t i o n s h i p s f o r S and f o r .dS_ i n t o 

dx 
equation (3.1.15) gives:-

dv -f V 
dx 

1 4- 4 f a j2 Singed i- 2 Since 

where 

Lx 3 I 

H - c e 1) 2 
Pr (1 +.3 c e) 

8 

a D 
4 H 
a 

(3.3.3) 

The i n t e g r a t i n g f a c t o r f o r (3.3.3) becomes 
4/3 4/3 • (3.3.4) I . F. = X a D 

and equation (3.3.3) reduces to 
d„ (x a D ^) . 4 H a D -̂ /̂  
dx 

or a D 4/3 4 H 

where x v = S4 

A numerical method must be used to evalute the i n t e g r a l 

on the r i g h t hand side of equation (3.3.5) except where c e r t a i n 

a D 4/3 dx (3.3.5) 
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s i m p l i f y i n g assumptions can be made. 

. Consider one of the extreme conditions of r o t a t i o n where 

the f i l m drainage i s dominated by c e n t r i f u g a l a c c e l e r a t i o n , 

such t h a t 1 (d -t 2 X Sinc'>)(u2 S i n d i s much greater than 
2 

g Coso{. Then equation ( 3 . 3 . 5 ) reduces toi-

23 (df2xSin )^(w2sina)3 = 4H 2^ (df2xSinD()Ma3^Sino()^dx 

( 3 . 3 . 6 ) 

The r i g h t hand side can be i n t e g r a t e d . I f the f i l m s t a r t s 

a t cone diameter d, then x = 0 a t d and 6 = 0 at x = 0 . 

Using these l i m i t s to evaluate the constant of i n t e g r a t i o n 

gives an equation i n tenns of the f i l m thickness 
""(a t 2 X S i n a ) 8 / ^ - ̂  8/5 H 

2 4)2 "Si"^D; 
- .d 

(d + 2 X Sinix) 8 / 3 ' 

. ( 3 . 3 o 7 ) 

This equation applies to the c o n d i t i o n of zero g r a v i t a t i o n a l 

a c c e l e r a t i o n which was considered by Sparrow et a l . When 

the condensate f i l m s t a r t s a t the apex, d = 0 and equation 

( 3 . 3 . 7 ) reduces to 

1.1068 k e / I 
1 yo2 ^2 Sin2o( 

1. 
4 ( 3 . 3 . 8 ) 

where under-cooling has been neglected 

h = 0.904 k 5 1 n2 4 (Since). ( 3 . 3 c 9 ) 

These equations f o r h and f o r h agree w i t h those given 

'by Sparrow and Ha r t n e t t (68) f o r t h i n f i l m s on r o t a t i n g cones 

i n the absence on g r a v i t y . Making the apex angle 2c< = 180° 

reduces the two equations to those given by Sparrow and Gregg 

(49) f o r t h i n f i l m s on r o t a t i n g d i s c s . Under such conditions 
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the condensate f i l m remains uniform w i t h x, but when the f i l m 

s t a r t s a t some distance away from the apex, the f i l m thickness 

and the heat t r a n s f e r c o e f f i c i e n t become dependent on both d 

and X. 

Consider the other extreme c o n d i t i o n of r o t a t i o n where 

the cone i s s t a t i o n a r y . Equation (3.3.5) reduces to 

,4 1/3 4/3 
a (gCoso() (d+2xSinO() 4H 

1/3 4/3 
(gCoscK) (d+2xSin£X) dx 

(3.3.10) 

and the r i g h t hand side can be i n t e g r a t e d . I n t r o d u c i n g the 

boundary conditions , X = 0 a t cone diameter d ,and S'.= 0 a t 

X = 0, enables the constant of i n t e g r a t i o n to be evaluated 

and equation (3.3.10) reduces to 

5^ H 
7 g Coso. Sin(X 

V/3 _ . 7/3 (d + 2 X Since) ^ - d 
(d f 2 X Sinoc) 4/3 

(3.3.11) 
I f under-cooling i s neglected and the .film s t a r t s a t the apex 

where d = 0 

and 

h = 1.1442 

h = 0.8739 

k 0 X 1/^. 
[ l y02 g COSOC 

k3 1 p2 g Coscx 1/4 

(3.3.12) 

(3.3.13) 
Q fi X 

These two equations agree w i t h those given by Dhir and Leinhard (37) 
f o r s t a t i o n a r y cones. As the apex angle approaches zero, 
the cone i s almost reduced to a l i n e , f o r which the t h i n f i l m 
approximation i s v i o l a t e d and equations (3.3.12) and (3.3.13) 

become i n v a l i d . 
Returning to equation (3.3.11) i t can be shown t h a t when 

the apex angle of the truncated cone approaches 0°; t h a t i s 

f o r condensate f i h n s on a v e r t i c a l c y l i n d e r w a l l 

= ' 4 H X • . . 
g 
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or 

and 

& = l o 4 1 4 

h =0.707 

k e X 

L 1 / 

Q ju X 
% • e o c 

( 3 . 3 . 1 4 ) 

. . ( 3 . 3 o l 5 ) 

These two equations agree w i t h those given by Nusselt f o r t h i n 
f i l m s o f condensate on plane v e r t i c a l surfaces. 

Although equation ( 3 . 1 . 1 5 ) cannot be solved completely, 
the p a r t i a l s o l u t i o n i s i n t e r e s t i n g because i t shows t h a t the 
i n t e g r a l i s only a f u n c t i o n of two tenns, ( i ) the combined 
g r a v i t a t i o n a l and c e n t r i f u g a l accelerations resolved i n the 

X d i r e c t i o n and ( i i ) the cone diameter. Thus i t can be seen 

t h a t the complete equation f o r the f i l m thickness w i l l have 

a s i m i l a r fonn to t h a t give:c Dy Fasselt and others, but w i t h 
an a d d i t i o n a l m u l t i p l i e r which i s a f u n c t i o n of the resolved 
a c c e l e r a t i o n s and the cone diameter 

1 / 3 4 / 3 
^ = 4l£6u " 4 l a D 

JTTrJTT 

The i n t e g r a l needs separate numerical s o l u t i o n s f o r intermediate 
c o n d i t i o n s of r o t a t i o n between zero and high speed, but t h i s 
numerical s o l u t i o n i s not d i f f i c u l t to achieve. However,- very 
r e c e n t l y Professor H. Marsh has shown t h a t by reducing 
equation ( 3 . 1 . 1 5 ) to a dimensionless form, only one numerical 
i n t e g r a t i o n i s required to cover a l l intermediate conditions 
of r o t a t i o n . This s o l u t i o n i s given i n appendix A. 
Equation ( 3 . 1 . 1 5 ) may also be used w i t h i n the l i m i t s of 
the t h i n f i l m approximation f o r v a r i a b l e steam to surface 
temperature d i f f e r e n c e s . The experimental temperature 
d i s t r i b u t i o n along the outer surface w i l l be used i n equation 
( 3 . 1 . 1 5 ) to c a l c u l a t e the t h e o r e t i c a l laminar f i l m thickness 
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and the t h e o r e t i c a l heat t r a n s f e r c o e f f i c i e n t f o r the t e s t 
c o n d i t i o n s . A comparison may then be made between the 
t h e o r e t i c a l and the experimental heat t r a n s f e r c o e f f i c i e n t s . 
Therefore a numerical s o l u t i o n to equation (3.1.15) would 
also a s s i s t the i n t r o d u c t i o n of the v a r i a b l e temperature 
d i f f e r e n c e . 

A s o l u t i o n of equation (3.2.26) f o r bodies w i t h curved' 

generators w i l l almost c e r t a i n l y have to be obtained 

n u m e r i c a l l y , since most curves do not f u r n i s h simple 

equations f o r the angle « i n tenns of the distance along the 

curve X. 

I n the next section-a method of numerical i n t e g r a t i o n , 

whi'jh-enables equations (3.1.15) and (3.2.26) to be solved i n 

t h e i r complete and u n s i m p l i f i e d forms, i s developed. 
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5.4 A numerical s o l u t i o n of the governing equations f o r f i l m 
t h i ckness. 

The equations governing the f i l m thickness on both 

r o t a t i n g cones and on bodies w i t h curved generators have 

the same general form. -Because of t h i s , the numerical method 

given i n t h i s s e c t i o n i s applicable to both equations. The 

governing equation, which i s a f i r s t order d i f f e r e n t i a l 

equation, should f i r s t be rearranged to g i v e : -

, _ — , .0 (3 .4 .1) 
dx 

H - S4 a dD + da 
• 5 . D dx dx . 

This i s the form required f o r the numerical s o l u t i o n , which 
i n t e g r a t e s along the slope d6_ from the s t a r t i n g p o i n t of 

dx . , • 
the f i l m , to produce- a curve of f i l m thickness against the 
distance from the s t a r t i n g p o i n t x. 

The numerical s o l u t i o n f o r equation (3 .4 .1) i n the 
general case, (see sec t i o n 3 . 1 . 8 ) , presents one major problem 
At the s t a r t i n g p o i n t o f condensation the equation e x h i b i t s 

a s i n g u l a r i t y , which means th a t a t that p o i n t , the f i l m 
thickness i s zero and the slope dS i s i n f i n i t e . C l e a r l y 

dx 
numerical i n t e g r a t i o n cannot proceed under t h i s handicap, 
t h e r e f o r e the f i l m thickness at the s t a r t i n g p o i n t of 
condensation must be given a very small but f i n i t e value. 

—12 

An i n i t i a l value of 10 m was used by the author. This, 
together w i t h the author's logaritlomic system f o r s p e c i f y i n g 
the ^ i n t e g r a t i o n i n t e r v a l (shown i n f i g . 7 ) permitted the 
governing equation to be solved using the Milne f i f t h - o r d e r 
v a r i a b l e step p r e d i c t o r - c o r r e c t o r method of numerical 
i n t e g r a t i o n , i n conjunction w i t h the IBM Continuous System 
Modelling Program (C.S.M.P.) The computer program was run 
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on an IBM 360/6? d i g i t a l computer. 
The use of the l o g a r i t h m i c system f o r s p e c i f y i n g the 

i n t e g r a t i o n i n t e r v a l i s essential^ because of the very large 
28 

slope o f d5 which can be i n the order of 10 a t the s t a r t i n g 
dx 

p o i n t o f condensation. With the l o g a r i t h m i c system, 
-46 

i n t e g r a t i o n commences a t i n t e r v a l s of 10 m f o r the f i r s t 
ten i n t e g r a t i o n steps; the next ten steps have an i n t e r v a l 

-45 -44 
of 10 m: the next ten steps have an i n t e r v a l of 10 m 
and so on. By using t h i s system the i n t e g r a t i o n i n t e r v a l • 
increases as the slope d^ decreases. Thus i t i s possible to 

dx 
achieve extremely accurate i n t e g r a t i o n w i t h less than 500 
steps, because the m a j o r i t y of the steps are confined to 
t h a t p a r t o f the curve where the slope d5 undergoes i t s most 

dx 
ra p i d r a t e of change w i t h x. 

Because the numerical i n t e g r a t i o n s t a r t s a t such a large 
slope dS_, i t i s necessary to provide a check f o r the values 

dx • 
of f i l m thickness a t distances away from the s i n g u l a r i t y . 
For c e r t a i n conditions of r o t a t i o n and apex angle, exact values 
of f i l m thickness may be obtained from the a n a l y t i c a l s o l utions 
given i n s e c t i o n ( 3 . 5 ) . I t i s convenient to use these exact 
values o f f i l m thickness to provide an accurate standard 
against which the values obtained from the numerical s o l u t i o n 
can be compared. ' 

F i g . 8 shows the f i l m thickness given by the numerical 
s o l u t i o n o f the governing equation f o r a disc r o t a t i n g a t 
100 rev./min. The condensate f i l m i s assumed to s t a r t at the 
centre of the d i s c , the P r a n d t l number f o r the condensate i s 
1,37 and the steam to disc surface temperature d i f f e r e n c e i s 
10° C. Also shown on f i g . 8 i s the f i l m thickness, given 
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by the a n a l y t i c a l s o l u t i o n f o r a r o t a t i n g disc w i t h the 
same f i l m conditionso At a p o i n t approximately 10~^ m from . 
the s t a r t i n g p o i n t of condensation,the computed values of 
the f i l m thickness converge and t h e r e a f t e r remain almost the 
same as the a n a l y t i c a l values.to w i t h i n an e r r o r of less 
than - 0.03^ based on the l a t t e r values. 

Other i n i t i a l values f o r the f i l m thickness of 10"^ m 
or 10~5 m could also be used f o r s t a r t i n g the numerical 

i n t e g r a t i o n (see f i g . 8 ) . I f the i n i t i a l - l o g a r i t h m i c step' 
-3O '--20 i n t e r v a l s are set to 10 m and 10 m r e s p e c t i v e l y , the 

same value of f i l m thickness i s obtained. The much lower 
-12 

i n i t i a l f i l m thickness of 10 m used by the author, ensured 

t h a t the f i l m thicknesses calculated f o r a wide range of 

cond i t i o n s were not adversely a f f e c t e d by the i n i t i a l value. 
The experimental temperature d i s t r i b u t i o n along the outer 

surface of the cone i s to be used i n the numerical s o l u t i o n 
of the governing equation to give t h e o r e t i c a l values of the 
f i l m thickness and of the heat t r a n s f e r c o e f f i c i e n t s f o r the 
t e s t c o n d i t i o n s . Therefore i t i s e s s e n t i a l t h a t the numerical 
i n t e g r a t i o n procedure remains stable when the temperature 
d i f f e r e n c e changes the f i r s t term i n the numerator on the 
r i g h t hand side of equation (3.4.1). Increasing the temperature 
d i f f e r e n c e w i l l cause an immediate increase i n slope d_S and a 

dx 
decrease i n the temperature d i f f e r e n c e w i l l have the reverse 
e f f e c t . • 

A second t e s t f o r s t a b i l i t y i n the numerical s o l u t i o n 
was made by i n t r o d u c i n g a step change i n the temperature 
d i f f e r e n c e . A 50° cone r o t a t i n g a t 100 rev/min was chosen 
f o r the s o l u t i o n . F i g . 9 shows the e f f e c t on f i l m thickness, 
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heat f l u x and heat t r a n s f e r c o e f f i c i e n t , of a'step increase i n 
temperature d i f f e r e n c e from 10° C to 20'-' C between x = 0.1 m 

and X =,.12 m. The dotted l i n e s i n d i c a t e values f o r a 

completely uniform temperature d i s t r i b u t i o n of 10° C. The 

sudden increase i n slope d8_ caused by the step change i n 
dx 

temperature difference^ produces sharp changes i n the f i l m 
t h i ckness. These changes i n f i l m thickness are clean and 
f r e e from spurious f l u c t u a t i o n s which .could occur w i t h an 
unstable numerical method of i n t e g r a t i o n . At a l a t e r stage 
when the experimental temperature d i f f e r e n c e s , which w i l l not 
be a b s o l u t e l y uniform, are used to c a l c u l a t e t h e o r e t i c a l 
heat t r a n s f e r c o e f f i c i e n t s e t c . , i t ' w i l l be d i f f i c u l t to 
v i s u a l i s e what i s happening to the condensate f i l m . .To t h i s 
end the curves i n f i g . 9 m e r i t some f u r t h e r consideration, 
because they i l l u s t r a t e what happens to the f i l m and to the 
energy t r a n s f e r when a simple change i n temperature d i f f e r e n c e 
occurs. - . . 

The immediate e f f e c t of the stepped increase i n 
temperature d i f f e r e n c e i s to double the heat f l u x . The 
ex t r a energy t r a n s f e r causes an increase i n the condensation 
r a t e and the f i l m s t a r t s to grow.more r a p i d l y . At the p o s i t i o n 
where the temperature d i f f e r e n c e i s restored to 10°, the f i l m 
thickness has increased by only 6.5fo. This extra condensate 
q u i c k l y spreads out • as the f i l m moves down the su-rface of the 
cone, and becomes a small a d d i t i o n to the steady s t a t e f i l m 
which i s i n d i c a t e d by the dotted l i n e . Restoring the 
temperature d i f f e r e n c e to 10° G immediately reduces the heat 
f l u x by h a l f , but the new value l i e s below the steady state 
value (dotted l i n e ) . This occurs.. because the condensate 
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deposited during the stepped increase i n temperature 
d i f f e r e n c e now becomes an extra b a r r i e r to f u r t h e r energy 
t r a n s f e r . 

The curve f o r the heat t r a n s f e r c o e f f i c i e n t . r e f l e c t s i n 
a reverse sense, the movement i n the curve f o r the f i l m 

thicknessc An important p o i n t to n o t i c e about the three 

curves i s t h a t both the f i l m thickness and the heat t r a n s f e r 
c o e f f i c i e n t remain r e l a t i v e l y unaffected by doubling the 

temperature d i f f e r e n c e when compared to the heat f l u x , which 
i s shown to be very s e n s i t i v e to changes i n temperature 
d i f f e r e n c e . T h i s , r e s u l t has some bearing a t a l a t e r stage 
when the t h e o r e t i c a l values of heat f l u x and of heat t r a n s f e r 
c o e f f i c i e n t are compared w i t h the experimental values^ Those 
two t e s t s f o r the s t a b i l i t y of "the numerical'method f o r 
s o l v i n g the.governing equations have demonstrated t h a t the 
method i s stable and capable of acc u r a t e l y n e g o t i a t i n g 
regions i n the f i l m .where the slope d^ i s subjected to rapid 

dx 
rates of. change. 
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3.5 The e f f e c t of r o t a t i o n on heat t r a n s f e r c o e f f i c i e n t . 

I n the preceding pages i t has been shovm t h a t none o f 
the a v a i l a b l e a n a l y t i c a l equations take i n t o account the 
combined e f f e c t s of both g r a v i t a t i o n a l and c e n t r i f u g a l 
a c c e l e r a t i o n s during the c a l c u l a t i o n of the heat t r a n s f e r 
c o e f f i c i e n t f o r steam condensing on r o t a t i n g cones. 

However, a f t e r e s t a b l i s h i n g confidence i n both the 
v a l i d i t y of the governing equation (3 .1.15) and i n the 
accuracy of the method of numerical i n t e g r a t i o n , i t was 
possible to apply the complete form of the equation to' the 
problem o f f i l m condensation on rotating cones w i t h the 
c e r t a i n t y t h a t meaningful r e s u l t s would be obtained. Thus 
a t h e o r e t i c a l study of the combined e f f e c t s of g r a v i t a t i o n a l 
and c e n t r i f u g a l a c celerations on the f i l m thickness and on 
the heat t r a n s f e r c o e f f i c i e n t was made. 

The governing equation was in t e g r a t e d numerically to 
give values of f i l m thickness and o f heat t r a n s f e r c o e f f i c i e n t 
f o r condensate f i l m s s t a r t i n g a t the apex on cones w i t h apex 
angles o f 0 ° , 1 0 ° , 600, 1 2 0 ° , 170° and 180O. Each cone was 
given speeds of r o t a t i o n which increased by orders of 
magnitude from 0 to 10, • 100, 1000, and 10,000 rev/min. 
The c a l c u l a t i o n s were made f o r unifomi steam to surface 
temperature d i f f e r e n c e s of 1, 10 and 100° C. For the sake 
Of c l a r i t y only the heat t r a n s f e r c o e f f i c i e n t s r e s u l t i n g from 
the c a l c u l a t i o n s , w i l l be presented and discussedo Bearing i n 
mind the remarks made i n the l a t t e r p a r t of section ( 3 . 4 ) . 

concerning the r e l a t i o n s h i p between the curves"for the heat 
t r a n s f e r c o e f f i c i e n t and f i l m thiclmess, the behaviour of the 
f i l m thickness can also be detected from the curves which f o l l o w 
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By changing only the temperature d i f f e r e n c e 6. i t was 

found t h a t the heat t r a n s f e r c o e f f i c i e n t was a f u n c t i o n of 

/ l ) ^ , which corresponded to the dependence on 6 given by the 
( e j 

a n a l y t i c a l s o l u t i o n s f o r the governing equation ( s e c t i o n 3 . 3 ) . 

F i g s . 10, 11 and 12 show the t h e o r e t i c a l heat t r a n s f e r 
c o e f f i c i e n t s f o r cones w i t h apex angles of 10°, 60° and 170° 
r e s p e c t i v e l y . The heat t r a n s f e r c o e f f i c i e n t s are p l o t t e d 
against the distance from the s t a r t i n g p o i n t of condensation 
X f o r several values of speed N rev/min and f o r a common 
value of temperature d i f f e r e n c e 6 = 10° C. The curves on 
f i g s . 10, 11 and 12 show t h a t f o r the s t a t i o n a r y cones the heat 
t r a n s f e r c o e f f i c i e n t i s a f u n c t i o n of / l \ ' ^ and has the l a r g e s t 

i x j 
values on the cone w i t h the smallest apex angle. Stationary 
cones w i t h small apex angles have the b e n e f i t of a 
p r o p o r t i o n a t e l y large component of g r a v i t a t i o n a l a c c e l e r a t i o n 
resolved p a r a l l e l to t h e i r surface, t h a t i s i n the X d i r e c t i o n , 
to a s s i s t drainage and hence to improve heat t r a n s f e r . But the 
small apex angle also means t h a t the component of the c e n t r i f u g a l 
a c c e l e r a t i o n resolved i n the X d i r e c t i o n remain r e l a t i v e l y ' 
small u n t i l high speeds are a t t a i n e d . 

•Generally speaking, the curves show t h a t the heat t r a n s f e r 
c o e f f i c i e n t h becomes less dependent on x as the speed increases. 
The p o s i t i o n a t which h becomes independent of x depends upon 
a combination of speed and apex angle. Cones w i t h large apex 
angles have correspondingly large components of the c e n t r i f u g a l 
a c c e l e r a t i o n resolved i n the X d i r e c t i o n . Since the magnitude 
of t h i s a c c e l e r a t i o n increases w i t h the square of the speed, 
the b e n e f i t to f i l m drainage i s such t h a t h'can become 
independent of x a t very short distances from the s t a r t i n g 
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p o i n t of the f i l m . I t i s i n t h i s region of uniform heat 

t r a n s f e r c o e f f i c i e n t , i . e . where the c e n t r i f u g a l a c c e l e r a t i o n 

dominates the f i l m drainage, t h a t the work by Sparrow et a l 
i s seen to apply. 

The above p o i n t s are i l l u s t r a t e d by the curves f o r the 

10° and 170° cones. F i g . 10 shows t h a t f o r a lOO cone at 

1.0 m from the s t a r t i n g p o i n t of condensation, h increases 
from 6350 f a t zero to 11500 W at 1000 rev/min. 

m2°C \ m2°C ' 

At t h i s p o i n t , the heat t r a n s f e r c o e f f i c i e n t i s j u s t s t a r t i n g 
to become independent of x. I n contrast to t h i s , f i g . 12 
shows t h a t on the 170° cone, at 1,0 m from the s t a r t i n g 
p o i n t of condensation, h ha? a lower value of 3400 W a t zero 

but a t t a i n s a value of 12,000 ¥ a t only 100 rev/min. Even at 
m2°C 

t h i s comparatively' lov; speed of r o t a t i o n , h i s uniform a f t e r 

the p o i n t x = 0.15 m. 
For cones w i t h apex angles of 20° and less i t i s more 

appropriate to the present work to consider condensation heat 
t r a n s f e r on truncated cones. The curves f o r the heat t r a n s f e r 
c o e f f i c i e n t on a truncated cone w i t h a 10° apex angle are-
also shown i n f i g . 10. The condensate f i l m on the truncated 
cone s t a r t s at a diameter d = 0.493 m, which i s also the 
s t a r t i n g p o i n t of the f i l m on the experimental 10° truncated 
conCo At zero speed the heat t r a n s f e r c o e f f i c i e n t i s seen 
to be less than t h a t obtained f o r a f i l m s t a r t i n g a t the apex. 
This c o n d i t i o n was predict e d i n section (3.1.8). For any 
given f i n i t e speed of r o t a t i o n , the f i l m s t a r t i n g a t some 



93o 

p o i n t away from the ape.x has the advantage of foniiing i n a 
region where l a r g e r c e n t r i g u a l accelerations e x i s t to 
improve drainage. At 1000 rev/min, the curve f o r the 
truncated 10° cone shows t h a t there i s an improvement i n the 
heat t r a n s f e r c o e f f i c i e n t i n comparison w i t h the values given 
f o r the f i l m s t a r t i n g a t the apex. 

To i l l u s t r a t e the e f f e c t of r o t a t i o n on heat t r a n s f e r i n 
a more general way, the subscripts Z and N can be added to 
the heat t r a n s f e r c o e f f i c i e n t s h to represent h a t zero 
speed and h a t some speed of r o t a t i o n N respectively, f o r 
any given set of f l u i d p r o p e r t i e s and steam to surface 
temperature d i f f e r e n c e . Forming the r a t i o h^ gives a new 

K 

parameter which shows the improvement i n heat t r a n s f e r 
c o e f f i c i e n t gained by r o t a t i o n . Within the l i m i t s of the 
t h i n f i l m approximation, t h i s parameter has the added 
advantage of being independent of the f l u i d p r o p e r t i e s and 
of the steam to surface 'temperature d i f f e r e n c e . The parameter 
h^ i s used as the ordinate f o r the curves shown i n f i g s . 1 3 , 14 

and 15. .Each of these three f i g s , present curves on l o g - l o g 
scales. The parameter h^ may also be i n t e r p r e t e d e i t h e r as 

the r a t i o of the f i l m thicknesses ^ or as the r a t i o of the 

heat f l u x a t speed N and a t zero, ̂ ^ . 
K . 

Fig.13 gives curves f o r the r a t i o h^ against speed N rev/min. 
K 

The r a t i o i s taken a t a distance of 0 .5 m from the s t a r t i n g 

p o i n t of condensation f o r cones w i t h apex angles of 10°, 60°, 

120° and 170° and w i t h f i l m s s t a r t i n g a t the apex. These 
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c u r v e s show t h e m a g n i t u d e o f t h e i m p r o v e m e n t i n h e a t 

t r a n s f e r c o e f f i c i e n t f o r a n y g i v e n c o m b i n a t i o n o f a p e x 

a n g l e and s p e e d r o t a t i o n . I t s h o u l d be n o t e d t h a t t h e 

p o s i t i o n o f t h e s e c u r v e s depends upon t h e v a l u e o f x a t 

w h i c h t h e r a t i o i s t a k e n . As x i n c r e a s e s , t h e c u r v e s t e n d 

t o be d i s p l a c e d d i a g o n a l l y f r o m r i g h t t o l e f t . A l l o f t h e 

c u r v e s i n f i g . 1 3 have an o r i g i n a t N = 0 , and h ^ = 1 . 0 , 

a n d f o r m s m o o t h t r a n s i t i o n c u r v e s t o become s t r a i g h t l i n e s w i t h 

a s l o p e a p p r o a c h i n g 0 . 5 a t h i g h e r s p e e d s . I n t h i s r e g i o n h ^ 

i s a f u n c t i o n o f o r w ^ , w h i c h shows t h a t t h e h e a t t r a n s f e r 

i s r J o m i i i a t e d b y t h e c e n t r i f u g a l a c c e l e r a t i o n . When t h i s 

o c c u r s , t h e - c u r v e s become a s y m p t o t i c t o t h e e q u a t i o n s g i v e n 

b y S p a r r o w and H a r t n e t t ( 6 o ) . The e q u a t i o n f o r t h e a s y m p t o t e 

becomes ; -

xw^ S i n ^ c ( 
g COSCK. J 

4 

A l t h o u g h t h e t e r m xto^ Sin^o<_ i n t h e above e q u a t i o n i s 
g Cos OL 

2 9 
d e r i v e d f r o m uo Sin'^tt-i- g CQSO : , t h e t e r m may a l s o be i n t e r p r e t e d 

X 

as t h e q u o t i e n t o f t h e c e n t r i f u g a l a c c e l e r a t i o n r e s o l v e d 

i n t h e X d i r e c t i o n and t h e g r a v i t a t i o n a l a c c e l e r a t i o n 

r e s o l v e d i n t h e X d i r e c t i o n . 

The c u r v e s g i v e n i n f i g . 1 3 show t h a t t h e cones w i t h t h e 

l a r g e r a p e x a n g l e s g a i n t h e m o s t r a p i d i m p r o v e m e n t i n h e a t 

t r a n s f e r w i t h i n c r e a s e s i n s p e e d . The c u r v e f o r t h e 1 7 0 ° 

c o n e i s v e r y c l o s e t o i t s a s y m p t o t e a t N = 80 r e v / m i n , w h i l e 

t h e c u r v e f o r t h e 1 0 ° cone n e e d s speeds o f o v e r 1000 r e v / m i n 

t o become a s y m p t o t i c . One o f t h e e x p e r i m e n t a l cones has an 
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a p e x a n g l e o f 6 0 ° and . a w o r k i n g s l a n t ' l e n g t h o f a p p r o x i m a t e l y 
0 . 5 m. L o o k i n g , a t t h e . 6 0 ° c u r v e ' o n f i g . 1 3 shows t h a t i f t h e 
f i l m on t h e e x p e r i m e n t a l cone r e m a i n s l a m i n a r , t h e h e a t 
t r a n s f e r c o e f f i c i e n t s h o u l d show a 4 . 5 f o l d i n c r e a s e o v e r 
t he . r a n g e o f t e s t s p e e d s b e t w e e n z e r o and 1500 r e v / m i n . 

F i g . 14 shows t h e r a t i o h ^ f o r ' t r u n c a t e d cones w i t h a p e x 

a n g l e s o f 0 ° , 1 0 ° a n d 2 0 ° . The f i l m on e a c h o f t h e s e cones 

s t a r t s .at... d i a m e t e r d = 0 . 4 9 3 m and t h e r a t i o o f h^ i s t a k e n a t 

. K 

a d i s t a n c e f r o m t h e s t a r t i n g p o i n t o f x = 0 . 2 m . The c u r v e 

f o r t h e 0 ° c o n e o r c y l i n d e r . shov/s , as was e x p e c t e d , no change 

i n h e a t t r a n s f e r c o e f f i c i e n t w i t h i n c r e a s e s i n s p e e d . The . 

c u r v e f o r t h e 1 0 ° t r u n c a t e d cone shows t h a t a l t h o u g h t h e 

i m p r o v e m e n t i n h e a t t r a n s f e r i s more m a r k e d a t a n y g i v e n 

s p e e d , s p e e d s a p p r o a c h i n g 1000 r e v / m i n a r e s t i l l r e q u i r e d 

b e f o r e t h e t r a n s i t i o n c u r v e becomes a s j T i i p t o t i c . 

Two o f t h e e x p e r i m e n t a l cones a r e t r u n c a t e d and have 

a p e x a n g l e s o f 1 0 ° a n d 2 0 ° . The s t a r t i n g p o i n t o f c o n d e n s a t i o n 

on t h e s e c o n e s i s 0 . 4 9 3 m and 0 . 5 3 2 m r e s p e c t i v e l y a n d e a c h • 

has a w o r k i n g s l a n t l e n g t h o f a p p r o x i m a t e l y 0 , 2 m . O v e r 

t h e e x p e r i m e n t a l s p e e d r a n g e , t h e s e cones . s h o u l d show a 2 t o 

3 f o l d i m p r o v e m e n t i n h e a t t r a n s f e r c o e f f i c i e n t - p r o v i d i n g 

t h a t t h e f i l m r e m a i n s i n l a m i n a r f l o w . 

T h e r e i s a s i m i l a r i t y i n t h e shape o f t h e c u r v e s o n f i g . 1 3 

and o n f i g . 1 4 , b u t f o r t h e l a t t e r c u r v e s t h e a s y m p t o t i c 

e q u a t i o n t a k e s a s l i g h t l y d i f f e r e n t f o r m because t h e 

c o n d e n s a t e f i l m s t a r t s a t cone d i a m e t e r d . E q u a t i o n ( 3 . 3 . 7 ) 

a n d ( 3 . 3 . 1 1 ) g i v e t h e e q u a t i o n f o r t h e a s y m p t o t e f o r t h e 

c u r v e s o n f i g . 1 4 . The e q u a t i o n f o r t h e a s y m p t o t e i s : -
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h . 

•8 -Oi^ Sinoc D 
7 2 g coscK d" 

1 / 3 

d 

7 / 3 

I f /here D i s t h e cone d i a m e t e r a t t h e p o i n t x . The r a t i o o f 

t h e c e n t r i f u g a l and g r a v i t a t i o n a l a c c e l e r a t i o n , b o t h r e s o l v e d 

i n t h e X d i r e c t i o n , a g a i n a p p e a r s i n t h e e q u a t i o n f o r t h e 

a s y m p t o t e , b u t w i t h an a d d i t i o n a l t e r m 

1 / 3 7 / 3 - 1 

~ 8 7 3 
D - 1 
d 

As t h e r a t i o D a p p r o a c h e s 1 . 0 , t h e above t e i m r e d u c e s t o 0 . 9 6 7 
d 

When D Rxceeds a v a l u e o f 2 . 0 , t h e terra a p p r o a c h e s u n i t y and 
d 

r e d u c e s t h e a s y m p t o t i c e q u a t i o n t o t h a t g i v e n f o r t h e c u r v e s 

i n f i g . 1 3 , f o r w h i c h D i s a l w a y s i n f i n i t e . 
d 

The g e n e r a l s i m i l a r i t y i n t h e shape o f t h e c u r v e s i n f i g s . 

13 and 1 4 , c o u p l e d w i t h t h e f a c t t h a t b o t h s e t s o f c u r v e s have 

s i m i l a r a s y m p t o t e s makes i t p o s s i b l e t o p l o t t h e r a t i o h ^ 

~z 

f o r a l l v a l u e s o f x and f . o r a l l speeds o f r o t a t i o n on two 

c u r v e s . ' One c u r v e i s f o r t h e s p e c i a l ca se w h e r e t h e f i l m 

s t a r t s a t t h e a p e x , and t h e s e c o n d c u r v e i s f o r t h e f i l m 

s t a r t i n g a t some d i s t a n c e away f r o m t h e a p e x . These c u r v e s 

a r e p r o d u c e d b y u s i n g t h e t e n n 

D oj S inoc 
2 g Cos cx J 

f r o m t h e e q u a t i o n f o r t h e a s y m p t o t e s , as t h e new a b s c i s s a . 

F i g . 1 5 shows t h e two c u r v e s . The two c u r v e s d i f f e r o n l y i n 

t h e r e g i o n o f t h e t r a n s i t i o n f r o m t h e l o w speed a s j o B p t o t e t o 

t h e h i g h s p e e d a s y m p t o t e . The u p p e r c u r v e i s f o r cones w h e r e 
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t h e c o n d e n s a t e f i l m s t a r t s a t t h e a p e x , i . e . f o r t h e u p p e r 

l i m i t w h e r e t h e r a t i o D i s i n f i n i t e . The l o w e r c u r v e i s f o r 
d 

t h e f i l m s t a r t i n g a t some cone d i a m e t e r d w h e r e t h e r a t i o 

D c a n a t t a i n t h e l o w e r l i m i t o f u n i t y . A f a n y i n t e r m e d i a t e 
d 
v a l u e o f t h e r a t i o D , t h e t r a n s i t i o n c u r v e w i l l l i e b e t w e e n 

d 

t h e s e t w o . 

The p o i n t w h e r e t h e t r a n s i t i o n c u r v e s i n t e r s e c t t h e 

a s y m p t o t e s d e f i n e s t h e t w o e x t r e m e c o n d i t i o n s w h e r e 

e i t h e r g r a v i t a t i o n a l a c c e l e r a t i o n o r c e n t r i f u g a l a c c e l e r a t i o n 

d o m i n a t e s t h e f i l m d r a i n a g e and t h e h e a t t r a n s f e r . B o t h 

t r a n s i t i o n c u r v e s a r e v e r y c l o s e t o t h e h i g h speed a s y m p t o t e 

a t 

2 .g Cosc< 
= 2 . 0 

The c u r v e f o r D - u n i t y b e i n g t h e c l o s e r o f t h e t w o , 
d 

The r a t i o o f t h e r e s o l v e d a c c e l e r a t i o n s D<o2 Sinoc : g Coscx 

i s 1 6 : 1 . B o t h c u r v e s a r e v e r y c l o s e t o t h e l o w speed a s j T i i p t o t e 

a t 

^ = . 5 D « 2 Sinc( 
2 g Cos 

A t t h i s p o i n t t h e r a t i o o f t h e r e s o l v e d a c c e l e r a t i o n s 

Dw2 SinoC : g Cos a i s 1 : 1 6 . The r e l a t i v e m a g n i t u d e o f 

t h e s e t w o a c c e l e r a t i o n c o m p o n e n t s has a w i d e r a n g e o f 

v a r i a t i o n b e t w e e n t h e s e e x t r e m e l i m i t s . I t i s o v e r t h i s 

i n t e r m e d i a t e r a n g e t h a t t h e g o v e r n i n g e q u a t i o n has t h e m o s t 

v a l u e , because i t f u r n i s h e s t h e t r a n s i t i o n c u r v e b e t w e e n t h e 

t w o e x t r e m e s . 

F o r t h e p r a c t i c a l p o i n t o f v i e w , t h e u p p e r t r a n s i t i o n c u r v e 

shows t h a t t h e maximum d e p a r t u r e f r o m e i t h e r o f t h e a s y m p t o t e s 

o n l y a m o u n t s to- j u s t o v e r 20% when I)<^^ Sinc< = g Cos « . 
2 
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2 
When S i n c ( i s l e s s t h a n g Cosc< , t h e e f f e c t o f r o t a t i o n 

2 
o n h e a t t r a n s f e r c o e f f i c i e n t c o u l d be a c c o u n t e d f o r b y a d d i n g 

a s m a l l c o r r e c t i o n t o e q u a t i o n ( 3 . 3 . 1 3 ) w h i c h c o n s i d e r s t h e 

f i l m t o be d r a i n e d o n l y by g r a v i t a t i o n a l a c c e l e r a t i o n . 

2 
S i m . i l a r l y w h e n Sino^ i s l a r g e r t h a n g Coscx , t h e e f f e c t 

2 

o f g r a v i t a t i o n a l a c c e l e r a t i o n o n h e a t t r a n s f e r c o e f f i c i e n t 

c o u l d be a c c o u n t e d f o r b y a d d i n g a s m a l l c o r r e c t i o n t o 

e q u a t i o n ( 3 . 3 « 9 ) w h i c h c o n s i d e r s t h e f i l m t o be d r a i n e d o n l y 

b y c e n t r i f u g a l a c c e l e r a t i o n . 

2 7 SEP 1972 
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3 . 6 The e f f e c t o f cone a p e x a n g l e on t h e h e a t t r a n s f e r 
c o e f f i c i e n t . 

S i n c e t h e e x p e r i m e n t a l r e s u l t s f r o m t h e p r e s e n t w o r k 

w i l l c o v e r a r a n g e o f c o n e s w i t h a p e x a n g l e s o f 1 0 ° , 2 0 ° 

a n d 6 0 ° , i t w o u l d be r e l e v a n t t o make a c o m p a r i s o n b e t w e e n 

t h e t h e o r e t i c a l h e a t t r a n s f e r c o e f f i c i e n t s f o r v a r i o u s c o n e s . 

Where c o n d i t i o n s o f u n i f o i m f i l m t h i c k n e s s o c c u r . S p a r r o w and 

H a r t n e t t ( 6 8 ) showed t h a t p r o v i d i n g a l l o t h e r v a r i a b l e s • r e m a i n 

c o n s t a n t , t h e h e a t t r a n s f e r c o e f f i c i e n t f o r a r o t a t i n g cone 

s h o u l d a l w a y s be l e s s t h a n t h a t f o r a r o t a t i n g d i s c b y t h e 

f r a c t i o n ( S i n o ( ) 2 . I t has ' been shown i n t h e l a s t s e c t i o n 

t h a t c o n d i t i o n s o f u n i f o n n f i l m - t h i c k n e s s do n o t a l w a y s 

e x i s t t h e r e f o r e we s h a l l r e c o n s i d e r t h e r e l a t i o n s h i p b e t w e e n 

t h e h e a t t r a n s f e r c o e f f i c i e n t s f o r cones and f o r d i s c s i n 

t h e l i g h t o f t h e p r e s e n t t h e o r y . 

F i g . 16 shows c u r v e s f o r t h e r a t i o h cone a g a i n s t t h e 

• h d i s c 

s p e e d o f r o t a t i o n N , on a l o g - l o g s c a l e . The c u r v e s a r e f o r 

cones w i t h a p e x a n g l e s o f 0 ° , l O O , 6 0 ° , 1 2 0 ° , 1 7 0 ° and 1 8 0 ° ; 

t h e l a t t e r b e i n g t h e d i s c . The r a t i o h cone i s t a k e n a t 

h d i s c 

X = 0 . 2 5 m a n d t h e c o n d e n s a t e f i l m s t a r t s a t t h e a p e x . 

• The c u r v e f o r t h e - d i s c i s r e p r e s e n t e d b y t h e l i n e 
h cone = 1 . 0 . The c u r v e f o r t h e c y l i n d e r o r 0 ° t r u n c a t e d 
h d i s c 
cone has t h e e q u a t i o n h c y l d = . 7 8 4 

h d i s c 

f r o m e q u a t i o n s ( 3 . 3 . 1 4 ) a n d ( 3 . 3 . 8 ) . T h i s c u r v e r e t a i n s i t s 

n e g a t i v e s l o p e o f - 0 . 5 w i t h i n c r e a s e s i n s p e e d . A t speeds 

b e l o w 100 r e v / m i n , t h e f a m i l y o f c u r v e s t e n d t o become 

d o m i n a t e d b y g r a v i t a t i o n a l a c c e l e r a t i o n . E a c h c u r v e becomes 

xw^ 
4 w h i c h i s d e r i v e d 



A S Y M P T O T E 

no'Com 
I 

iZO'CONt 

10 CONE 

t\.^ -rai^EN AT X ' 0-25101 

h 

N I ? E V / M I N 

DL5C A . A 

Jcosa 

F i g 17 

3 Cosa. . 

/oo 



1 0 4 . 

p a r a l l e l t o t h e 0 c u r v e and become a s y m p t o t i c t o t h e l i n e 

(g Cos a h cone = 0 
h d i s c 2 

X M 

T h i s e q u a t i o n c a n n o t be a p p l i e d t o t h e 0 ° cone f o r t h e r e a s o n 

g i v e n i n s e c t i o n ( 3 . 3 . 3 ) . A t h i g h e r speeds t h e 0 ° c u r v e and 

t h e 1 8 0 ° c u r v e a c t as t h e l o w e r and u p p e r b o u n d a r i e s 

r e s p e c t i v e l y ^ f o r t h e f a m i l y o f c u r v e s . I n t h i s r e g i o n t h e 

s l o p e o f e a c h c u r v e i n c r e a s e s a n d t h e c u r v e becomes a s y m p t o t i c 

t o h cone = (S in tX)^" w h i c h i s t h e l i m i t i n g v a l u e p r e d i c t e d 
h d i s c 

b y S p a r r o w a n d H a r t n e t t , 

B y u s i n g t h e p a r a m e t e r xu? Sin^CX 
g Cos a 

as a n o n - d i m e n s i o n a l 

a b s c i s s a we c a n a g a i n p r o d u c e c u r v e s f o r t h e r a t i o h cone 
h d i s c 

w h i c h a r e , i n d e p e n d e n t o f x . F i g . 1 6 shows t h e r a t i o h cone 
h d i s c 

a g a i n s t | x Sin^cx • 
. g Coscx . 

on a l o g - l o g s c a l e . The i n d i v i d u a l 

c u r v e s f r o m t h e o r i g i n a l f a m i l y have changed t h e i r shape 

and have become s e p a r a t e d f r o m one a n o t h e r t o c l e a r l y show 

t h e t w o e x t r e m e c o n d i t i o n s w h e r e e i t h e r g r a v i t a t i o n a l 

a c c e l e r a t i o n o r c e n t r i f u g a l a c c e l e r a t i o n d o m i n a t e s t h e f i l m 

d r a i n a g e . When x ^ ^ S i n 2 DC 
- l i 

4 
g Cosc<; 

i s l e s s t h a n 0 . 5 t h e c u r v e s 

j o i n t h e as i^ /mpto te . hL_£one = 0 . 9 6 7 
h d i s c 

xw2 Sin^oc 
g Cos (X 

g Cos K When 

* e x c e e d s 2 . 0 , t h e c u r v e s have j o i n e d t h e 

a s y m p t o t e h cone = ( S i n o ( ) 2 . 
h d i s c 
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3 . 7 The c o n d e n s a t i o n o f s t eam i n l a m i n a r f i l m s o n b o d i e s 
• whose p r o f i l e s a r e f o r m e d b y c i r c u l a r a r c s . 

I n t h i s s e c t i o n t h e s t u d y o f t h e b e h a v i o u r o f t h e l a m i n a r 

f i l m t h i c k n e s s a n d o f t h e h e a t t r a n s f e r c o e f f i c i e n t i s e x t e n d e d 

t o c o v e r a x i s y m m e t r i c a l b o d i e s whose g e n e r a t o r s a r e f o i m e d 

b y s m o o t h c u r v e s . The scope o f t h e s t u d y i s c o n f i n e d t o a 

c l a s s o f a x i s y m m e t r i c a l b o d i e s , w h i c h r e p r e s e n t p a r t o f a 

t u r b i n e r o t o r w h e r e t h e s h a f t j o i n s a b l a d e d i s c . T h i s c l a s s 

o f b o d i e s has a n o u t e r s u r f a c e w h i c h may be d e s c r i b e d as 

c o n c a v e , b e c a u s e t h e r a d i u s o f c u r v a t u r e o f t h e c u r v e d 

g e n e r a t o r a l w a y s l i e s o u t s i d e t h e b o d y . The c h o i c e o f 

c u r v e f o r t h e g e n e r a t o r , w h i c h makes t h e t r a n s i t i o n f r o m t h e 

s h a f t t o t h e b l a d e d i s c , depends t o some e x t e n t on t h e m e t h o d 

o f m a n u f a c t u r e , b u t t h e shape o f t h e c u r v e i s always g o v e r n e d 

b y t h e s t r e s s e s a c t i n g o n t h e r o t o r . To e l i m i n a t e undue 

s t r e s s c o n c e n t r a t i o n s t h e c u r v e s a r e f r e e f r o m s u d d e n changes 

i n c u r v a t u r e , b u t . t h e c h o s e n c u r v e s u s u a l l y do n o t have s i m p l e 

g e o m e t r i c a l d e s c r i p t i o n s . 

I f a p o w e r s e r i e s i n t e n n s o f t h e c a r t e s i a n c o - o r d i n a t e s 

T] a n d t c a n be u sed t o d e s c r i b e ' t h e g e n e r a t o r , c u r v e , t h i s 

w i l l be o f g r e a t a s s i s t a n c e when a p p l y i n g t h e p r e s e n t t h e o r y . 

I t may be p o s s i b l e t o o b t a i n a v e r y c l o s e a p p r o x i m a t i o n t o 

t h e c h o s e n c u r v e b y u s i n g a c o m b i n a t i o n o f e i t h e r e x p o n e n t i a l 

p a r a b o l i c o r c i r c u l a r a r c s . 

I n t h e p r e s e n t s t u d y a c i r c u l a r a r c i s c h o s e n t o be 

r e p r e s e n t a t i v e o f t h e s e c u r v e s . The a r c s u b t e n d s an a n g l e 

o f 7T r a d i a n s - and i s t a n g e n t i a l t o t h e s h a f t and t o t h e d i s c . 
2 -

S e l e c t i n g a c i r c u l a r a r c f o r t h e g e n e r a t o r c u r v e has s e v e r a l 

a d v a n t a g e s : -
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( i ) t h e p o s i t i o n o f t h e c e n t r e o f c u r v a t u r e and t h e 

r a d i u s o f c u r v a t u r e o f t h e a r c a r e c o n s t a n t , 

( i i ) b o t h t h e a n g l e cX and t h e d i a m e t e r D may be 

e x p r e s s e d i n t e r m s o f x b y v e r y s i m p l e e q u a t i o n s 

w h i c h do n o t r e q u i r e t h e use o f t h e c o - o r d i n a t e s 

rj and I . 

The b o d y g e n e r a t e d b y t h e c i r c u l a r a r c i s shown i n 

f i g . 18 a n d has a . v e r t i c a l a x i s o f r o t a t i o n , because t h e 

m o v i n g p a r t s o f t h e e x p e r i m e n t a l a p p a r a t u s , w h i c h w i l l be-

d e s c r i b e d l a t e r , a l s o has a v e r t i c a l a x i s o f r o t a t i o n . The 

d i s t a n c e x a l o n g t h e c u r v e i s m e a s u r e d f r o m t h e p o i n t w h e r e 

t h e a r c m e e t s t h e s h a f t , w h i c h i s a l s o t h e p o i n t w h e r e t h e 

c o n d e n s a t e f i l m i s assumed t o s t a r t and w h e r e t h e a n g l e 

i s z e r o . 

A n g l e o( i s e x p r e s s e d i n t e i m s o f x bj^ 

(X = X r a d i a n s . ( 3 . 7 . 1 ) 
r 

w h i c h g i v e s 

M = 1 . . . . . . . ( 3 . 7 . 2 ) 
d x r 

The r e a s o n w h y dc[ i s a l w a y s g i v e n as t h e r e c i p r o c a l o f t h e 
d x 

r a d i u s o f c u r v a t u r e i s g i v e n i n s e c t i o n ( 3 . 2 ) , 

- The d i a m e t e r o f t h e b o d y i n t e r m s o f x i s g i v e n b y t h e 

e x p r e s s i o n 

D - d + 2 r ( 1 - CosO() . . . . . . . ( 3 . 7 . 3 ) 

w h i c h g i v e s 

dD = 2 Sincx o ( 3 . 7 . 4 ) 
d x 
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When t h e a x i s o f s y m m e t r y o f t h e b o d y i s v e r t i c a l , t h e 

a c c e l e r a t i o n s r e s o l v e d i n t h e X d i r e c t i o n and i n t h e Y 

d i r e c t i o n a r e g i v e n b y e q u a t i o n s ( 3 . 2 . 1 3 ) a n d ( 3 . 2 . 1 4 ) 

r e s p e c t i v e l y . These e q u a t i o n s ' a r e r e p e a t e d h e r e f o r 

c o n v e n i e n c e : -

( i ) I n t h e X d i r e c t i o n 

a = i Diy2 Sinc^ + g Cosc^ 

( i i ) I n t h e Y d i r e c t i o n 

ay = i iiop- Cosr t - g SincX 

E q u a t i o n ( 3 . 2 . 1 3 , a b o v e ) shows t h a t a t t h e s t a r t i n g p o i n t 

o f t h e f i l m t h e d r a i n a g e i s g o v e r n e d b y g r a v i t a t i o n a l 

a c c e l e r a t i o n a l o n e , i r r e s p e c t i v e o f t h e s p e e d o f r o t a t i o n . 

E q u a t i o n ( 3 . 2 . 1 3 ) g i v e s . 

dtt = w2 Sin^cx t ( j - D ^ ^ Cos&c - g Sin&() 

d x r ( 3 . 7 . 5 ) 

The a b o v e e q u a t i o n c o n t a i n s a new t e r m d e r i v e d f r o m t h e r a d i u s 

o f c u r v a t u r e o f t h e a r c and t h e a c c e l e r a t i o n i n t h e Y 

d i r e c t i o n . T h i s t e r m i s l o s t when t h e e q u a t i o n i s used f o r 

cones b e c a u s e t h e r a d i u s o f c u r v a - t u r e becomes i n f i n i t e . 

The g o v e r n i n g e q u a t i o n f o r t h e f i l m t h i c k n e s s , e q u a t i o n 

( 3 . 2 . 2 6 ) now b e c o m e s : -

d5 - H - i i 
d x 3 

2b? Sin^cK + 2g Sincx^Coso^ + Doo^ Coso(-g Sinoc) 
D 

^ ( i D w Sin(X + g Cosc^) 
o ( 3 . 7 . 6 ) 

E q u a t i o n ( 3 . 7 . 6 ) has a p a r t i a l a n a l y t i c a l s o l u t i o n w i t h 

a f o r m s i m i l a r t o t h a t g i v e n f o r e q u a t i o n ( 3 . 1 . 1 5 ) " i n s e c t i o n 

( 3 . 3 ) . I n t h e p a r t i a l s o l u t i o n t h e f l u i d p r o p e r t i e s and 0 

a r e s e p a r a t e d f r o m t h e g e o m e t r i c a l t e r m s x , r , d and (X,and f r o m 

t h e a c c e l e r a t i o n a . T h e r e f o r e t h e f i l m t h i c k n e s s w i l l be a 

f u n c t i o n o f 9 ^ i f a l l o t h e r t e r m s r e m a i n c o n s t a n t . 
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The n u m e r i c a l m e t h o d o f i n t e g r a t i o n o u t l i n e d i n s e c t i o n 

( 3 . 4 ) was a p p l i e d t o e q u a t i o n ( 3 . 7 . 6 ) t o c a l c u l a t e t h e f i l m 

t h i c k n e s s e s and t h e h e a t t r a . n s f e r c o e f f i c i e n t s p r e s e n t e d i n 

t h i s s e c t i o n . C a l c u l a t i o n s w e r e p e r f o r m e d f o r t h r e e b o d i e s 

w i t h s h a f t d i a m e t e r s o f 0 o 0 0 2 , 0 , 2 and 0 . 6 m', b u t e a c h w i t h 

a r a d i u s o f c u r v a t u r e o f 0 . 2 m . E a c h b o d y was g i v e n speeds 

o f r o t a t i o n o v e r t h e r a n g e z e r o t o 1 0 , 0 0 0 r e v / m i n , t o g e t h e r 

w i - t h common v a l u e s o f t e m p e r a t u r e d i f f e r e n c e 6 = 1 0 ° C and 

o f P r = 1 . 3 7 . Because t h e f i l m t h i c k n e s s e s and h e a t t r a n s f e r 

c o e f f i c i e n t s a r e v e r y d e p e n d e n t on t h e c h o i c e o f r and d , t h e s e 

p a r a m e t e r s a r e p r e s e n t e d t o g e t h e r w i t h some comments on t h e ' 

g e n e r a l b e h a v i o u r o f e q u a t i o n ( 3 . 7 . 6 ) . • ' 

F o l l o w i n g t h e m e t h o d g i v e n i n s u b - s e c t i o n ( 3 . 1 , 8 / , some 

o f t h e g e n e r a l t r e n d s i n t h e b e h a v i o u r o f t h e g o v e r n i n g 

e q u a t i o n c a n be f o u n d b y r e a r r a n g i n g t h e e q u a t i o n i n t e r m s 

o f S'̂  t o g i v e 

d x 
H -S i 

3 
2(o^Sln^[A + 2gSinD(. Cosc^ '+ (-g-DM^Coso( - gSino( ) 

D r 

f i D w 2 SinoC + gCosoc) 
( 3 . 7 . 7 ) 

Two e x t r e m e s o f r o t a t i o n a r e c o n s i d e r e d . 

When t h e s p e e d o f r o t a t i o n ' i s z e r o , e q u a t i o n ( 3 . 7 . - 7 ) r e d u c e s 

t o d l l = 4 [ H - i l 
d x I g Cos ^ 3 

2 S i n ( X -r tanc^. 
D 

( 3 . 7 . 8 ) 

I n s p e c t i n g t h e t e r m 2 S i n t x - tano< shows t h a t 
D r 

( i ) w h i l e t a n a r e m a i n s l e s s t h a n 2 S i n a , t h e s l o p e , 
r D 

w h i c h r e f e r s t o d ^ w i l l d e c r e a s e w i t h x 
d x 

( i i ) w h e n t a n ix i s e q u a l t o 2 S i n (X,, t h e s l o p e r e m a i n s 
r D . 
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p o s i t i v e a n d f i n i t e a t d & ^ = 8Hr 
d x gD 

( i i i ) when t a n a i s g r e a t e r t h a n 2 S ince , t h e s l o p e 
r F 

s t a r t s t o i n c r e a s e and e v e n t u a l l y becomes i n f i n i t e . 

F i l m t h i c k n e s s e s f o r t h r e e s t a t i o n a r y b o d i e s a r e p l o t t e d 

a g a i n s t d i s t a n c e x i n f i g . 1 9 . The i n i t i a l fllsa g r o w t h o n 

e a c h b o d y i s s h o w n t o be c l o s e t o t h a t g i v e n b y N u s s e l t f o r 

c o n d e n s a t i o n o n v e r t i c a l s u r f a c e s ( e q u a t i o n 3 . 3 . I 4 ) , b u t a t 

o t h e r p o s i t i o n s a l o n g t h e g e n e r a t o r , t h e r a t i o d a f f e c t s t h e 
• r 

f i l m g r o w t h . As d a p p r o a c h e s 2 , t h e a n g l e a a t w h i c h 
r 

t a n a = 2 S i n o ( a p p r o a c h e s z e r o . T h e r e f o r e as d becom.es 
~ ^ 4 r 

l a r g e t h e s l o p e d& i n c r e a s e s w i t h x f r o m x = 0 and p r o v i d e s 
d x 

t h e f i l m w i t h a f a s t e r r a t e o f g r o w t h , as i s shown i.-z f i g . 1 9 

b y c u r v e ( i ) . As d becomes s m a l l , t h e a n g l e a t w h i c h t a n g = 
r • r 

2. S i n o( a p p r o a c h e s 6 0 ° , a n d a l o w e r r a t e o f g r o w t h o c c u r s i n 
' D 

t h e e a r l y s t a g e s o f f i l m d e i ^ e l o p m e n t t o p r o d u c e t h e t h i n n e r 

f i l m s s h o w n b y c u r v e s ( i i ) a n d ( i i i ) . F i g . 1 9 a l s o i n d i c a t e s 

t h a t t h e h e a t t r a n s f e r c o e f f i c i e n t d e c r e a s e s w i t h i n c r e a s i n g 

s h a f t d i a m e t e r d w h i c h i s t h e d i a m e t e r a t t h e s t a r t i n g 

p o i n t o f c o n d e n s a t i o n . I n s e c t i o n ( 3 . 5 ) t h e h e a t t r a n s f e r 

c o e f f i c i e n t s f o r s t a t i o n a r y cones w e r e a l s o shown t o 

d e c r e a s e w i t h d . 

B y a v a r i a t i o n o f t h e p a r a m e t e r s i n t h e i n t e g r a t i o n 

p r o g r a m , t h e f i l m s o n t h e s e s t a t i o n a r y b o d i e s w o u l d a lvvays 

a p p e a r t o g r o w m o n o t o n i c a l l y b e t w e e n c(= 0 a n d 0^- TT. 
2 

A c c e l e r a t i o n a i s z e r o when 0.= yr. C u r v e s ( i ) , ( i i ) and ( i i i ) 
2 

i n f i g . 1 9 show t h a t a t (X= 7T d r a i n a g e ceases a n d t h e t h e o r e t i c a l 
2 

f i l m t h i c k n e s s becomes i n f i n i t e . I n p r a c t i c e - t h e f i l m 

t h i c k n e s s w i l l r e m a i n s m a l l b e c a u s e o f d r a i n a g e o v e r t h e l o w e r 

edge o f t h e b o d y . 

I f g r a v i t a t i o n a l a c c e l e r a t i o n becomes n e g l i g i b l e , e q u a t i o n 
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(3.7.7) reduces t o : -
dSl = 8 [ _ - H _ 54 
dx L Sinoc 3 

In s p e c t i n g the terai 
2 SincX + Cot Of 

2 Sincx + CotfX 
13 2r 

112. 

... (3.7.9) 

13 2r 
shows t h a t a t small angles the term i s dominated by Got (X , 

2r 
but as the angle increases 2 SincX becomes dominant. When 

1 
t h i s l a t t e r c o n d i t i o n i s a t t a i n e d , equation (3.7.9) reduces 

to equation (3.1.29) which shows tha t the f i l m thickness 

becomes uniform w i t h x when angled i s constant; as i t i s 

f o r coneso I n the present case d is a v a r i a b l e , and the f i l m 

thickness w i l l become asymptotic to 3 H 
2<i)2 Sin^oc 

Since o(. i s in c r e a s i n g i n the d i r e c t i o n of f l o w , the f i l m 
thickness w i l l decrease i n t h a t d i r e c t i o n . Fig. 20 • 
i l l u s t r a t e s t h i s r e d u c t i o n i n f i l m thickness f o r the 
r o t a t i n g body which has the shaft diameter d = 0.002 m. 

The i n i t i a l f i l m growth i s dominated by g r a v i t a t i o n a l 
a c c e l e r a t i o n alone and the f i l m thickness increases. Once 
the c e n t r i f u g a l a c c e l e r a t i o n s t a r t s to have a' s i g n i f i c a n t 
i n f l u e n c e on drainage, the f i l m thickness s t a r t s to decrease 
and approach the asymptote. As the speed increases the 
p o i n t a t which c e n t r i f u g a l a c c e l e r a t i o n dominates the drainage 
moves towards the s t a r t i n g p o i n t of the f i l m . F i g . 21 shows 
f i l m thicknesses f o r the r o t a t i n g body which has a s h a f t 
diameter of 0.2 m. For any given speed the l a r g e r s h a f t 
diameter produces a stronger a c c e l e r a t i o n f i e l d a t a l l f i n i t e 
values of x and t h i s , improves the drainage a t an e a r l i e r 
stage i n the growth of the f i l m . At speeds R = 1000 and 
N - 10,000 rev/min the f i l m thickness i s seen i n f i g . 21 
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almost to become uniform over the f u l l l e n g t h of the generator 
and to make l i t t l e departure from the f i l m thickness on the 

disc^ given by S 1 i L 
2 io2 I f the angle (X becom.es constant at any point on the 

generator, as i t does i n the present example where the arc 
j o i n s the d i s c , then the radius of curvature becomes i n f i n i t e . 

When t h i s occurs the equation governing the f i l m thickness 
r e v e r t s to t h a t f o r cones. At high speeds the slope d£^ 

• - . dx 
w i l l not experience much change as the f i l m flows onto the 

d i s c , but i f the e f f e c t s of g r a v i t a t i o n a l a c c e l e r a t i o n remain 
important, the slope w i l l s u f f e r a s u b s t a n t i a l reduction i n 

value. Pigs. 20 and 21 show t h a t a t low speeds the curve of 

f i l m thickness forms a cusp at the po i n t where the arc j o i n s 

the d i s c . A f t e r passing onto the d i s c , the f i l m thickness 
decreases to become asymptotic to a value given by:-

-11 
1 H_ 
2 ^2 J 

The f i l m thicknesses presented i n f i g s . 19, 20 and 21 

depend upon the choice of dand r and as such they are of 
r e s t r i c t e d i n t e r e s t . I t i s possible t o draw some general 
conclusions about the behaviour of the f i l m s thickness and 
of the heat t r a n s f e r c o e f f i c i e n t on bodies w i t h curved 
generators, by adopting the approach given i n section (5 . 5 ) , 
where the r a t i o hM_ f o r cones was p l o t t e d against I)(o Sino< 

h^ L 2g Cosa 
( f i g . 1 5 ) . 

Pig. 22 shows the r a t i o h«_, which i s equivalent to the 
s • r a t i o _Oi, f o r the three bodies. The curves f o r hN are seen 

to be speed dependent, but they f o l l o w the same trend as those 

f o r cones and t u r n from u n i t y t o the high speed asymptote 



1 1 5 , 

£ e 
r\J <\J 

a e 



h, = 1.032 

1 1 7 o 

2 4 
Dio Sing . As the generator becomes r a d i a l , 

h^ , L 2g Coscx J 
h^ approaches zero and makes the r a t i o ĥ ^̂  go to i n f i n i t y 

K 

a t a l l speeds. I f the c e n t r i f u g a l a c c e l e r a t i o n becomes 

dominant a t an e a r l y stage i n the growth of the f i l m , as i t 

does i n f i g s . 20 and 21 when the speed exceeds 1000 rev/min, 

the curves of h^ f o l l o w those f o r cones and close on the 
high speed asjTiiptote a t Da? Sind 

1 
4 = 2.0. I f t h i s r a t i o 

2g Cosa_ 
of a c c e l e r a t i o n s e x i s t s near the s t a r t i n g p o i n t of the f i l m , 
the subsequent f i l m thickness approaches 

3 H 4 and decreases w i t h x. The p o i n t a t which the 

c e n t r i f u g a l a c c e l e r a t i o n becomes dominant a t any given speed 
depends on the s h a f t diameter d and on the radius of curvature 
r \,'hich governs the l e n g t h of the generator x. I f the c e n t r i f u g a l 
acceleration.becomes dominant only along the l a t t e r p a r t of 
'the generator, the dominant e f f e c t cannot influence the f i l m 
growth long enough to cause any s i g n i f i c a n t reduction i n f i l m • 
thickness or any improvement i n heat t r a n s f e r c o e f f i c i e n t . Thus 
i n f i g . ' 2 2 a t N = 25 to N = 100 rev/min the curves of h^ make 
a t u r n towards i n f i n i t y before they can close on the asymptote. 

I f the generator became t a n g e n t i a l to a cone w i t h an 
apex angle of less than 180° ( d i s c ) , the r a t i o h^ would not 
be forced to make a premature t u r n towards i n f i n i t y , because 
drainage by g r a v i t a t i o n a l a c c e l e r a t i o n would continue and 
would remain f i n i t e . • . 

Film drainage by the formation and detachment of drops 
i n the Y d i r e c t i o n has been neglected. Some comments on the 
con d i t i o n s necessary f o r the occurrence of drop detachment 
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can be made while r e f e r r i n g to the f i l m thicknesses i n f i g s . 
20 and 21. which are only f o r drainage i n the X d i r e c t i o n . 

When the body shown i n f i g . .18 i s r o t a t i n g , the 
r e s u l t a n t a c c e l e r a t i o n w i l l l i e above the outer surface at 
the s.tarting p o i n t of the f i l m . As x increases, the angle 
made between the r e s u l t a n t and the l o c a l tangent to the 
surface w i l l decrease and p o s s i b l y become negative. This 
means t h a t the component a^ decreases w i t h x, even though 
the magnitude of the r e s u l t a n t increases along .the generatoro 
I n p r a c t i c a l terms the reduction i n a-y means t h a t the 
p o s s i b i l i t y of the formation and detachment of drop-s from 
the f i l m decreases as the generator curve becomes r a d i a l . 
Hoyle and Matthevi/s (58) showed t h a t drop formation occurred 
more r e a d i l y as the shaft diameter decreased. At high speeds 
the f i l m thicknesses i n f i g s . 20 and 21 have a maximum value 
near the s t a r t i n g p o i n t of the f i l m a t the shaft and the 
magnitude of the maximum increases as 'the s h a f t diameter 
decreases. These two f a c t o r s w i l l favour the fonnation and 
detachment of drops. However, the p o s s i b i l i t y of drop 
detachment i s not improved by the f a c t t h a t the l a r g e s t 
value of ay occurs near the s h a f t , where the a c c e l e r a t i o n f i e l d 
has i t s lowest s t r e n g t h . 

On a steam t u r b i n e where the r o t o r u s u a l l y has a 
h o r i z o n t a l axis of r o t a t i o n , some q u a l i f i c a t i o n i s required 
f o r the above statements. At low speeds of r o t a t i o n the 
r o t o r w i l l experience non-axisymmetrical a c c e l e r a t i o n f i e l d s , 
although symmetry i s restored as the speed increases and 
g r a v i t a t i o n a l a c c e l e r a t i o n becomes n e g l i g i b l e . Hoyle and 
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Matthews (58) show that at a l l speeds the f i l m of condensate 
drains from a h o r i z o n t a l shaft by the formation and detachment 
of drops. At low speed the drops are detached from the 
underside of the s h a f t , but as the speed increases the 
drainage becomes symmetrical. Therefore a t the shaft 
p a r t o f the r o t o r drainage w i l l occur i n the Y d i r e c t i o n 
at a l l speeds. / At high speeds t h i s mode of drainage w i l l 
tend to cease where the generator becomes r a d i a l . 

Pigo 23 shoves the heat t r a n s f e r c o e f f i c i e n t s f o r the 
body w i t h a diameter d = 0.2 m. Even w i t h t h i s small shaft 
diameter there i s not a great deal of v a r i a t i o n i n heat 
t r a n s f e r c o e f f i c i e n t along the generator. I f the f i l m of 
condensate on the t u r b i n e r o t o r remains laminar during a 
cold s t a r t , the la r g e surface to volume r a t i o of the blade 
disc w i l l , ensure t h a t t h i s p art of the r o t o r i s the f i r s t 
to a t t a i n the operating temperature. I f the f i l m does not 
remain laminar a t the shaft the drop detachjnent occurs, 
t h i s w i l l give the s h a f t p a r t of the r o t o r , which has a' 
r e l a t i v e l y small surface to volume r a t i o , a w e l l needed 
improvement i n the l o c a l heat t r a n s f e r c o e f f i c i e n t . The 
co n d i t i o n s favourable to Y d i r e c t i o n drainage and to the 
presence of waves i n the f i l m o f condensate must be determined 
expe r i m e n t a l l y . 
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3.8' Temperature d i s t r i b u t i o n across the cone w a l l . 

One of the main purposes of the experimental work i s to 
provide measured values of heat f l u x and of heat t r a n s f e r 
c o e f f i c i e n t f o r known t e s t c o n d i t i o n s . The heat f l u x , o r 
time x a t e o f energy t r a n s f e r across the w a l l per u n i t area, 
i s obtained from a product of the temperature gradient i n 
the cone m a t e r i a l a t the outer surface and the thennal 
c o n d u c t i v i t y of the m a t e r i a l a t the point'. The temperature 
gradient i s derived from the experimental,readings of 
temperature taken a t the inner and outer surfaces of the 
cone. 

I n t h i s s e c t i o n the temperature d i s t r i b u t i o n and the 
temperature gradient across the w a l l s of hollow cones i s 
i n v e s t i g a t e d . Two types o f cone m a t e r i a l s are considered. 
The f i r s t has a constant thermal c o n d u c t i v i t y , but the second 
m a t e r i a l has a thermal c o n d u c t i v i t y which i s l i n e a r l y • . . 
dependent on temperature. 

I n the steady s t a t e and where, the thermal c o n d u c t i v i t y i s 
constant, energy t r a n s f e r across the w a l l of f l a t plates i s 
accompanied by l i n e a r temperature d i s t r i b u t i o n s and uniform 
temperature g r a d i e n t s , because the area of the p l a t e between 
the i n n e r and outer surfaces i s constant. I t i s more precise 
to say t h a t the d i s t r i b u t i o n i s l i n e a r because there i s 
n e g l i g i b l e change i n curvature between the two surfaces of 
the f l a t p l a t e . For bodies such as t h i c k - w a l l e d tubes where 
there are large changes i n curvature between the inner and 
outer surfaces, energy t r a n s f e r i n the steady state i s 
accompanied by no n - l i n e a r temperature d i s t r i b u t i o n s and 
non-uniform temperature g r a d i e n t s . A combination of these 
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two types of temperature d i s t r i b u t i o n can occur across the' 
w a l l s o f hollow cones. 

Hollow cones w i t h w a l l s of constant thickness e x h i b i t 
a d i f f e r e n c e i n curvature between the inner and outer 
surfaces, but t h i s d i f f e r e n c e i s not constant and decreases 
w i t h i n c r e a s i n g a x i a l distance from the apex of the cone. 
Consequently, near the apex where the radius of the inner 
surface becomes sma l l , the d i f f e r e n c e i n curvature between the 
inner and outer surfaces may become s u b s t a n t i a l and influence 
the temperature d i s t r i b u t i o n . 

The i n v e s t i g a t i o n commences w i t h the development of a 
d i f f e r e n t i a l equation f o r the temperature d i s t r i b u t i o n across 
the w a l l i n a d i r e c t i o n perpendicular to the cone surface. 

Consider the small element shown i n f i g . 24. The 
cross-section of the element iias a l e n g t h ^x and a thickness 
Ay. R o t a t i n g the element about the v e r t i c a l axis forms, a 
c o n t r o l volume w i t h i n the m a t e r i a l of the cone. 

The inne r surface of the c o n t r o l volume i s : -
A = TTSin 0( [2x Ax + (/\x)2j ....... (3.8.1) 

The r a t e of change of surface area w i t h respect to y becomes:-

dA-7TSino( 
dy 

2 (x -t Ax) dAx t 2 Ax dx 
dy dyj 

(3.8.2) 

since Ax i s constant, dAx = 0 
dy 

and where y = x tan oc, then dx = 1 
dy tan 0( 

t h e r e f o r e dA = 271 Oos oL.Ax 
dy 

c (3.8.3) 

Pig. 25 shows the c o n t r o l volume placed between the inner and 

outer surfaces of the w a l l of a hollow cone. 
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The energy flow across the c o n t r o l volume i n a d i r e c t i o n 

perpendicular to the cone surface, 'tlaat i s i n the Y d i r e c t i o n , 

may be wrj.tten f o r the inner surface of the element, as:-

Q - k A dt 
dy 

(3.8,4) 

D i f f e r e n t i a t i n g equation (3.8,4) w i t h respect to y gives 

dQ = - k 
dy 

A d_^ t k d _ t d A + A d t d k 
dy dy v2 dy dy 

(3.8,5) 

I f 'the energj flow i n the X d i r e c t i o n i s n e g l i g i b l e , then 

the energy flow i n the Y d i r e c t i o n remains constant and 
dQ = 0 
dy 

Thus equation (3,8.5) becomes :-
k-A d^t + k dA dt f A d t dk 0 (3.8.6) 

dy^ dy dy dy dy. 

I f the thermal c o n d u c t i v i t y a t any temperature t can be 

represented by . . '. ' 
k = ko ( 1 + p t ) ' • 

where ko i s the thermal c o n d u c t i v i t y a t 0° C and ̂  i s the 

temperature c o e f f i c i e n t , then 

• dk = dk dt 
dy d? dy 

and equation (3.8.6) reduces to the f o l l o w i n g when 

• Ax —^ 0 

d f t + 1 dt + 
dy2 y dy 1 + f 

dt 
dy 

0 (3.8,7) 

and becomes the general'equation f o r the temperature 

d i s t r i b u t i o n across the cone w a l l . 

I f the cone m a t e r i a l has a thermal c o n d u c t i v i t y which 
i s independent of temperature, then 8̂ = 0 and equation (3.8,7) 
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reduces to 
d£t + 1 dt = 0 (3.8.8) 
dy2 y 

This equation has a standard s o l u t i o n of the form 

• t = Ĉ  + Ĉ  I n y (3.8.9) 
The boundary conditions a t the inner and outer surfaces are 

shown i n f i g . 25. 

At the inner surface 
y = n • t = t i 

and a t the outer surface 
y = (n + w) t = tQ 

Where n i s the distance i n the Y d i r e c t i o n from the v e r t i c a l 
a x i s to the inner surface and w i s the thickness of the cone 
w a l l . • • 

I n t r o d u c i n g these bour.dary conditions makes 

C2 = ^ 
I n f n + w I n n + w 

n . 

where ~ ("̂ o ~ ' ^ i ) 
Hence equation (3.8,9) becomes 

f x ] 
t = t i -t e. I n nJ (3.8.10) 

I n [ n -f w 
n . 

The value of y i n . the above equation l i e s between n and 
(n + w). I t i s more appropriate to express t h i s value of y 

as 
y = n + C w c : (3.8.11) 

where ? i s a f r a c t i o n 0< ^ < 1 
t i s zero at. the inner surface and u n i t y a t the outer surface 
Thus f o r m a t e r i a l s w i t h constant thermal c o n d u c t i v i t y the 
temperature d i s t r i b u t i o n across the cone w a l l becomes:-
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t - t . + 0 1 

n + ̂ w 
n 
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(3.8.12) 
I n n w 

n 
The form of t h i s equation shows t h a t f o r a l l values of n and 
w, the temperature d i s t r i b u t i o n i s non-linear, -By a simple 
series expansion of the I n terms i n the equation i t can be 
shown t h a t 

t = t i + 
ŵ 

n 
- 1 
2 

r V 

. n 
• • • o 

(3.8.13) 
- 1 [ w 
2 n-

• • • • 

When n becomes very large compared w i t h w, the equation 
(3.8,12) reduces to 

t = t i ̂  e„ r 
which i n d i c a t e s t h a t under such conditions the temperature 

d i s t r i b u t i o n tends to become l i n e a r . 

When equation (3.8.12) i s applied to the two possible 

extremes of the cone, i . e to the 180° cone or disc and to the 

0° truncated cone or c y l i n d e r , the two standard forms f o r 

t h e i r respective temperature d i s t r i b u t i o n s are obtained. 

For the d i s c , the value of n i s always i n f i n i t e a t any 

distance, along the surface from' the centre. When n i s i n f i n i t e , 

t = t j _ C 

which i s the equation f o r the temperature d i s t r i b u t i o n across 
a plane w a l l . 

For the c y l i n d e r , n becomes the ins i d e radius r , 
(n + w) becomes the outside radius ro,and (n + ̂ w) becomes 
the intermediate radius r,and equation (3.8,12) reduces to 

' r 
I n r- • . .1.. 

" ro " 
I n • ^ i 
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which i s the standard equation f o r the temperature 
d i s t r i b u t i o n across a thick-walled c y l i n d e r . The general 
s i m i l a r i t y i n form between the above equation and tha t f o r • 
the hollow cone suggests t h a t the temperature d i s t r i b u t i o n 
across the w a l l of a hollow cone can be evaluated from the 
equation f o r t h i c k - w a l l e d c y l i n d e r s i f the various c y l i n d e r 
r a d i i are replaced by t h e i r corresponding nonnals on the 
hollow cone. 

Prom equation. ( 3 . 8 . 1 2 ) the temperature gradient becomes:-

- (3 .8 .14) 
dy (n + ^w) I n n + w 

n 
or dt = e w w 

I n ~ n + V/1 n + t'w 
L n J 

(3.8.15) 

which i s a non-dimensional equation f o r the temperature 
g r a d i e n t . These two equations show t h a t the temperature 
gradient w i l l a t t a i n i t s highest value at the inner surface 
where ^ = 0 and decline i n magnitude as ^ increases towards 
u n i t y . At the l i m i t where n = 0, the gradient' becomes i n f i n i t e 
a t t - 0 and the temperature d i s t r i b u t i o n w i l l become 

t =. t 
0 

• F i g . 26 shows the cross-section of a cone w i t h an apex 
angle of 60° and a w a l l thickness of 0.025 m. The outer 
surface of the cone and the inner surface have uniform 
temperatures of 150° 0 and 50° C r e s p e c t i v e l y . The temperature 
d i s t r i b u t i o n s shown are obtained from equation (3.8.12) f o r 
the given c o n d i t i o n s . 

At large distances away from the apex, where the change 
i n curvature between the inner and outer surfaces becomes 
sm a l l , the- temperature d i s t r i b u t i o n i s almost l i n e a r . 
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At n = .5 m the temperature gradient at the outer surface 

i s 5905 ^ or ,975 times the l i n e a r temperature gradient, 
m 

Conversely nearer the apex, where the change i n curvature 
across the w a l l becomes l a r g e , the temperature d i s t r i b u t i o n 

shows a considerable departure from l i n e a r i t y . At n = 0.05 m 

the temperature gradient at the outer surface i s 3288 ^ or 
m 

.82 times the l i n e a r temperature g r a d i e n t . I n the l i m i t as 
n approaches zero, the temperature gradient becomes very large 
a t ^ = 0 and tends towards zero a t 1=1. Two important 
p o i n t s a r i s e from these curves. The f i r s t p o i n t i s t h a t the 
heat f l u x does not remain unifoim along the surface w i t h ' 
unifonn i n n e r and outer sur-faoe temperatures, because as n 
decreases, the i n c r e a s i n g curvature reduces the temperature 
g r a d i e n t a t the outer surface. The second p o i n t i s t h a t 
only a t the inner and a t the outer surfaces, where ^ i s 0 and 
1 r e s p e c t i v e l y , can the temperature remain uniform w i t h n. At 
any given intermediate value of ^ the temperature increases 
as n decreases. I n e f f e c t t h i s means t h a t there i s a r i s e 
i n temperature w i t h i n the w a l l i n the-X d i r e c t i o n and t h i s 
r i s e i n temperature i s coupled w i t h an energy t r a n s f e r from 
the apex, t h a t i s i n the p o s i t i v e X d i r e c t i o n . This energy 
flow i s greatest a t the smaller values of ^ because the 
temperature i s i n c r e a s i n g i n the negative X d i r e c t i o n from 
t = t . + Q I at l a r g e n, to t = t ^ at n = 0. 1 w' ^ ' o 

Equation (3.8.12) was obtained by n e g l e c t i n g the energy 

t r a n s f e r i n the X d i r e c t i o n but the s o l u t i o n has c l e a r l y 

shown t h a t t h i s energy t r a n s f e r cannot be neglected. To 

f u l l y account f o r t h i s energy t r a n s f e r along the w a l l and 

f o r t h a t across the w a l l , the region near the apex must be 
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t r e a t e d as a three-dimensional conduction problem. Having 

made t h a t statement does not i n v a l i d a t e equation (3.8.12), 

because i t i s possible to define the region where the energy 
t r a n s f e r i n the X d i r e c t i o n becomes n e g l i g i b l e . 

By d i f f e r e n t i a t i n g equation (3.8.12) w i t h respect to n 
while h o l d i n g ^ constant, the temperature gradient dt i s 

dn 
obtained. Denoting the temperature gradient i n the X d i r e c t i o n 

by dt 
,.dX . . . 

dt = dt dn 
dX dn'dx' 

where x' i s the distance from the apex of the inner surface 
to the p o i n t where the nomial n i n t e r s e c t s the inner surface. 
Hence n = x' tan o( and dn = tan oc 

• dx' 
Therefore dt = ŵ tana 

dX I n 'n+w 
n 

•2 n(n+^w) 

+ w I n 
n(ntw) 

ntw 
n 

n+^ w 
n (3.8.16) 

By i n t e g r a t i n g the above equation w i t h respect to ^ between 

the l i m i t s ot ̂ = 0 and ̂  = 1, the average value of the 

gradient dt may be determined and t h i s average gradient 
dX • • • 

represents the energy flow per u n i t area i n the X d i r e c t i o n 
a t any given p o s i t i o n along the w a l l , 
Thus 

where 

dt = ^ tanoC I 
dX _ . w 

n = b w 

1 1 
b (b + 1) I n /b + 1^ 

b j 
(3.8.17) 

The m u l t i p l i e r 6̂  i s the l i n e a r temperature gradient 
w~ 

across the w a l l i n the Y d i r e c t i o n , t h e r e f o r e the average 

gradient can be conveniently expressed as 
dt = dt 
dX dy 

tan o( f (b) (3.8.18) 

l i n e a r 
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where f (b) 1 - 1 
b (b + 1) " I n r b + 1 1 

L b J 

I f the energy flow i n the X d i r e c t i o n i s considered to be 
n e g l i g i b l e when 

dt = B dt 
dX. dy 

l i n e a r 
then equation ( 3 . 8 .18 ) reduces to 

B = tano(.(f (b) ) o , . . c . . (3 .8 .19 ) 

The curve of f (b) against b, shovm i n f i g . 27, may be used 
to o b t a i n the distance from the inner apex to where 

dt = B dt 
dX dy 

l i n e a r 

At any distance g r e a t e r than x' , the equations f o r the temperature 
d i s t r j . b u t i o n and temperature gradient may be used w i t h 
n e g l i g i b l e e r r o r , 

. For the 60° cone shown i n f i g . 27, the .average gradient 

at x' = Oo56 w. 
I l i n e a r 

At x' = w and a t x' = 3 w the average gradient i n the X 

has become less than 0 . 1 dy 
dy 

d i r e c t i o n decreases to 0.02 dt 
dy 

l i n e a r 
and 0 .01 dt 

dy 
l i n e a r 

r e s p e c t i v e l y , and may therefore be considered as n e g l i g i b l e 
i n t h i s r e g i o n . 

The values of x' given f o r the 60° cone are not 

rep r e s e n t a t i v e f o r a l l cones, because equation (3 .8 .19) 

shows t h a t the value of x' i s dependent on the apex angle of 
the cone. The curves given i n f i g . 28 are f o r x'/w p l o t t e d 
against semi apex angle o( and show t h a t f o r any given value of 
B', x' reaches a maximum value. As B increases, the magnitude' 

w 
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of the maximum value decreases and angle c< , where the maximmii 
value occurs, increases. The value of x' i s h e a v i l y dependent 

w 
on the semi-apex angle d near the extremes of 0*̂  and 9 0 ° . 

At these two extremes x' i s zero f o r a l l B,because w i t h the 
w 

c y l i n d e r , the d i f f e r e n c e i n curvature between the inner and 
the outer surfaces i s uniform w i t h x making dt_ = 0 . With 

dX 
the d i s c , d_t i s l i n e a r and dt_ becomes zero. 

dy _ dX . . 

Since tan o( = n and n = b̂ w equation (3 .8 .19) may 
x' 

be w r i t t e n as 
B = w b ( f (b) ) • • (3.8c20) 

x' 
Equation ( 3 .8 .20 ) can be used to replace the f a m i l y of 

curves shown i n f i g . 28 by a sin g l e curve which i s shown i n 
f i g . 29.' The si n g l e curve shows t h a t the maximum value of 
Bx'. occurs a t b = Ool762 and has a value of b ( f (b) ) = O.O597, 
w " . 

The maximum distance x' occurs at ' . . 
x' = 0.0597 w . (3 .8 .21) 

B 
and a t a semi-apex angle 

= t a n ~ l (2.8908 B) (3 .8 .22) 

The locus o f the maxima shown i n f i g . 28 was obtained from 
equations ( 3 .8 .21 ) and ( 3 . 8 . 2 2 ) . 

The second type of cone m a t e r i a l to be -considered i s 
one w i t h a thermal c o n d u c t i v i t y which has a l i n e a r dependence 
on temperature. Thus the temperature c o e f f i c i e n t ̂  remains 
f i n i t e , although f o r most common metals ^ remains small. • 
I n t r o d u c i n g a v a r i a b l e thermal c o n d u c t i v i t y means that the 
complete form of equation ( 3 . 8 . 7 ) must be solved. This 
s o l u t i o n can be r e a d i l y achieved w i t h the ai d of several 
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s u b s t i t u t i o n s . The equation to be solved i s 
t2 d2t 1 dt + .A 

2 y dy (1 + y6t) 
dt 0 (3.8.7) 

l e t R' = 1 -t ySt 

then dR = ^ d t 
dy dy 

and ah 
2 

^ d t 
dy2 

hence equation (3.8.7) becomes :-
d£R + 1 dR + 1 
dy2 •y.^y ^ 

dR 
dy 

l2 _ 0 (3.8.23) 

This equation may be reduced to a simpler d i f f e r e n t i a l 

equation by the i n t r o d u c t i o n of a new and as yet unknown, 

f u n c t i o n Z o f y 

l e t 

then 

R = e 
/Z dy 

dR Z e 
dy 

JZ dy 
and dfR = 

a / 
dZ + Z' 
dy 

/Z dy 

hence equation (3.8.23) becomes 
.2 dZ + Z + 2Z^ 

dy y 
or dP - P = 2 

dy y 

where ~ i 
Z 

0 (3.8.24) 

(3.8.25) 

and dP = - 1^ dZ 
dZ E"̂  dy 

The i n t e g r a t i n g f a c t o r f o r equation (3.8.25) i s 1 which 
.y . 

reduces equation (3.8.25) to 

y 

Hence 

and 

Since 
or 

dy 

P = y (2 I n (y) + C^) 

Z = 1 
y (2 I n (y) + C,) 

R = e 
R = e 

J 2 dy 

.y (2 l n \ y ) + G.^f^ 
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a f t e r i n t e g r a t i o n R becomes 
R (2 I n (y) + C ) 4 (3.8.26) 

By i n t r o d u c i n g the boundary conditions shovm i n f i g . 25, 

the constants O-T^ and may be evaluated. 

At y ^ n; ^ i 
th e r e f o r e Rj_ = 1 + /3 t j _ 

and ^ ^3 (2 I n (n) + 0 ^ ) ^ 

A t y = n t w ; t = t 

(3.8.27) 
(3.8.28) 

t h e r e f o r e R̂  = 1 + ̂ t ^ 

and R, G4 (2 I n (n -+ w) + C3)-

Equations (3.8.28) and (3.8.30) give 

(3 .8 .29 ) 

(3 .8 .30) 

!o 
R. i 1 + ^ t i 

2 I n (n + w) + 0 
- I 1 

2 
2 I n (n) -+ 0, 

Hence Ĉ" = 2 J ( I n (n + w) - •R 
0 : n ) l In ( n ) l (3 .8 .31) 

and 

5o 

R 
'4 (n) + 03)^ . 

F i n a l l y , the s o l u t i o n of the equation f o r the temperature 
d i s t r i b u t i o n w i t h v a r i a b l e thermal conductivity-becomes:-

(3 .8 .32) 

t - 1 
^1 

2 
R I n 
0 

/ n ^ \ 2 
n / + R̂  I n 

/ n + w ' 
( n + S w , 

I n / n + w 
I n 

- 1 

(3' .8.33) 

where 0 < ^ 4 1 . 0 

The temperature gradient may be obtained from equation ( 3 .8 .33 ) 
2 . . • R. 

dt - • f: r— p -] 
dy • 2 f i ( n + > ) J l n ( n ^ ) R̂  lnfn:hw)+R. Infntw ) U 

I L 0 n / 1 in-f^w/J J 
(3 .8 .34) 
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At the outer surface where t= 1.0, the above equation reduces 
to 

2 2 
R - R. 

dt = Q I ^ e (3.8 . 3 5 ) 
dy 2 ^ R (n + w) In- (n + w| 

° n / 

Equation (3.8 .33) shows t h a t a t the outer surface, the 

temperature g r a d i e n t , a t any p o s i t i o n n and f o r any w a l l 

thickness w, i s a f u n c t i o n of the temperature t^^ and t ^ 

and of the temperature c o e f f i c i e n t . As ^ becomes large ( >o05) 
o p 2 P the term R^ ^- R^^ tends to IQ - 1^ 

2 R; ~ 2 t 7 — 

F i g . 30 shows the temperature d i s t r i b u t i o n w i t h v a r i a b l e 

•thermal c o n d u c t i v i t y , f o r two p o s i t i o n s along'the cone w a l l . 

Temperature c o e f f i c i e n t s of 8= 0 , 0.002 and 0.02 1 have been 

used t o produce the curves from equation (3.8 .32) and the 

temperature gradients a t the outer surface from equation 

( 3.8 . 3 4 ) . The e f f e c t o f in t r o d u c i n g v a r i a b l e thenaal 

c o n d u c t i v i t y w i t h p o s i t i v e temperature c o e f f i c i e n t s i s to 

make the temperature d i s t r i b u t i o n depart f u r t h e r from 

l i n e a r i t y . Conversely i f a negative temperature c o e f f i c i e n t 

was used, the temperature d i s t r i b u t i o n would be moved i n the 

opposite d i r e c t i o n and back towards l i n e a r i t y or even to 

pass through t h a t c o n d i t i o n . Increasing the temperature 

c o e f f i c i e n t from zero to + 0.002, which i s approximately the 

value f o r the t e s t cones, reduces the temperature gradient 

by 8% a t n = O.O5 m and a t n = 0.5 m. Increasing the 

temperature c o e f f i c i e n t from zero to 0.02 reduces the gradient 

by 13^ a t these two p o s i t i o n s . For small values of temperature 

c o e f f i c i e n t , of the order 0.002, equation (3.8 .35)can be used 

to show t h a t the heat f l u x may be calculated by equation 
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(3.8.14), i f the thermal c o n d u c t i v i t y i s evaluated a t the 

mean w a l l temperature. 
The e f f e c t s of v a r i a b l e thermal c o n d u c t i v i t y i n the 

m a t e r i a l s used f o r the experimental cones are shown to be 
s i g n i f i c a n t , and need to be included i n the c a l c u l a t i o n of the 
experimental heat f l u x o 

Remarks made e a r l i e r concerning the small region near the 
apex of the cone where the equations f o r temperature d i s t r i b u t i o n 
and temperature gradient become inaccurate, also apply to 
equations (3.8.33) and (3o8.34). A f t e r removing the apex from 
the 60° experimental cone to accommodate the small shaft ( f i g . 27) 
the energy t r a n s f e r i n the X - u i r e c t i o n remains n e g l i g i b l e a t 
the s t a r t o f ' t he working s l a n t l e n g t h where x' = 1.74'w. The 
equations f o r temperature d i s t r i b u t i o n and gradient .̂ ,re also 
v a l i d f o r the experimental truncated 10° and 20° combined cones, 
because' the f i l m s t a r t s at cone diameter d = 0.493 m. The 
e f f e c t s o f energy t r a n s f e r along the w a l l o f the combined cone 
has been i n v e s t i g a t e d by f i e l d p l o t t i n g w i t h t e l e d e l t o s paper. 
Energy t r a n s f e r to the w a l l from the end cover plates has 
been shown to be n e g l i g i b l e a t a distance along the w a l l 
equal to the w a l l thickness w. 



4„0 APPARATUS 
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4.0 I n t r o d u c t i o n . 

The constiruction of the basic apparatus shown i n f i g . 31 

• from the design and preparation of working drawings through 

to the f i n a l commissioning was j o i n t l y undertaken by the author 

and Mr. B..T, Robson. At t h i s e a r l y stage i n the p r o j e c t each 

designer was u l t i m a t e l y concerned w i t h o n l y one o f the two 

p a r t i c u l a r aspects"of the research, 

( i ) the heat t r a n s f e r from steam to the r o t a t i n g , cone, 

and 

( i i ) the f l u i d mechanics of the f i l m of condensate. 

Each designer, t h e r e f o r e , p a i d p a r t i c u l a r a t t e n t i o n to the 

o v e r a l l design from h i s own p o i n t of view. This arrangement 

produced an i n t e g r a t e d design capable of s a t i s f y i n g the 

research needs of both workers. 

The work-load f o r the design o f the basic apparatus 

i n c l u d i n g the 60° cone was d i v i d e d equally between the two 

designers, w i t h each designer checking the others c a l c u l a t i o n s . 

The author designed and commissioned a second conical body 

i n c o r p o r a t i n g cones w i t h apex angles of 10°, 20° and 150°, 

together w i t h i t ' s a n c i l l a r y equipment i n c l u d i n g the cooling 

water system. 

As f a r as the author i s aware, no apparatus of s i m i l a r 

size has been constructed f o r research i n t o the condensation 

o f steam on cold r o t a t i n g bodies; a f a c t which makes t h i s 

equipment unique. 

One o f the prime design considerations i n t h i s p r o j e c t 

was f o r the general s a f e t y of personnel, both operating and 
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working, i n the v i c i n i t y of the apparatus w h i l e under t e s t 
c o n d i t i o n s . 

Apart from being safe to use, the apparatus had to be 
f u n c t i o n a l and meet the diverse requirements s p e c i f i e d i n 
t h i s research programme. Consideration was also given to 
possib l e f u t u r e research requirements, such as steam condensing 
on other cones and on r o t a t i n g axi-symmetrical bodies having 
curved p r o f i l e s . Thus the designers had ,to consider not only 
the s h o r t term needs but also as many as possible o f the 
foreseable requirements i n the long tenn. 

A p r e l i m i n a r y working design was drav/h up f o r the complete 
apparatus required to contain r o t a t i n g cones w i t h various apex 
angles, b u t . a l l w i t h a 0,61 m base diameter,' The size of the 
base diameter decided the scale of the apparatus. Major items 
of the apparatus were designed and put out to tender as a 
co s t i n g exercise, and an estimate of the t o t a l cost of the 
numerous minor items o f equipment was made. This was done • 
to a s c e r t a i n a cost analysis of the p r o j e c t and hence to 
determine whether or not the f i n a l cost would f a l l w i t h i n 
the f i x e d sum set aside f o r apparatus. 

E a r l y i n 1967 the basic design was completed and f i n a l 
tenders were c a l l e d f o r major items such as the pressure 
vessel and the motor u n i t . 

To save money many parts of the apparatus, i n c l u d i n g 
the main s h a f t , were manufactured i n the U n i v e r s i t y workshops 
by the Author and Mr. B,T, Robson and by the resident 
t e c h n i c i a n s . Being one o f the co-designers and p l a y i n g a 
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d i r e c t p a r t i n a l l stages from design through to f i n a l 
commissioning proved extremely u s e f u l i n ensuring t h a t the 
required accuracy of manufacture was always maintained and 
t h a t design m o d i f i c a t i o n s could be e f f e c t e d q u i c k l y . High 
p r e c i s i o n i n manufacture and i n assembly was e s s e n t i a l on 
apparatus o f t h i s size to ensure t h a t the r o t a t i n g parts 
moved w i t h p r e c i s i o n and w i t h the minimum of v i b r a t i o n . 

Various design c r i t e r i a , together w i t h other relevant 
d e t a i l s concerning i n d i v i d u a l i t o n s of equipment, are 
discussed i n the f o l l o w i n g sections of t h i s chapter, 

4.1 S p e c i f i c a t i o n . 

The f o l l o w i n g s p e c i f i c a t i o n was drawn up i n 1966 and 
formed the basic requirements i n the design f o r the research 
apparatus:-

( l ) Steam pressure; v a r i a b l e up to 13.8 bar. 
.. (2) Steam c o n d i t i o n ; dry saturated. 

(3) Cone base diameter; 0.61 mo 
(4) Apex angles; 60°, 90°, 120°, 150°. 
(5) Speeds of r o t a t i o n o f the cone va r i a b l e between 

0-2000 rev/min. 
(6) The outside surface temperature of the cone should 

be capable of c o n t r o l l e d v a r i a t i o n , b u t i n the 
f i r s t s eries of t e s t s , should be kept a t a uniform 
temperature. 

(7) Condensate fonning on the i n t e r i o r surface of the 
pressure vessel should not d r i p on the cone. 
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(8) A l l cones should be capable of being viewed both ' 
t a n g e n t i a l l y and normally while under t e s t . 

(9) Windows i n the pressure vessel should be capable 
of withstanding the working steam pressure and 
temperature, and allow the cones to be photographed. 

(10) The p o l a r axis o f the cones should be v e r t i c a l , 

(11) The cones should be capable o f being r o t a t e d w i t h 
the minimum o f v i b r a t i o n . 

(12) The steam supply should be free from non-condensable 
gases. 

The condensing elements were made as large as possible 
to reduce scale e f f e c t s i f the t e s t r e s u l t s were to bo used 
to c a l c u l a t e the thermal stresses -in t u r b i n e ' r o t o r s . A base 
diameter of 0.61 m gave a large area of condensing surface 
regardless o f the apex angle of the cone. 

An apex angle of 60° was chosen f o r the f i r s t cone. 
This was consistent w i t h work being c a r r i e d out i n the 
Department a t t h a t time by Holgate (71) whose i n t e r e s t 
was w i t h the wave formation i n constant flow r a t e water 
f i l m s on c o n i c a l surfaces. His apparatus f o r t h i s work also 
used a 60° cone w i t h a base diameter of 0.61 m. Although 
condensation Was not t a k i n g place on Holgate's cone, having 
both cones the same size made i t possible to compare some of 
the r e s u l t s obtained from each piece of apparatus. 

The second experimental body was completed i n e a r l y 1971 
and featured truncated cones o f 10° and 20° apex angle w i t h 
a cover p l a t e i n the form of a 150° cone. The 10° and 20° 
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angles were chosen to give f i l m drainage by the formation 
and .detachment of drops which had not been observed on the 
60° cone, where drainage occurred i n a d i r e c t i o n along the 
surface. 

As explained i n s e c t i o n 2.4, the f i l m of condensate 
on a r o t a t i n g body can d r a i n e i t h e r i n a d i r e c t i o n along the 
surface of the body or i n a d i r e c t i o n perpendicular to the 
surface of the body; or po s s i b l y i n both d i r e c t i o n s 
simultaneously. The speed of r o t a t i o n at which these modes 
of drainage would occur on the proposed experimental cones 
was unknown at the design stage, therefore a wide range of 
speeds 0-2000 rev/min was. c a l l e d f o r i n the s p e c i f i c a t i o n . 

The t h e o r e t i c a l studies of condensation on r o t a t i n g 
bodies assume tha t the body r o t a t e s i n an i n f i n i t e volume 
of vapour. A minimum clearance of 0.3 m was l e f t between 
the cone and the w a l l s of the pressure' vessel to minimise 
drag between the steam and the w a l l s . 

4.2 General arrangement o f the apparatus. 

F i g . 31 shows the main features of the research apparatus 
and a general view of the complete assembly. Item numbers 
are assigned to the important parts of the apparatus shown 
on f i g . 31 and these item numbers are also used i n the 
f o l l o w i n g sub-sections. 
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S C A L E : metre 
I 1 I 1 

1 P R E S S U R E VESSEL.CREMOVABLE TOP). 

2 P R E S S U R E V E S S E L B A S E P L A T E . 

3 OBSERVATION PORT FOR 60* CONE. 

4 OBSERVATION PORT FOR 150' CONE. 

5 S T U F F I N G BOX. 

6 SL IP RING UNIT. 

7 60 'ALUMINIUM BRONZE CONE. 

8 WATER SPRAY AND C O L L E C T O R UNIT 

9 STEAM D ISTRIBUTOR. 

10 MECHANICAL S E A L UNIT. 

)l L O C m s BEARING. 

12 TIMING B E L T AND P U L L E Y WHEEL 

13 T H R U S T BEARING. 

14 P E R S P E X C O L L E C T O R . 

15 COOLING WATER INLETS. 

16 T H E R M O M E T E R P O C K E T 

17 STEAM BLOW THROUGH. 

18 HOLLOW S T E E L S H A F T 

19 MAIN S H A F T (E.N.5.). 

20 S E A L WATER INLET. 

21 S E A L WATER OUTLET. 

22 N E E D L E BEARINGS ( T O P & BOTTOM). 

2 3 COOLtNG WATER DISCHARGE P IPES. 

24 INSULATION. 

2 5 

26 

S T E A M INLET. 2 5 

26 CONDENSATE DRAIN. 

27 SUPPORTING S T E E L W O R K . 

28 COOLING WATER DISCHARGE FROM S H A F T . 

29 HORIZONTAL OBSERVATION PORT. 

30 C O N E B A S E P L A T E 

31 SHAFT FLANGE 

; A . J 

Fig 3 
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4.3 Pressure Vessel. 

The pressure vessel was designed and b u i l t to class I I 
of the B r i t i s h Standard S p e c i f i c a t i o n 1500:1950; the 
s p e c i f i c a t i o n f o r Fusion Welded Unfired Pressure Vessels. A 
maximum working pressure of 13.8 bar f o r dry saturated steam 
gave the vessel a design pressure and temperature of 15.2 bar 
and 200° C r e s p e c t i v e l y . ' . 

E s s e n t i a l l y the vessel (see f i g . 31) consisted of two 
detachable p a r t s , ( i ) a t h i c k base cover (item 2) capable 
of housing the main shaft together w i t h i t s l o c a t i n g bearing 
and s e a l , and ( i i ) a domed head (item 1) to which the 
observation p o r t s were attached. These two main elements 
were b o l t e d together. To compensate f o r loss of strength ' 
due to observation p o r t openings i n the s h e l l , the general 
s h e l l thickness o f the dome was increased to 0.0254 mo The 
basic s h e l l of the dome was formed by butt-welding together 
two hot-pressed dished ends, one hemispherical and one semi-
e l i p s o i d a l . 

I n manufacture the centres of the ports were positioned 
w i t h i n a tolerance of + 0.003 m and the - p o r t flanges, which 
had been thickened to allow f o r f i n a l machining, were faced 
o f f to w i t h i n + 0 . 1 degrees o f the required angle. Provision 
was also made f o r a s t u f f i n g - b o x gland to be housed on the 
crown of the dome and f o r a pressure gauge, a thermometer 
pocket and a blow-off valve to be positio n e d as convenient 
i n areas o f the dome not reserved f o r observation p o r t s . 

Steam i n l e t pipes, together w i t h the semi - c i r c u l a r 
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d i s t r i b u t o r pipes (item 9), were i n s t a l l e d i n the lower p o r t i o n 

of the dome. 
The a v a i l a b i l i t y of t h i c k toughened armour-plate glass 

discs governed the maximum observation p o r t diameter. Messrs. 
P i l k i n g t o n Brothers L t d . recommended t h a t 0.372 m diameter 
by 0.032 m t h i c k and 0.273 m diameter by 0.022 m t h i c k armour-
p l a t e glass would give c l e a r 'sight s i z e ' p o r ts of"0.3 m and 
0.24 m diameter r e s p e c t i v e l y , and would withstand both the 
working and the p r o o f - t e s t i n g c o n d i t i o n s . This f i r m k i n d l y 
undertook to supply the discs as a special order. 

Rings o f steam j o i n t i n g placed on both faces of the 
glass discs provided a s o f t seating and prevented glass to 
metal contact w i t h the r e t a i n i n g f l a n g e s . 
Port geometry. 

The two modes of viewing required f o r photography by 
the o r i g i n a l s p e c i f i c a t i o n were ( i ) perpendicular to and 
( i i ) t a n g e n t i a l to the condensing surfaces of the cones. 

To minimise the e f f e c t s of d i s t o r t i o n due to the thickness 
of the glass windows, the ports were made large enough or 
increased i n number to give f u l l coverage of the cone generator 
from the perpendicular d i r e c t i o n . The f o l l o w i n g observation 
p o r t s were arranged on the dome as shown i n f i g . 32 to enable 
the surfaces o f the f o u r o r i g i n a l cones to be viewed from the 
perpendicular d i r e c t i o n . 

Cone avex angle Port No. Sight size 

60° A l , A2 2 0,3m diameter 

90° B- 1 0.3 m diameter 

1200 C 1 0.24 m diameter 

150° D 1 0.24 m diameter 
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Two 0,3 m diameter h o r i z o n t a l ports were provided f o r 
t a n g e n t i a l viewing f i g . 33. These ports were positioned to 
allow the generator of each cone to be viewed t a n g e n t i a l l y 
through one, or through a combination of the two p o r t s . 
Bearing i n mind t h a t a t some f u t u r e date condensing 
elements other than cones might be used, the view through 
the two p o r t s was overlapped to give the greatest continuous 
coverage of area i n the t a n g e n t i a l plane. 

An 0,05 m coating of magnesia p l a s t i c and an 0.012 m 
coating of f i n i s h i n g cement applied to the vessel a f t e r 
completion gave e f f e c t i v e i n s u l a t i o n ' a g a i n s t thermal losses. 

4.4 Ex-perimental cones. • 

4.4.1 The 60° experimental cone. 

The f i r s t experimental cone had an apex angle of 60° 

(item 7 ) . Several important f a c t o r s were considered during 

the design and c o n s t r u c t i o n of the 60° cone and of subsequent 

cones. 
( i ) The p h y s i c a l p r o p e r t i e s of the cone m a t e r i a l . 

Aluminium-bronze BS I4OO ABl.C was chosen as the c a s t i n g 
m a t e r i a l f o r the 60° cone. When cast by the D u r v i l l e process, 
which involved t i l t i n g the mould during the pouring operation, 
t h i s a l l o y formed pore-free castings. Also the a l l o y had good 
machining q u a l i t i e s and formed a surface f i l m of oxide which 
was stable and had resistance to corrosion from any of the 
steam conditions l i k e l y to be encountered i n s i d e the pressure 
ve s s e l . 

( i i ) Thermal energy t r a n s f e r across the cone w a l l . 
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The thermal c o n d u c t i v i t y of the ca s t i n g m a t e r i a l and the w a l l 
thickness o f the cone were d i r e c t l y r e l a t e d to the flow of 
thermal energy across the w a l l f o r any given surface heat 
t r a n s f e r c o e f f i c i e n t and temperature d i f f e r e n c e . At the time 
of design a p r a c t i c a l l i m i t was imposed on the.energy flow 
by the a v a i l a b l e supply of c o o l i n g water, which was l i m i t e d 
by the r e c i r c u l a t i o n and c o o l i n g rates of the.closed c i r c u i t 
c o o l i n g system i n the l a b o r a t o r y . One f e a t u r e considered 
necessary f o r the apparatus was t h a t the t o t a l cooling-water 
demand f o r a l l purposes should be w i t h i n the continuous 
r e c i r c u l a t i o n and c o o l i n g r a t e of t h i s system. Estimates of 
the experimental heat t r a n s f e r c o e f f i c i e n t and of the thermal 
c o n d u c t i v i t y of the cone m a t e r i a l were used to obtain the 
w a l l thickness of 0.0248 m f o r the 60° cone. 

The 60° cone had a 0,4 m working l e n g t h along the 
generator, between outside diameters 0.09 m and 0.535 m. The 
working l e n g t h was fr e e from temperature disturbances due 
to thermal energy f l o w i n g i n t o the cone w a l l from both the 
small s h a f t a t the top end and from the cone flange a t the 
'lower end. 

The thermal c o n d u c t i v i t y of a metal sample taken from 
the 60° cone was measured using'the method described i n 
appendix B and found to be given by the equation 

k = 39.45 + 0.0889 t W 
2°. m G 

( i i i ) The s t r u c t u r a l s t r e n g t h of the cone. 
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Loads from three sources^ were imposed on the cone:-

(1) e x t e r n a l pressure from steam, 

(2) c e n t r i f u g a l f o r c e s , 

(3) thermal stresses. 
The f i n a l design f o r the 60° cone was stressed f o r the 

e x t e r n a l pressure loading using a method described i n BS 15OO 
s e c t i o n 3oGr. 

The hoop stress due to r o t a t i o n was calculated approximately 
by assuming t h a t the cone was b u i l t up from a series of t h i n 
r i n g s w i t h i n c r e a s i n g diameters. 

Heat t r a n s f e r across the - cone w a l l from steam to the 
c o o l i n g water produced a temperature g r a d i e n t , which gave • 
r i s e to compressive stresses at the outer surface and t e n s i l e 
stresses a t the i n n e r surface. 

At the outer surface, the stresses due to loadings (1) 
and (3) tend to cancel the stress due to ( 2 ) . At the inner 
surface, the stresses due to loadings (2) and (3) tend to 
cancel the stresses due to ( l ) . The approximate c a l c u l a t i o n s 
f o r the stresses a c t i n g on the cone showed t h a t the net 
stress was about h a l f of the proof stress f o r the cone m a t e r i a l 
and t h i s s a f e t y margin gave a measure of confidence i n the 
design. 

( i v ) Dynamic balancing. 
At the design stage an attempt was made to minimise the 
i n i t i a l out of balance of the assembled s h a f t and cone. This 
was achieved by c a l l i n g f o r the i n s i d e surface of the cone 
and the socket which locates the base of the cone to the 
base-plate (item 30), to be machined during one operation 
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to ensure maximum c o n c e n t r i c i t y . I n a d d i t i o n to t h i s 
requirement, the outside surface of the cone had to be 
machined concentric w i t h the l o c a t i n g socket to w i t h i n + 25/xm. 
A r i n g of metal 0.0095 m by 0.0143 m i n s e c t i o n p o s i t i o n 
at the base of the cone provided spare metal f o r removal 
d u r i n g the dynamic balancing operation. 

The thermocouple wires were bonded.in place and the 
loose ends were c o i l e d and fastened on the in s i d e o f the cone 
near the apex before the cone was despatched f o r balancing. 
Two s p e c i a l j i g s were manufactured to support the cone between 
the two bearings of the balancing machine. Balancing was 
Nperformed w i t h the cone running a t a speed of 500 rev"/min. 

The cone'base-plate, •the shaft flange, and the d r i v i n g 
pulley,were attached to the main shaft to make a sub-assembly 
of the r o t a t i n g p a r t s . This sub-assembly was dynamically 
balanced (see s e c t i o n 4.5). The balanced cone was attached 
to the balanced sub-assembly to form a complete assembly of 
the r o t a t i n g p a r t s . This complete assembly was mounted on the 
balancing machine and given a t r i a l spin a t 500 rev/min to 
v e r i f y t h a t the o v e r a l l dynamic balance was maintained. 

4.4.2 Combined 10°, 20° and 150° experimental cones. 

The second experimental body f i g . -34 incorporated 10°, 

200 and 150° c o n i c a l surfaces. The main p a r t of t h i s u n i t 

was formed by the i n t e r s e c t i o n of two truncated cones which 

had apex angles of 10° and 20° and minor diameters of 0.493 m 

and 0.53 m respectively.. A 0.18 m working length along the 
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generator of each se c t i o n was accompanied by a uniform w a l l 
thickness of 0 . 0 1 7 2 m. Steam was excluded from the top end 
of the 1 0 ° and 2 0 ° s e c t i o n by a 1 5 0 ° cone which acted as 
a cover p l a t e . The' 1 5 0 ° cone had a working length of 0 . 2 m 
and a w a l l thickness of 0 . 0 1 7 5 m,, 

Each of the cones could not be tested separately i n 
the s t r i c t sense of the word, although several features were 
b u i l t i n to the u n i t to minimise the e f f e c t of one condensing 
surface on a neighbour. For the f i r s t s eries of t e s t s , which 
concentrated on the 1 0 ° and 2 0 ° sections o f the u n i t , an 
i n t e r n a l diaphragm was i n s t a l l e d between the top of the lOO 
s e c t i o n and the 1 5 0 ° cover. The diaphragm prevented cooling 
water reaching the inner surface o'f the coveir thus minimising 
condensation on the outer surface of the cover. A throwing 
r i n g was i n s t a l l e d on the outside of the u n i t a t the same 
l e v e l as the diaphragm to prevent condensate from the cover 
running onto the 1 0 ° s e c t i o n . At the i n t e r s e c t i o n of the 
1 0 ° and 2 0 ° cones, a throwing r i n g was attached to the outer 
surface to prevent condensate from the 1 0 ° section running 
onto the 2 0 ° s e c t i o n . This throwing r i n g was designed to 
be detached and removed from the i n s i d e of the vessel v i a a 
p o r t , should i t be necessary to allow condensate from the 
1 0 ° s e c t i o n to run onto the 2 0 ° sectiono 

Design considerations s i m i l a r to those given f o r the 60° 

cone were applied t o the combined u n i t , w i t h several exceptions 

The c a s t i n g m a t e r i a l was changed to manganese bronze 

BS 1400 HTBl, because of the increased cost of the aluminium 
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bronze, which was used f o r the 60° cone. Manganese bronze 

has c o r r o s i o n resistance and strength c h a r a c t e r i s t i c s comparable 

w i t h aluminium bronze, but has a higher thermal c o n d u c t i v i t y . 
A metal sample taken from the u n i t was used to determine the 
equation f o r the thermal c o n d u c t i v i t y k = 80.6 + 0.121 t W 

m - 2 0 - c 
m 

An improved supply of cooling water to the apparatus 

relaxed the l i m i t a t i o n on the maximum thermal load f o r the 

combined u n i t . 

4.5 Main s h a f t , bearings, cone base-plate and shaft flange. 

The maximum working speed o f the. main s h a f t ' ( i t e m 19) 
was 2000 rev/min. Ker Wilson (72)' recommended t h a t the working 
speed of a s h a f t should be below 0.8 of the f i r s t c r i t i c a l 
speed. To comply w i t h t h i s requirement the main sh a f t was 
designed to have a f i r s t c r i t i c a l speed i n excess of 3000 rev/min, 

To ease the task of boring out the centre of the main 
s h a f t , which was necessary to create a passage f o r cooling 
water f l o w i n g i n t o and out of the cone, the shaft was machined 
from hot-drawn En 5 s t e e l tube. 

A f t e r the machining operation the e n t i r e surface of 
the s h a f t was given p r o t e c t i o n against corrosion by an 
e l e c t r o - p l a t e d coating of nickel-phosphorous a l l o y 80 J A M i n 
t h i c k n e s s , 

Steam pressure a c t i n g over the cross-sectional area of 
s h a f t i n s i d e the vessel created a maximum t h r u s t of 15.8. lO^N 
v/hich was supported,together w i t h the weight of the s h a f t and 
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i t s attachments of 2.0, lO^N, by a p a i r of high p r e c i s i o n 
tapered r o l l e r - b e a r i n g s (item 13). These bearings were 
mounted back to back and l i m i t e d the s h a f t run out to 8yitm. at 
the bearing p o s i t i o n . The t h r u s t from the bearing was equally 
d i s t r i b u t e d to brackets welded to the f o u r legs supporting 
the pressure vessel. A double-row s p h e r i c a l seating b a l l ­
bearing (item 11) mounted i n a s l i d i n g housing, acted as a • 
l o c a t i n g bearing a t the upper p o s i t i o n . 

Extra a t t e n t i o n was paid to the design of the cone base­
p l a t e (item 30) which was subject to a complex loading by 
c e n t r i f u g a l and compound steam f o r c e s , together w i t h a thermal 
stress a r i s i n g from the temperature gradient across tlie p l a t e . 
Normal atmospheric pressure i n s i d e the cone caused the steam 
pressure l o a d i n g . Stressing was performed by considering 
the r o t a t i o n a l and steam pressure loadings separately. 
C e n t r i f u g a l forces a c t i n g on the flange while r o t a t i n g at' 
2000 rev/min were c a l c u l a t e d approximately by assuming th a t 
the flange was a t h i n disc of uniform thickness w i t h zero 
a x i a l s t r e s s . 

Stresses due to the compound steam loading on the cone 
base-plate were assessed by d i v i d i n g the loading i n t o two 
p a r t s ; -

( i ) F u l l steam pressure a c t i n g on the underside of the 
cone base-plate, 

( i i ) Net t h r u s t on the cone due to the d i f f e r e n c e between 
the steam and the atmospheric pressures a c t i n g over 
the c r o s s - s e c t i o n a l area of the end of the main 
s h a f t . The t h r u s t was t r a n s f e r r e d from the cone 
to the s h a f t v i a the cone base-plate and the shaft 
f l a n g e . 
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I n order to s i m p l i f y the s t r e s s analysis the base-plate was 

assumed to be a t h i n disc w i t h edges r i g i d l y f i x e d . 

The net s t r e s s on the base-plate from a l l sources was 

estimated to be less than 0.3 of the u l t i m a t e t e n s i l e stress 

f o r the base-plate m a t e r i a l En 5, and t h i s l e v e l of working 

stress was considered to be acceptable 

A f t e r the machining operation the base-plate also 

received a c o a t i n g o f nickel-phosphorous a l l o y to prevent 

o x i d a t i o n c o r r o s i o n from e i t h e r the c o o l i n g water or the 

steam. The p l a t i n g was also e f f e c t i v e i n reducing e l e c t r o l y t i c 

c o r r o s i o n between the s t e e l of the base-plate and the bronze 

of the cone and between the base-plate and s t a i n l e s s s t e e l 

of the s h a f t f l a n g e . . r ' 

The s h a f t flange (item 31) was manufactured from 

s t a i n l e s s s t e e l to enable the spigot which locates the base­

p l a t e , to be f i n i s h machined w i t h o u t p l a t i n g allowances. 

Before t h i s f i n a l machining operation, the s h a f t flange was 

secured f i n n l y i n place a t the top of the main shaft by 

f o u r l o c k i n g screws. This assembled u n i t was mounted i n 

a p r e c i s i o n l a t h e a t the Sunderland works of Messrs. Rolls 

Royce l t d . , and the two bearing p o s i t i o n s on the shaft, and 

both the seating face and the l o c a t i n g spigot on.the shaft 

f l a n g e , were p r e c i s i o n ground to make these primary l o c a t i n g 

p o s i t i o n s concentric to w i t h i n 8yum^ 

The cone base-plate and the d r i v i n g p u l l e y (item 12) were 

attached to the main s h a f t - s h a f t flange u n i t to fonn a sub­

assembly of the r o t a t i n g p a r t s . Since t h i s sub-assembly was 

a peiroanent f e a t u r e of the apparatus, the sub-assembly was 
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dynamically balanced as an independent u n i t (see section 

4 . 4 . 1 . i v ) . Balancing was achieved by the removal of metal 

from two planes; from the edge of the cone base-plate and 

from the d r i v i n g p u l l e y . 

4.6 Shaft, seals, 

A type 109, IO9B balanced mechanical seal (item 10) 
manufactured by Crane Packing L t d . , provided an e f f e c t i v e 
means o f s e a l i n g the main r o t a t i n g shaft where i t entered 
the pressure vessel. For t h i s p a r t i c u l a r a p p l i c a t i o n the 
seal ran i n a housing which was separately pressurized by 
water a t 1 to 2 bar above the vessel pressure. A water flow 
r a t e of 0.5 m3/h was required to cool and to l u b r i c a t e the 
s e a l . Using water to l u b r i c a t e the seal reduced the r i s k 
of contamination e n t e r i n g the pressure vessel. 

Dry asbestos packing and P.T.P.E. tape were used to 
pack the gland which sealed the small s h a f t (item 5 ) . Being 
dry and s e l f l u b r i c a t i n g meant t h a t the packing did not 
introduce contamination i n t o the pressure vessel. 

4.7 Cooling water. 

4.7.1. 60° cone. 

A primary i n l e t manifold di v i d e d the c o o l i n g water 
i n t o f i v e independent supplies (item 15). Each one of 
these supplies was c o n t r o l l e d w i t h a separate r e g u l a t i n g valve. 
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The f i v e water supplies were connected to f i v e separate 
passages i n s i d e a 0.05 m diameter s t a t i o n a r y pipe which 
conducted them to the cone along the c e n t r a l hole i n the 
main s h a f t f i g . 35a. This 0.05 m pipe was located i n s i d e 
the main s h a f t at both ends by needle r o l l e r bearings. 
Each of the water supplies terminated i n one of the f i v e 
w a t e r - t i g h t chambers of the sprayer head (item 8 ) . Water 
was c a r r i e d from these chambers to the inner surface of the 
cone by a number of O0OO5 m bore tubes. The number of tubes 
l e a d i n g from each compartment increased w i t h the cone diameter 
to d e l i v e r water to the cone i n q u a n t i t i e s p r o p o r t i o n a l to 
surface area. During t e s t runs t h i s basic cooling water 
d i s t r i b u t i o n was found to need l i t t l e a l t e r a t i o n to obtain 
a uniform temperature on the inner surface of the cone. 

At the lower end of the cone the c o o l i n g water was 
c o l l e c t e d by fo u r s t a t i o n a r y 0.025 m diameter scoops and 
c a r r i e d i n t o the annular passage between the s t a t i o n a r y 
c e n t r a l i n l e t pipe and the bore of the r o t a t i n g s h a f t . To 
a s s i s t the cooling water flow out o f the scoops and i n t o 
the annular passage, the o u t l e t from the scoops was angled 
10° to the v e r t i c a l ; g i v i n g the water a h e l i c a l motion. The 
torque created by co o l i n g water e n t e r i n g the scoops was 
t r a n s m i t t e d by the c e n t r a l water pipes to an anchoring arm 
attached to one of the pressure vessel l e g s . 

A sealed perspex box (item I 4 ) mounted over two 0.064 m 
diameter holes i n the shaft c o l l e c t e d the c o o l i n g water discharged 
from the annular passage. 
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4.7o2 10° and 20° cones. 

The 10° and 20° sections o f t h i s u n i t required nine 

independent supplies of c o o l i n g water; f o u r f o r each section 

and one where the sections i n t e r s e c t e d . To meet t h i s 

requirement four more valves were added to the primary i n l e t 

m a n i f o l d . The i n s i d e of the 0.05 m diameter pipe which 

conveyed the c o o l i n g water along the bore of the main s h a f t 

to the i n s i d e of the u n i t , was d i v i d e d i n t o nine separate 

passages by a group of r a d i a l f i n s running the f u l l l e n gth 

of the pipe., f i g . 35b. This f i n s t r u c t u r e was manufactured 

se p a r a t e l y and was then soldered i n t o the i n s i d e of the 

pipe to form water t i g h t passages. Each passage vented 

i n t o separate sections of the modified sprayer head which 

d e l i v e r e d c o o l i n g water to the inner surface of the cone 

through a number o f small bore tubes. The number of tubes 

increased w i t h cone diameter to give a water d e l i v e r y i n 

amounts p r o p o r t i o n a l to the inner surface area. Cooling 

water was c o l l e c t e d and removed from the cone u n i t by 

scoops, 

4.8- Motor Drive 

A p r e l i m i n a r y estimate of the power required to d r i v e 
the r o t a t i n g p a r ts a t the maximum speed was made by 
considering the f o l l o w i n g : -

( i ) Running losses and break out torque f o r the 
mechanical s e a l . 
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( i i ) O i l seal power l o s s , 
( i i i ) Bearing pov̂ êr l o s s , 
( i v ) Cooling water. This power requirement varied w i t h 

• c o o l i n g water flow r a t e and represented the 
angular momentum given to the water by the viscous 
drag from the in n e r surface of the r o t a t i n g cone. 

. (v) Angular.momentum given to the condensate and to 
the steam. At the design stage- the condensation 
r a t e was unknown, but the momentum given to the 
condensate was estimated to be much less than 
t h a t given to the c o o l i n g water. 

An estimate of the power requirement showed tha t from the 
a v a i l a b l e choice of motors a l l . 5 kW d.c. motor with.a 200^ 
overload s t a r t i n g torque was re q u i r e d . To accommodate low 
running speeds the motor was force cooled by a separate 
fan u n i t . 

The motor was mounted w i t h i t s shaft p a r a l l e l to the 
main s h a f t on a r i g h t angled frame which was separate from 
other p a r t s of the apparatus and bolted to the concrete 
f l o o r . A t i m i n g b e l t t r a nsmitted power from the motor to 
the main shaft through a 1:1 r a t i o . Moulded teeth on the 
t i m i n g b e l t meshed w i t h t e e t h on the p u l l e y wheels to give 
a low tension d r i v e w i t h n e g l i g i b l e back-lash. 

A dcC. tachometer incorporated i n the non-drive end 
of the armature s h a f t of the motor gave a speed i n d i c a t i o n 
on the c o n t r o l panel. 

The power supply to the motor was provided by a c o n t r o l 
u n i t , comprising of a 400-440 V, 3 phase, 50 Hz t h y r i s t o r 
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bridge r e c t i f i e r f o r armature supply, together w i t h a s i n g l e -
phase bridge r e c t i f i e r f o r f i e l d supplyo 

The d r i v e features are as f o l l o w s : -
(a) Control of the motor speed between 50 and 2000 

rev/min. 
(b) Constant torque output f o r speeds up to 1500 

rev/min w i t h constant power output betvyeen 1500 

and 2000 rev/min. 

(c) A continuous overload capacity of two times the 
f u l l load torque f o r the motor and three times the 
f u l l load torque f o r the c o n t r o l u n i t . 

(d) A speed holding accuracy to w i t h i n 1% of the maximum 
speed f o r a 1 0 0 ^ change, i n l o a d . 

(e) A 0 ,l'/o d r i f t i n speed over several hours at constant 

load . 

Long connecting wires between the c o n t r o l u n i t and the 
motor permitted the c o n t r o l u n i t to be moved to any p a r t 
of the apparatus. The load current to the motor and the 
motor speed were i n d i c a t e d by an avometer and tachometer 
r e s p e c t i v e l y . These instruments were mounted on the 
instrument panel of the c o n t r o l u n i t , together w i t h the 
speed c o n t r o l wheel; 

A more accurate i n d i c a t i o n of the motor speed was 

obtained by applying a hand tachometer to the end of the 

motor s h a f t . The p r e c i s i o n hand tachometer used during 

t e s t s runs, recorded an average value of the speed over 

a p e r i o d of several secondso 
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4,9 Thermocouples 

4.9.1 Temperature - e.m.f, c h a r a c t e r i s t i c . 

Copper - constantan thermocouples were used to measure 

temperatures on the apparatus. I n order to achieve a 

consistency of temperature e.m.f. c h a r a c t e r i s t i c , a l l of 

the thermocouples were constructed from s i n g l e r e e l s of 

each m a t e r i a l . The conductors had a diameter of 0.0002 m 

and were i n s u l a t e d w i t h a coating of temperature r e s i s t a n t 

enamelo Although the jun c t i o n s were made by spot welding 

a small q u a n t i t y of h i g h m e l t i n g p o i n t solder was also 

ap p l i e d to the j u n c t i o n to give a d d i t i o n a l s t r e n g t h . 

Six thermocouples were made to determine the temperature 

e.m.f. c h a r a c t e r i s t i c . Standard reference temperatures f o r 

100° C and 0° C were provided by b o i l i n g d i s t i l l e d water 

a t atmosphere pressure and by a mixture of ice and water 

r e s p e c t i v e l y . The s i x thermocouples e x h i b i t e d a reasonable 

consistency of e.m.f. c h a r a c t e r i s t i c by showing a maximum 

d e v i a t i o n of + 5 JuNequivalent to ±0.1° C. The average 

e.m.f. given by the thermocouples a t 100° C was I 4 /cV down 

on the reference value of 4.239 mV f o r copper-constantan 

at.100° C. Readings of e.m.f. were taken a t several 

intermediate temperatures, which were measured w i t h an 

accurate mercury in.glass thermometer, to obtain the 

temperature - e.m.f. c h a r a c t e r i s t i c f o r the thermocouple 

m a t e r i a l o This measured c h a r a c t e r i s t i c was found to 

deviate l i t t l e from the standard c h a r a c t e r i s t i c given i n 

£31828:1961. 
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4.9.2 Thermocouples on the 60° experimental cone. 

Thermocouples used on the 60° cone measured po i n t 
temperatures on the inner and outer surfaces. The 33 
a v a i l a b l e s l i p - r i n g s on item 6 placed an upper l i m i t 
on the number of thermocouples t h a t could be placed on 
the cone. Using the c i r c u i t shown i n f i g . 36a enabled a 
t o t a l o f 32 j u n c t i o n s to be used. This c i r c u i t required 
t h a t a l l constantan leads should be connected to one s l i p 
r i n g , w h i l e each of the copper leads was connected to an 
i n d i v i d u a l s l i p - r i n g . I f the j u n c t i o n s were i n e l e c t r i c a l 
contact w i t h one another through the metal of the cone, an 
average temperature would be read by the-common ji m c t i o n s 
instead of a p o i n t value which was r e q u i r e d . When the jun c t i o n s 
were being cemented i n place, care was taken to ensure . 
that they d i d not make e l e c t r i c a l contact w i t h one another. 

Twenty thermocouples were d i s t r i b u t e d over the outer 
surface of the 60° cone to give a coverage of one thermocouple 
f o r every 0.025 m of l e n g t h along the generator, f i g . 37a. 
Ten m e r i d i o n a l grooves, which were e q u a l l y spaced at 36° 
i n t e r v a l s about the axis of symmetry, were used to take the 
leads from these thermocouples to holes d r i l l e d through the 
cone w a l l near the apex. On passing through'to the in s i d e 
o f the cone the leads were taken, together w i t h those from 
the twelve j u n c t i o n s on the inner surface of the cone, i n t o 
the small hollow shaft and out of the pressure vessel up to 
the s l i p - r i n g u n i t . The t h i n n e s t c u t t i n g wheel a v a i l a b l e 

ô 
a t the time of machining the grooves on the 60 cone, 
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d i c t a t e d the groove w i d t h of 0.0008 m, which was also the 
depth o f the grooves, f i g . 37b. The twelve thermocouples 
on the inner surface of the cone were c a r r i e d to the apex 
i n s i x e q u a l l y spaced grooves running up the inner surface. 

Both the j u n c t i o n s and the leads were held i n the 
grooves on the 60° cone by a temperature r e s i s t a n t i n s u l a t i n g 
cement Bo s t i k 1160„ This cement remained wettable during 
t e s t s and as such did not i n t e r f e r e w i t h the f i l m of 
condensate. A f t e r c u r i n g the cement i n an hot a i r oven f o r 
2 hours a t 180° G, the surplus cement was removed from 
the cone surface to preserve the contour, l o c a l p i t t i n g 
i n the cement was observed a f t e r some 30 hours of t e s t i n g . 
Repairs could be made w i t h the 60° cone i n s i t u by a l o c a l 
a p p l i c a t i o n of cement. The manufacturers a t t r i b u t e d t h i s 
f a i l u r e o f the cement to the s t r a i n a t the cement - metal 
i n t e r f a c e on the groove and not to erosion by e i t h e r steam 
or condensate. This cement only achieves i t s maximum 
bonding s t r e n g t h when applied i n t h i n f i l m s and looses 
s t r e n g t h when applied to other c o n f i g u r a t i o n s such as 
grooves. 

Each o f the 32 j u n c t i o n s was placed a t l e a s t O0O4 m 
i n s i d e a d i f f e r e n t isothermal region on the surface of 
the cone. Having a j u n c t i o n i n an isothermal region eliminated 
the conduction of energy away from the j u n c t i o n . F ig. 37a 
shows the j u n c t i o n s i n isothermal regions on the outer 
surface of the 60° cone. Planes normal to the axis of the 
cone were considered to be isothermal regions by the 
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assumption of a x i a l symmetry. ..Care- was also taken to ensure 
t h a t the j u n c t i o n s were a t the - condensing surface, but a 
large scale e l e c t r i c a l analogue was used to examine the 
e f f e c t s on temperature measurement of a j u n c t i o n l y i n g 
a t some p o s i t i o n w i t h i n the groove, which was three wire 
diameters i n depth. D e t a i l s of the analogue and of the 
t e x t r e s u l t s are given i n appendix C. The t e s t r e s u l t s show 
•that i f a temperature d i f f e r e n c e of 100° C existed across 
the cone w a l l (0.0248 m) a j u n c t i o n positioned near the 
bottom of the groove, i . e . O0OOO8 m from the true condensing 
surface, would read a tempo ra turea20 C less than the surface 
temperature. 

4.9.3 Thermocouples on the .10° and 20° experimental cones. 

Pig. 38 shows the arrangement of thermocouples on the 
outer surface of the 10° and 20° sections o f the cone. 
Nineteen thermocouples were used on the outer surface and 
nine on the inner surface. The w a l l thickness of the 10° 
and 20° sections of the second experimental cone was 0,0172 m, 
which was 0.695 times the w a l l thickness of the 60° cone. 
To. provide a s l i g h t reduction i n possible e r r o r due to a 
thermocouple j u n c t i o n not l y i n g e x a c t l y at the outer surface 
of the cone, the depth and the w i d t h of -the grooves i n 
the isothermal regions was reduced to almost two wire 
diameters (0.0005 m), f i g . 37c. The smaller grooves 
required less i n s u l a t i n g cement and t h i s helped both to enhance 
the bonding s t r e n g t h and to reduce the s t r a i n at the cement -
metal i n t e r f a c e . 
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f i g . 38 

Thermocouples on 
the 10° cone. 

10° cone 

20° cone 

20° cone 
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I n an attempt to avoid the d e t e r i o r a t i o n found w i t h 

B o s t i k 1160 a f t e r some hours of t e s t i n g , the make of 

i n s u l a t i n g cement was changed to A r a l d i t e AY105 and HT972 

hardener 'with a priming coating of DZ80. I t was possible 

to make running repairs to the p i t t e d Bostik w i t h the 

60° cone i n s i t u , because t h a t cement was soluable i n 

methylated s p i r i t s and there was room to handle the 

wires i n t h e i r grooves. However, the i n s o l u b i l i t y of the 

cured A r a l d i t e and the narrow grooves on the 10° and 20° 

cones made running r e p a i r s impossible without r i s k i n g 

severe damage to j u n c t i o n s . Thus a second f a i l u r e of 

the cement could o n l y be remedied by dismantling the 

apparatus. 

Although p o i n t readings of 'temperature were required 

from each thermocouple on the 10°.and 20° cones, a safeguard 

was b u i l t i n t o the thermocouple c i r c u i t to permit u s e f u l 

t e s t s to continue f o r some time i n the event of a second 

f a i l u r e of cement, which could cause the thermocouples 

to become e l e c t r i c a l l y connected and thus to read an 

average temperature. This safeguard consisted of grouping 

thermocouples i n t o separate c i r c u i t s to ensure th a t i f 

j u n c t i o n s became e l e c t r i c a l l y connected they would read 

an average temperature of c e r t a i n sections of the cone 

surface. The outer surface of each cone was divided i n t o 

upper and lower sections and the inner surface of each cone 

was l i k e w i s e d i v i d e d ; making four separate sections 

of surface on each cone. Each section had a length along 

the generator of about 00O9 m. Thermocouple leads from 
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each s e c t i o n were connected to sets of s l i p - r i n g s as shown i n 

f i g . 36b.. While junctions remained e l e c t r i c a l l y i n s u l a t e d 

l o c a l heat f l u x e s could be calculated from the p o i n t readings 

temperature but the safeguard enabled average heat fl u x e s to 

be c a l c u l a t e d f o r the upper and the lower halves of each cone 

i f the j u n c t i o n became e l e c t r i c a l l y connected. The l a t t e r 

case could be detected during t e s t s by two or more junctions 

reading e x a c t l y the same e.m.f. 

I n a d d i t i o n to the 34 s l i p r i n g s on item 6, 2 extra s l i p 

r i n g s were made a v a i l a b l e f o r thermocouples on the 10° and 

20° cones from a new six-way s l i p - r i n g u n i t which was mounted 

on top of item 6. The remaining f o u r s l i p r i n g s were used by 

Smith (73) who was measuring condensate f i l m thicknesses on 

the 10° and 20° cones using e l e c t r i c a l resistance transducers. 

A prolonged series of t e s t s over a period of 100 hours 

showed t h a t p i t t i n g d i d not occur i n the A r a l d i t e i n the 

isothermal grooves. Some of the thermocouples on the outer 

surface f a i l e d when bonding between the cement and one of 

the v e r t i c a l grooves ev e n t u a l l y broke down. Although a 

p a r t i a l l y successful r e p a i r was made to the cement, tha t group 

of wires e v e n t u a l l y became proud o f the cone surface and were 

damaged when the cone surface was cleaned w i t h abrasive paper 

(see s e c t i o n 6-1 , ) . The series of t e s t s was concluded when 

only one h a l f of the thermocouples remainedo 

4,9.4 S t a t i o n a r y thermocouples. 

I n l e t c o o l i n g water temperature measurements were made 
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at the primary i n l e t manifold and a t each of the sections 

i n s i d e the sprayer head. O u t l e t cooling water temperatures 

were measured a t the mouth of each of the scoops and a t 

e n t r y i n t o the water c o l l e c t i o n box. Leads from these 

s t a t i o n a r y thermocouples passed along the bore of a 0.003 m 

pipe f o r p r o t e c t i o n during t h e i r passage down the c e n t r a l 

water p i p e . The temperature of steam i n s i d e the vessel, 

the temperature a t the multi-way switch, and the temperature 

at the i n p u t and a t the output terminals on the s l i p - r i n g 

u n i t , were also measured w i t h thermocouples, 

4,10 S l i p - r i n g u n i t and a i r f i l t e r . 

o 
The thermocouple e.m.f. was taken from the 60 experimental 

cones by a t h i r t y - f o u r way packaged s l i p r i n g u n i t (item 6 ) , 

which was mounted on the top of the small-shaft (item 18). 

T h i r t y three of the s l i p r ings were used f o r thermocouples 

on the 600 cone and one s l i p r i n g was a l l o c a t e d to Robson's 

experimentso 

The s l i p - r i n g u n i t was manufactured by I.D.M. Ele c t r o n i c s 

L t d . and. had 80?fe-20% s i l v e r graphite brushes running on 

s i l v e r r i n g s . This type of s l i p - r i n g u n i t was chosen 

because of i t s n e g l i g i b l e noise c h a r a c t e r i s t i c ; an a t t r i b u t e 

t h a t was demonstrated by Ogale ( 7 4 ) . But before the t h i r t y -

f o u r way s l i p r i n g u n i t was ordered, several t e s t s were 

performed on a worn six-way u n i t to determine the e f f e c t 

on e.m.f. due to brush f r i c t i o n i n creasing the temperature 

of the u n i t . 
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A thermocouple was attached to the shaft of the s l i p -
r i n g u n i t and arranged to run immersed i n an o i l bath. The 
e.m.f. from t h i s r o t a t i n g thermocouple was taken to the 
d i g i t a l voltmeter through a p a i r of s l i p r i n g s . Leads from 
a second thermocouple were taken d i r e c t l y from the o i l bath 
to the d i g i t a l voltmeter to provide a reference temperature 
reading. Several t e s t s were c a r r i e d out over a speed range 
of 0 to 5 0 0 0 rev/min without c o o l i n g a i r to the s l i p r i n g 
u n i t . The r e s u l t s shov>/ed t h a t a f t e r running f o r a while a t 
any speed, a noticeable change i n e.m.f. was given by the 
r o t a t i n g theimocouple as the operating temperature of the 
s l i p - r i n g u n i t increased. When cooling a i r was introduced 
to the s l i p - r i n g u n i t , the d i f f e r e n c e i n e.m.f. between the 
two thermocouples v/as reduced to 1 0 jjS; the equivalent of 
0 . 2 5 ° Co This small d i f f e r e n c e i n e.m.f. was a t t r i b u t e d to-
the existance of a small temperature d i f f e r e n c e between the 
lead connections at the in p u t and the output to the s l i p -
r i n g u n i t . An oscilloscope was l a t e r connected i n the c i r c u i t 
to measure noise, but none could be detected. This r e s u l t 
confirmed Ogale's f i n d i n g s , but showed the necessity f o r a i r 
c o o l i n g to maintain uniform temperatures i n the s l i p - r i n g u n i t . 

Smith ( 7 3 ) , who required extra s l i p - r i n g capacity f o r h i s 
measurements of condensate f i l m thickness using an e l e c t r i c a l 
r e s istance technique , mounted a new six-way s l i p - r i n g u n i t on 
top o f the 3 4 way u n i t . Two of the s l i p - r i n g s were made 
a v a i l a b l e f o r thermocouples from the 1 0 ° and 2 0 ° cones. 
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Compressed a i r from the l a b o r a t o r y a i r - l i n e was contaminated 
by water, r u s t and o i l , and required f i l t e r i n g before i t could 
be used f o r c o o l i n g the s l i p - r i n g u n i t s . The a i r was cleaned 
and d r i e d by an Aerox Carbon Adsorber F i l t e r , which consisted 
of three sub-units, (a) a porous ceramic p r e - f i l t e r f o r 
removal o f gross l i q u i d i m p u r i t i e s , (b) a powdered-carbon 
adsorber u n i t f o r the removal of vapour and odours, and (c) 
a second ceramic f i l t e r to prevent ingress of carbon i n t o the 
a i r - s t r e a m . 

4 . 1 1 Steam supply. 

Steam w i t h a dryness f r a c t i o n of 0 . 9 9 was supplied at 
1 0 bars by an English E l e c t r i c a u t o m a t i c a l l y r e g u l a t i n g o i l -
f i r e d package b o i l e r u n i t , which could, i f required, supply 
steam a t a pressure of 1 5 bar. 

The pressure o f the steam supply to the pressure vessel 
was c o n t r o l l e d by a 0 . 0 1 9 m bore reducing valve which could 
produce reduced pressures over the range 0 . 0 5 to 0 . 8 of 
the supply pressure. 

Three separate valve springs were required to cover the 
f u l l range of reduced pressure. A m o d i f i c a t i o n was made to 
the screw-down cap which loaded the spring and thereby 
c o n t r o l l e d the reduced steam pressure. Pour spokes w i t h 
i n s u l a t e d handles were attached to the top o f the cap to 
fonn a capstan wheel. This enabled the reduced pressure to 
be adjusted w i t h greater ease and accuracy. The presence 
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o f t h i s valve i n the supply l i n e also tended to reduce 
pressure f l u c t u a t i o n s , which occurred i n the small steam 
r e c e i v e r on the' b o i l e r whenever the secondary burner flame 
was e i t h e r i g n i t e d or extinguished. 

T h r o t t l i n g the steam down to the desired pressure 
caused a c e r t a i n degree of superheat. Passing the steam 
through a water jacketed heat exchanger before entry i n t o 
the pressure vessel, enabled the steam q u a l i t y to be returned 
to the dry saturated s t a t e . Steam f o r q u a l i t y t e s t i n g 
was supplied from e i t h e r a tapping p o i n t positioned i n the 
steam l i n e between the reducing valve and the de-superheater, 
or d i r e c t l y from the.pressure vessel. 

4 o l 2 Measuring equipment and multi-way switch'. 

Cooling water f l o w . 

The volumetric flow of c o o l i n g water was measured by 
a Kent type 2 5 3 Pottermeter l y i n g i n the main water feed 
pipe before the m a n i f o l d . This u n i t produced pulsed output 
i n f o r m a t i o n d i r e c t l y p r o p o r t i o n a l to volumetric flow, because 
the s i x blade i m p e l l e r on the r o t o r u n i t r o t a t e d a t a speed 
d i r e c t l y p r o p o r t i o n a l to the mean v e l o c i t y o f the f l u i d . 
A reluctance type p i c k - o f f c o i l sensed the passage of each 
of the f e r r i t i c s t a i n l e s s s t e e l blades on the r o t o r u n i t 
as they crossed the magnetic f i e l d created by the c o i l . 
The s i n u s o i d a l wave-form generated by the c o i l was transmitted 
to a type 2 0 0 0 d i g i t a l t o t a l i s e r which continuously i n d i c a t e d 
the pulse count on a s i x d i g i t electro-mechanical r e g i s t e r . 
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Er r o r s i n flow measurement can occur i n r o t o r - t y p e flow 

meters i f the water has p r e l i m i n a r y a x i a l r o t a t i o n about 

the centre l i n e of the pipe. This r o t a t i o n may be caused 

by the presence of valves and bends i n the p i p e - l i n e . To 

minimise t h i s e r r o r a f l o w - s t r a i g h t e n i n g device, which 

consisted of a 0.4 m long cruciform vane, was placed i n the 

bore of a s t r a i g h t s e c t i o n of the water-main immediately i n 

f r o n t of the i m p e l l e r . 
The steam pressure i n the pressure vessel was measured 

w i t h a 0 , 2 5 m diameter Bourdon t e s t gauge which had an 
accuracy of + 0'009 bar over the f u l l range of pressure 0 to 8 

bar. The gauge was connectr.id to xhe end of an extension 
pipe from the pressure vessel to help keep the gauge'at the 
c a l i b r a t i o n temperature of 20° C. 

Condensate f l o w . 
The q u a n t i t y of condensate from the r o t a t i n g elements 

i n s i d e the pressure vessel could be measured i n two ways. 
The condensate could be flashed o f f to an a u x i l i a r y condenser 
working a t a vacuum c o n d i t i o n and then c o l l e c t e d i n a 
c a l i b r a t e d measuring tank. This method was u s e f u l f o r high 
condensing rates and f o r low condensing rates taken over 
a period of hours. The second method was used to c o l l e c t 
small volumes of condensate over a period of minutes. With 
t h i s method, condensate was c o l l e c t e d and measured i n a w e l l 
o f known volume which was formed inside the base of the 
pressure vessel. 

Thermocouple e.m.f. 
A S o l a r t r o n type IM 1420.2 d i g i t a l voltmeter was used 
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to measure the e.m.f. generated by the thermocouples. This 
instrument had a 0 to 20 mV scale and a s e n s i t i v i t y 
m u l t i p l i c a t i o n switch- which gave a maximum s e n s i t i v i t y of 
2.5 ytt-V on the 4 x range. The i n p u t resistance to the 
d i g i t a l voltmeter was 50 M ohms and t h i s ensured t h a t the 
r e s i s t a n c e of the lead wires was n e g l i g i b l e by comparison. 

Thermocouple s e l e c t o r switch. 

A Cropico type SP2 f i f t y - o n e way s e l e c t o r switch working 
on the break before make p r i n c i p l e allowed the leads from 
i n d i v i d u a l thermocouples to be switched i n t o the d i g i t a l 
v o l t m e t e r and cold j u n c t i o n c i r c u i t . The g o l d - s i l v e r a l l o y 
contacts of the switch u n i t reduced the switching resistance 
to l e ss than 0,001 ohm and thermal e.m.f. due to rapid 
s w i t c h i n g t o less than 0.2 jtB. 

Dryness - f r a c t i o n of steam. ' . . ^ 
The q u a l i t y of the steam atmosphere i n s i d e the vessel, 

together w i t h any gas content, was measured using the authors 
adaption of .the b a r r e l - t y p e c a l o r i m e t e r , f i g . 3 8 . One of the 
e s s e n t i a l features of t h i s calorimeter was a tubular condensing 
c o i l . through which the steam sample passedo The c o i l was 
cooled by the water content .of the calorimeter. Steam i n the 
sample condensed i n the c o i l , w h ile the gas content flowed 
through to be c o l l e c t e d i n a closed glass vessel which 
was graduated f o r volumetric measurement. Both the condensing 
c o i l and the measuring vessel were housed i n a thermally 
i n s u l a t e d w a t e r - t i g h t container. The dryness f r a c t i o n was 
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obtained by a simple energy balance and an estimate of the' 
volume o f non-condensable gases was obtained by a d i r e c t 
reading using the methods shown i n appendix D, 

4 . 1 3 Photography. 

The formation and drainage of the f i l m s of condensate 

on "the 10° and 20° cones was studied w i t h the aid of s t i l l 

photographs taken through windows i n the pressure vessel. 

A large format (0.101 m x 0,127 m) monorail p l a t e 

camera was used to take the s t i l l photographs. I l l u m i n a t i o n 

was provided by a Hadland 2 f l a s h u n i t which could 

provide a 50 J f l a s h every 30 s. 
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5.0 Commissioning t e s t s . 

5.1 Performance o f s l i p - r i n g u n i t . 

Some p r e l i m i n a r y t e s t runs on the assembled apparatus 
revealed t h a t the supply of co o l i n g a i r to the s l i p - r i n g u n i t 
was not m a i n t a i n i n g the u n i t a t a uniform temperature. Since 
c o p p e r - s i l v e r and const a n t a n - s i l v e r connections were made at 
the i n p u t and output terminals of the s l i p - r i n g u n i t , i t 
followed from the 'Law o f Intermediate Metals' t h a t a 
temperature d i f f e r e n c e across the terminals would introduce " 
a secondary e.m.f. i n t o the thermocouples from the cone. 
Although the thermal e.m.f. between copper and s i l v e r i s 
extremely small, the thermal e.m.fo between constantan and 
s i l v e r i s o f the same order as t h a t between copper and 
constantan. The same secondary e.m.f. was created i n each 
p a i r o f copper-constantan leads passing through the s l i p - r i n g 
u n i t . Thus the e f f e c t s of the secondary e.m.f. would be 
cancelled out when t a k i n g the d i f f e r e n c e between the temperature 
of the outer and in n e r surfaces of the cone, and the 
measurements of heat f l u x derived from the temperature 
d i f f e r e n c e across the cone w a l l would remain unaffected by the 
secondary e.m.f. However, the secondary e.m.f. a f f e c t s the 
readings of temperature value, and inf l u e n c e s the measured 
d i f f e r e n c e between the temperature of the outer surface of 
the cone and the steam. Leaving the secondary e.m.f. 
uncorrected would introduce an e r r o r i n t o the c a l c u l a t i o n of 
the heat t r a n s f e r c o e f f i c i e n t . Temperatures a t the input 
and output terminals of the s l i p - r i n g u n i t were measured. 
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t h e r e f o r e the readings of temperature value taken on the cone 
could be corrected f o r the secondary e.m.f. using the 
f o l l o w i n g procedure given by Benedict (75). I f the temperature 
of the i n p u t t e r m i n a l on the s l i p - r i n g u n i t was greater than 
the temperature a t the output t e r m i n a l , the temperature 
d i f f e r e n c e between the two terminals was added to readings 
of the temperature.value from thermocouples on the cone, to 
co r r e c t f o r the secondary e.m.f. 

However, an outer casing was removed from the s l i p - r i n g 
u n i t to improve the c i r c u l a t i o n of cooling a i r and t h i s proved 
e f f e c t i v e i n maintaining a uniform temperature across ' 
the i n p u t and output t e r m i n a l s , to w i t h i n ^5° 0. 

5,2 Performance o f thermocouples on the cone. 

For several days, both steam and cooling water were kept 
away from the s t a t i o n a r y cone to enable i t to a t t a i n the 
ambient temperature of the l a b o r a t o r y . A f t e r a t t a i n i n g t h i s 
uniform temperature, the consistency of the e.m.f. readings 
from thermocouples on the cone and on the cooling water 
system i n s i d e the cone were measured. The readings of e.m.f. 
were found to be consistent to w i t h i n + 5 /tV or + 0.1° C which 
was i n agreement w i t h the consistency of e.m.f. measured on 
the s i x thermocouples mentioned i n sec t i o n 4.9.1. This 
consistency of +0.1° C was maintained when the cone was 
r o t a t i n g a t speeds up to 1500 rev/min, but a t these higher 
speeds the temperature a t the input t e r m i n a l of the s l i p - r i n g 
u n i t was found to be up to 5° C higher than the temperature 
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a t the output t e r m i n a l s . The small secondary e.m.f. 
introduced during these high speed t e s t s depressed the 
readings o f temperature value taken from the thermocouples 
on the r o t a t i n g cone. However, the c o r r e c t i o n f o r secondary 
e.m.f. given by Benedict (75) and mentioned in- section 5.1, 
was applied to the readings of temperature value taken from 
the,cone; these corrected readings agreed w i t h those taken 
from the thermocouples on the cooling system i n s i d e the 

0 
cone to w i t h i n + 1 C. 

'5.3 Warming through p e r i o d . 

Steam was supplied to the pressure vessel a t 2 bars. 
The c o o l i n g water supply was adjusted to give a uniform 
temperature at the inner surface of the cone. Readings.from 
thermocouples on the cone were monitored every f i v e minutes. 
I t was found t h a t a f t e r 15 minutes a steady i n s i d e surface 
temperature could be a t t a i n e d . By t h i s time the pressure 
vessel was also warmed through. Thus a warming through 
period o f some 15 to 20 minutes was allowed before commencing, 
a t e s t runo 
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6oO Test procedure. 

6,1 Preparatory work on the outer surface of the cone. 

Machine marks were removed from the outer surface of new 
cones by abrading the surface w i t h various grades of wet 
and dry carborundum paper, down to grade 004. Between 
t e s t s , grade 004 paper was also used during preparatory work 
on the surface of the cone. 

The surface f i n i s h of the outer surface of experimental 
cones could not be measured because the cones were too 
large f o r the a v a i l a b l e bench-movnted ' T a l y s u r f machine. 
However, surface roughness was measured on small pieces of 
cone m a t e r i a l which were abraded w i t h grade 004 paper i n the 
manner used f o r the experimental cones. The surface roughness 
of these samples had an average value of 0.5 microns C.L.A. 
across the abrasion marks and 0.3 microns C.L.A. i n the 
d i r e c t i o n of the marks. 

To ensure t h a t f i l m w i s e condensation would occur on 
the experimental cone, the outer surface o f the cone was 
cleaned before a t e s t while the apparatus was co l d . Access 
to the cone was gained by removing one of the 0.3m diameter 
glass windows. The cone was r o t a t e d d u r i n g the cleaning process 
which commenced w i t h a wash using a detergent and'warm water 
to remove o i l or other contamination. Two d i f f e r e n t detergents 
were used during the experimental program. Tepol was used f o r 
the 60° cone and Decon 75 was used f o r the combined 10° and 20° 
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cones. Although both detergents were e f f e c t i v e i n removing 
• contamination, the l a t t e r had the quickesi; a c t i o n and reduced 
the cleaning time. The surface of the r o t a t i n g cone was also 
l i g h t l y abraded w i t h grade O O 4 paper and thus the abrasion 
marks ran i n planes of a x i a l symmetry. Therefore condensate 
t r a v e l l i n g along the generator of the cone would cross the 
abrasion l i n e s and encounter the roughest path of approximately 
0 . 5 microns C.L.A." A f t e r the cleaning operation both the 
cone and the i n s i d e of the pressure vessel were given several 
r i n s i n g s w i t h cold tap water to remove a l l traces of detergent. 
The ou t e r surface of the cones retained p a r t o f the r i n s i n g 
water i n a complete f i l m . This was taken as evidence of the 
w e t t a b i l i t y of the surface and of the l i k e l i h o o d t h a t • f i l m w i s e 
condensation would occur under t e s t c o n d i t i o n s . 

6.2 S t a r t i n g procedure. 

The f o l l o w i n g procedure was evolved as the l o g i c a l sequence 

of operations required to b r i n g the apparatus up to a 

p a r t i c u l a r set of t e s t c o n d i t i o n s . 

( i ) -Both the cooling water stop-valve and the d r a i n valve 

were opened. 
( i i ) A f t e r s t a r t i n g the water-pump, the pressurized water 

supply to the mechanical seal was adjusted to give 
a flow of 0 . 5 m2. at a pressure of 2 bar. 

h 
. ( i i i ) Cooling water was supplied to the inner surface of 

the cone by opening the main valve at the 

d i s t r i b u t i o n manifold. 
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( i v ) A supply o f co o l i n g a i r was del i v e r e d to the s l i p -
r i n g u n i t from the Aerox f i l t e r , 

(v) The motor-control u n i t was switched on and the speed 
of r o t a t i o n of the cone was s l o w l y increased up 
to the desired speed, 

( v i ) A f t e r opening the steam stop-valve, the pressure-
reducing valve was adjusted to give the desired 
steam pressure i n the pressure vessel. At the 
same time the water pressure a t the mechanical 
seal was increased to be 1 to 2 bar above the 
vessel pressure, 

( v i i ) The steam blow-off valve was opened f o r several 
minutes to purge both the steam supply system 
and the pressure vessel o f t h e i r i n i t i a l charge 
of a i r , 

( v i i i ) A f t e r the a i r purging, the steam pressure and the 
speed o f r o t a t i o n were checked, and i f necessary, 
adjusted to the desired values, 

( i x ) A uniform temperature was obtained on the inner 
surface o f the cone by a d j u s t i n g the i n d i v i d u a l 
supplies of cooling water to the various cooling 
zones on the inner surface. This adjustment s t a r t e d 
a t the uppermost c o o l i n g zone and progressed down 
successive zones. Adjustments to the cooling 
water supply were made whi l e readings of temperature 
were taken from thermocouples on the inner surface 
of the cone. 
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(x) Condensate from the r o t a t i n g p a r t s was allowed to 
c o l l e c t over the entrance to the condensate d r a i n 
pipe ( f i g . 3 1 item 26) i n the base of the pressure 
vessel. The condensate d r a i n value was adjusted 
to maintain the condensate i n the base of the 
pressure vessel a t a constant depth. 

These t e s t c o n d i t i o n s were maintained f o r 15 to 20 
minutes to enable the temperatures of the cone ajid o f the 
pressure vessel to become steady. 

The steam blow-off valve was opened f o r 3 0 seconds 
while observing the e.m.f. readings from thermocouples on 
the cone to check f o r the presence of non-condensables 
before a t e s t run s t a r t e d . 

6 . 3 Test procedure. 

The parameters t h a t c o n s t i t u t e d the t e s t conditions were: 

a) steam pressure and temperature, 

b) speed of r o t a t i o n , 
c) c o o l i n g water flow r a t e , 
d) p o i n t temperature readings from the inner and outer 

surfaces of the cone, and from the cooling water 
system. 

Test runs l a s t e d about 3 0 minutes during which time the 
t e s t c o n ditions were maintained constant. The surface of the 
cone was i l l u m i n a t e d w i t h stroboscopic l i g h t to check t h a t 
the condensate remained f i l m w i s e . 
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During the t e s t period the f o l l o w i n g measurements were 

taken, 

( i ) The steam pressure was measured and the equivalent 
s a t u r a t i o n temperature was compared w i t h the 
measured steam temperature, 

( i i ) The speed of r o t a t i o n was read, by a hand tachometer 
every 10 mino 

( i i i ) Cooling water f l o w r a t e to the inner surface of 
the cone was measured over two 15 min periods, 

( i v ) A reading from each of the thermocouples on the 

inner and the outer surfaces of the r o t a t i n g cone 
and from each of the thermocouples i n the cooling water 
system and on the s l i p - r i n g u n i t , was taken a t l e a s t 
3 times during every t e s t run. 

(v) The flow of condensate was measured by e i t h e r one 
of the methods given i n s e c t i o n 4.11 depending 
on flow r a t O c 

( v i ) 'The dryness f r a c t i o n of the steam and the concentration 
o f non-condensable gas i n the steam were measured 
during several t e s t s on the 60° cone. 

The drjoiess f r a c t i o n was found to be between 0.99 and 
Oo96 and the concentration of non-condensables was found to 
be less than 0.05^. Since the operating procedure f o r the 
b o i l e r was s t r i c t l y adhered t o , the dryness f r a c t i o n and 
the concentration of non-condensable gas were maintained 
w i t h i n these l i m i t s and d i r e c t measurements of these 
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q u a n t i t i e s were discontinued. A simple q u a l i t a t i v e check 

f o r non-condensable gases was d e v i s e d o The presence of non-

condensable gases retards the heat t r a n s f e r from steam to 

the o u t e r surface of the cone ( s e c t i o n 2.2) and thus lowers 

the temperature of the outer surface. Thus the presence of 

non-condensables i n the pressure vessel were detected by 

v e n t i n g the vessel while observing the surface temperature of 

the cone. I t was found t h a t i f the pressure vessel was 

adequately vented during the s t a r t i n g procedure, non-condensables 

d i d not a t t a i n s i g n i f i c a n t l e v e l s during the t e s t period of 

3 0 minuteso 
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7 . 1 Independent v a r i a b l e s and t h e i r range f o r the experimental 

work. 

The independent v a r i a b l e s i n the experimental apparatus 

described i n se c t i o n 4 were as f o l l o w s : -
• ( i ) Apex angle of cone 2(X 
( i i ) Cone diameter D 

• ( i i i ) Speed of r o t a t i o n - N 
( i v ) Cooling water flow rate 
( v) Steam temperature , t 

s 
( v i ) Steam pressure p 

( v i i ) Cleanliness of the condensing surface 
( v i i i ) Roughness o f condensing surface. 

The experimental heat t r a n s f e r r e s u l t s taken from the apparatus 
were a f u n c t i o n of these independent v a r i a b l e s . 

The ranges of the independent variables'were:-
( i ) Apex angles of experimental cones; 1 0 ° , 2 0 ° and 6 0 ° . 

( i i ) The range of cone diameter f o r the 1 0 ° cone was 
D = O o 4 9 3 m to D = 0 . 5 2 9 mo 

The range of diameter f o r the 2 0 ° cone was 

D = 0 . 5 2 9 m to D = 0 . 6 0 m. 

The range of diameter f o r the 60° cone was 
D = 0c08 m to D = 0 . 5 8 m. 

( i i i ) Experiments were conducted over the speed range zero 
to 1450 rev/min. On the 1 0 ° cone the r a t i o of 
accele r a t i o n s D̂o was vari e d between zero and 600. 

2 g 

On the 2 0 ° cone the range of Do^ was zero to 670 
2 g 

and on the 60 cone the range of Do/- was zero to 5 9 0 . 
2 g 
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( i v ) The cooling water flow r a t e was varied over the range 

3m to 13 m_ and was delivered to the inner surface 
h h 

of the experimental cones to maintain the inner 

surface a t a uniform temperature. Thus the temperature 

of the inner surface was dependent on the cooling 

water flow r a t e , and on the i n l e t temperature of the 

coo l i n g water. 

(v) ( v i ) Steam w i t h a dryness f r a c t i o n between 0.g6 and 1.0 

was used during a l l experiments therefore the steam 

temperature was r e l a t e d to the steam pressure. The 

steam was supplied to the apparatus at gauge pressures 

between 1 and 8 bar. 

( v i i ) ( v i i i ) • The outer surfaces of the cones, were cleaned and 

polished f o r t e s t i n g using the method given i n section 

6.1. The surface roughness on each cone was maintained 

almost uniform a t 0.5 microns C.L.A. or b e t t e r . 

7.2 Behaviour of the f i l m of condensate on the 10°, 20° and 

60° coneso 

Robson ( 7 0 ) made a photographic study of the behaviour 

of the f i l m of condensate on the 60° cone. His f i n d i n g s were 

discussed i n sec t i o n 2.4.4. 

The author has made a photographic study of the drainage 

of condensate from the 10° and 20° cones. A s e l e c t i o n of these 

photographs taken a t speeds'between zero and 800 rev/rain are 
o 0 shown f o r the 10 cone i n f i g . 40 and f o r the 20 cone i n f i g . 41> 

The photographs shown were taken w i t h steam a t a gauge pressure 
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R o l l waves 
f i g . 40Ca) (b) 

Speed of rotation - Speed of rotation 
N=zero N=100 rev/min 

' Direction =of rotation 
F u l l - s i z e 

•4 2 7 



Uniform ridges 

f i g . 40(c) 
N=200 rev/min 

' 2 7SEF 1972 i 
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of 1.4 bar. The heat f l u x f o r the 10° cone was between 
2.6 10^ W and 3cO 10^ W 

2 2 m m 

Comments on the photographs of the 10° cone. 

Patterns of roll-waves are v i s i b l e on the f i l m over the 

lower 2/3rds of the 10° cone a t zero speed f i g . 40a. The 

separation o f the main waves appears to be i r r e g u l a r w i t h 

wavelengths between O0OI5 m and O.O3 m. Each of the main waves ^ 

appears to be preceded by up to f o u r smaller r i p p l e s . 
2 

On i n c r e a s i n g the speed to 100 rev/min, at which D&j on 
0 2g 

the 10 cone i s approximately 2.8, the y;ave f r o n t appears to 

become jagged ( f i g . 40b), an.: the r i p p l e s t r a v e l l i n g i n f r o n t 

of adjacent waves i n t e r s e c t . This type o f wave p a t t e r n 

was also observed on the 60° cone. The drainage path on the 

lower p a r t o f the cone i s no longer along the generator of 

the cone, but along a path crossing the generator at an angle 

of approximately 10°o The d i r e c t i o n of drainage i s i n the 

opposite sense to the d i r e c t i o n of r o t a t i o n . 

At a speed between 100 and 200 rev/min where Da£_ ft;11.5 
2g 

the jagged roll-wave regime degenerates i n t o a very uniform 
p a t t e r n of ridges ( f i g . 40c). The centre l i n e of each ridge 

o 
makes an angle of approximately 20 w i t h the generator and the 

distance between the crests of adjacent r i d g e s , o r the p i t c h 

of the r i d g e s , varies between 0.003 and 0.00 5 m. A regime 

of ridges s i m i l a r to these were observed i n the drainage 

of. condensate under g r a v i t y from the underside of an i n c l i n e d 

p l a t e by Gerstmann and G r i f f i t h ( 3 8 ) . The p i t c h of the ridges 

on t h i s p l a t e were approximately 0,01 m. 
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Drops leaving non-uniform ridges 

fig.40(d) 
F u l l - s i z e 

Speed of rotation 
N=400 rev/min (e)-

2.Full-size 



fig.40(f) , 
N=600 rev/min 

Drops leaving non-uniform ridges 

M - l - s i z e 
fig.40(g) ̂  
H=800 rev/min 

^2 7SEP^972 
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Heat t r a n s f e r i n the troughs of the ridges w i l l be l a r g e r 

than a t t h e i r c r e s t S c To maintain a stable ridge p a t t e r n , 

the condensate deposited a t a trough must flow i n t o the 

ridge which then acts as a drainage channel. Nusselt (9) 
showed t h a t f o r a given a c c e l e r a t i o n along a surface, the 
v e l o c i t y o f drainage of a smooth laminar f i l m of thickness S 
was p r o p o r t i o n a l to 6 . I f we assume t h a t the v e l o c i t y of 
flow i n any t h i n f i l m i s also a f u n c t i o n o f f i l m thickness, 

i t f o l l o w s t h a t the v e l o c i t y of drainage i n the main p a r t of 

the r i d g e beneath the c r e s t i s l a r g e r than a t the trough 
where the f i l m i s t h i n n e s t . I t would appear from the unifor-mity 
of the ridges a t 200 rev/min t h a t the r i d g e can accept the 

flow of. condensate from the trough and provide adequate 
'drainage along the surface o f the cone. 

At 400 rev/min ( f i g . 40d) where Do) 45, the ridges 
2g 

become s l i g h t l y i r r e g u l a r i n shape and tend to j o i n up w i t h 
neighbouring r i d g e s . Over the upper t h i r d of the 10° cone 
the p i t c h of the ridges i s approximately 0.002 m, but over 
the lower two t h i r d s of the surface the p i t c h of the ridges 
increases to between 0.0025 m and 0.006 m. However, by 
observing the shadows cast by the r i d g e s , , i t would appear t h a t 
the r a t i o of amplitude to w i d t h of the ridges remains 
s u b s t a n t i a l l y iHichanged a t a value near u n i t y . The enlarged 
view ( f i g . 40e) taken from f i g . 40d, i l l u s t r a t e s the amplitude to 
w i d t h r a t i o f o r the ridge over the lower p o r t i o n of the cone 
and also shows t h a t comparatively large areas of the f i l m 
are f r e e from disturbances. Where ridges j o i n w i t h neighbours 
on t h i s lower p a r t o f the cone the new ridge appears to become 
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overloaded w i t h condensate some distance downstream from the 

po i n t of i n t e r s e c t i o n , and a drop of condensate forms on the 

r i d g e . These drops have a diameter of approximately 0.002 m 

and tend to t r a v e l along the ridge f o r some distance before 

they are detached from the r i d g e . The p o i n t a t which drops are 
2 

detached depends on the heat f l u x and on the r a t i o D<̂  , which 
0 2g 

does not vary much along the 10 cone a t any given speed. On 
many of the ridges"drops can be seen spaced a t i n t e r v a l s 

between 0.002 m and 0 . 0 0 3 m. One could argue t h a t the condensate 

d r a i n i n g from the undisturbed parts of the f i l m i n t o the ridge 

causes an overloading of the ridges capacity to d r a i n the 

condens.aie along the surface. This overloading appears to be 

r e l i e v e d p e r i o d i c a l l y by the formation and detachment'of drops. 

.The photographs taken a t 600 rev/min ( f i g . 4 0 f ) , where 
2 

D^pi-} 110, show t h a t the p i t c h of the ridges has decreased 
2g 
to approximately 0.0015 m and t h a t ridges tend to j o i n t h e i r 

neighbours more f r e q u e n t l y . Drop detachment continues and the 

s t a r t i n g p o i n t o f detachment moves up towards the star-ting 

'point o f t h e - f i l m of condensate. The i n t e n s i t y of drop 

detachment from the 10° cone i s such t h a t the view of the 

cone surface tends to be obscured and the inner surface of 

the windows i n the pressure vessel become covered m t h a 

f i l m of condensate which i s continuously disturbed by the 

impact o f drops. 

The process of drainage by the throwing of drops continues 

w i t h i n c r e a s i n g speed and prevents c l e a r photographs being 

taken o Thus the photograph taken a t 800 rev/min ( f i g . 4 0 g ) • 
where Da^P« 180 i s not too c l e a r , but the ridges and drops 

2g 
can s t i l l be seen. 
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(a) 
N=Zero 

/ i v; 
(b) 

N=200rev/min 

(c) 
N=400rev/min 

F u l l - s i z e 
20°Cone 

N=600rev/min 

(e) 
N=800rev/min 
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Comments on the photographs of the 20° cone. 

Only p a r t o f the .20° cone betv^een x = 0,04 m and -x = 0.12 m 
i s v i s i b l e on the photographs shown i n f i g . 41. 

At zero speed the roll-wave regime f o r condensate drainage 
along the surface can be seen i n f i g . 41a. The r i p p l e s which 
proceed the roll-waves are also v i s i b l e . This regime e x i s t s 
up t o speeds of between 100 and 150 rev/min, but between 
approximately 150 and 200 rev/min the roll-wave regime 
degenerates to a p a t t e r n of uniform ridges ( f i g . 41b). The 
p i t c h of these ridges i s s i m i l a r to the p i t c h of the ridges 
on the 10° cone a t t h i s speed of r o t a t i o n . 

On inc r e a s i n g the speed of r o t a t i o n to 400 rev/min where 
2 

DAJ 50 the ridg e regime i s maintained, and drainage continues 
2g / • 
to be across the surface of the cone along a backward curving 
drainage path which makes an angle of approximately 20° w i t h 
the generator ( f i g . 41c). The p i t c h of the ridges i s between 
0.002 m to O c 0 0 4 m. There i s l i t t l e suggestion t h a t drops have 
formed on the ridges at 400 rev/min, where as on the 10° cone 
at t h i s speed, many drops can be seen on the f i l m of condensate. 

The r i d g e regime is,maintained on the 20° cone a t speeds 
up to 600 rev/min and 800 rev/min where Do) i s 113 and 200 

2g 
r e s p e c t i v e l y ( f i g . 41d and 41e), and there i s some evidence 
to suggest t h a t drops are being fonned on the rid g e s . Since 
the heat f l u x on the 10° and 20° cones i s s i m i l a r , we can 
conclude t h a t the increased component of the c e n t r i f u g a l 
a c c e l e r a t i o n resolved along the surface of the 20° cone i s 
s u f f i c i e n t to enable the condensate f l o w i n g i n t o the ridge 
to d r a i n predominantly along the surface of the cone. 
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Comments on the e f f e c t of the a c c e l e r a t i o n f i e l d on drop 

detachment. 

From the proceeding discussions on the behaviour of 

the f i l m of condensate on the 10°, 20° and 60° cones, the 

question a r i s e s as to the conditions necessary f o r the 

form a t i o n and detachment of drops from a f i l m of condensate 

on the surface o f a given cone. This question cannot be 

answered p r o p e r l y without a much more d e t a i l e d study than 

i s given here. However, by using the r e s u l t s of the present 

study i n conjunction w i t h the f i n d i n g s o f other workers, 

some general conclusions can be drawn on the influence t h a t 

the a c c e l e r a t i o n f i e l d has on the mode of f i l m drainageo 

The drainage o f a f i l m of condensate from a body i s 

governed by the a c t i o n of the a c c e l e r a t i o n f i e l d which 

surrounds the body. Neglecting any e f f e c t s t h a t vapour drag 

might have i n d i s t u r b i n g the f i l m , , i t can be argued t h a t only when 

a cQiupohent of the a c c e l e r a t i o n f i e l d acts normal to and away 

from the condensing surface can there be any p o s s i b i l i t y of 

drop detachment. On the upper surface o f a disc r o t a t i n g w i t h 

i t s a x i s of symmetry i n the v e r t i c a l , the c e n t r i f u g a l a c c e l e r a t i o n 

acts along the surface o f the dis c and g r a v i t a t i o n a l a c c e l e r a t i o n 

acts normal t o , but towards the surface. Therefore drops are 

not l i k e l y to be formed on such a body while film-wise 

condensation e x i s t s . Decreasing the apex angle of the cone 
'2 

wh i l e m a i n t a i n i n g the same value of D60_, reduces the p r o p o r t i o n 
2g 

of the c e n t r i f u g a l a c c e l e r a t i o n a c t i n g along the surface of 

the cone and increases the p r o p o r t i o n o f t h e ' c e n t r i f u g a l 

a c c e l e r a t i o n a c t i n g normal to and away from the surface. 
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While the p r o p o r t i o n of the g r a v i t a t i o n a l a c c e l e r a t i o n a c t i n g 
along the surface and normal to the surface increases and 
decreases r e s p e c t i v e l y . Consequently at an apex angle of 0° 

the c e n t r i f u g a l a c c e l e r a t i o n acts e x c l u s i v e l y normal to and 

away from the surface while the g r a v i t a t i o n a l a c c e l e r a t i o n 
acts e x c l u s i v e l y along the surface. 

On a s t a t i o n a r y v e r t i c a l c y l i n d e r the f i l m of condensate 
w i l l d r a i n along the surface, but a t a c r i t i c a l f i n i t e value 

2 
of Doj , drainage of the f i l m along the surface w i l l be enhanced 

2g 
by the formation and detachment of drops. Thus the mode of 
drainage i s influenced by the magnitude of the ac c e l e r a t i o n 
resolved along the surface of the cone (denoted by a i n 
se c t i o n 4.1.2) and by the a c c e l e r a t i o n resolved normal to the 
surface (denoted by a ) . 

N i c h o l and Gaseca (59) did not discuss i n d e t a i l the 
behaviour o f the f i l m of condensate on•the v e r t i c a l 0.025 m 
diameter r o t a t i n g c y l i n d e r , but i f we assume t h a t drops were 
thrown from the f i l m when the heat t r a n s f e r c o e f f i c i e n t s t a r t e d 
to show an increase w i t h speed, t h e i r published r e s u l t s ' i n d i c a t e 
t h a t drops s t a r t e d to leave the f i l m a t speeds between 450 and 

2 
1000 rev/min f o r which Deo , or a i s between 2,5 and 12 2g -1 a 
r e s p e c t i v e l y . The c r i t i c a l value of D<:»2 depended on the heat 

2g 
f l u x ; as the heat f l u x increased the c r i t i c a l value decreased. 
This f i g u r e of D&j^ between 2.5 and 12 i s i n good agreement w i t h 

2g 
the value found by Hoyle and Matthews (60) f o r the detachment, 
of drops from t h e i r 0.2 ra diameter h o r i z o n t a l r o t a t i n g c y l i n d e r . 
Gerstmann and G r i f f i t h (38) observed t h a t drops s t a r t e d to f a l l 
from ridges i n a f i l m of condensate (freon 113) on the underside 
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of a s t a t i o n a r y i n c l i n e d p l a t e a f t e r the angle of i n c l i n a t i o n 

between the p l a t e and the h o r i z o n t a l decreased below 13°o At 
1 3 0 , ay = 4.16. Thus there i s strong independent experimental 

a~ ' • 
evidence to show t h a t drops are detached when a i s between 2.5 

and 12 despite a d i f f e r e n c e i n the magnitude of the i n d i v i d u a l 
a c c e l e r a t i o n s between ( 3 8 ) and ( 6 0 ) . Increases i n the magnitude 
of a w i l l reduce the diameter o f the drops t h a t leave the f i l m . 

The photographs f o r the 10° cone showed that drops s t a r t 
to leave the f i l m a t a speed between 200 rev/min and 4OO rev/min 
f o r which a i s between 5.7 and 9 . 0 . This f i n d i n g i s i n 

agreement w i t h other workers and leads us to conclude t h a t the 

r a t i o a needs to be greater than approximately 2.5 before 

drops can form and be detached from the f i l m . 
On a r o t a t i n g v e r t i c a l c y l i n d e r the r a t i o a i s equal 

2 
to D^ and can increase w i t h o u t l i m i t , but when the apex 

2 g 
angle o f the cone 2d. becomes f i n i t e , â . cannot increase 

a~ 
wi thout l i m i t . Using equation 3.1.1- and equation 3.1.3 i t 
can be shown t h a t as Ddu£ becomes l a r g e , a f o r cones approaches 

the l i m i t 1 
tan K 

At 2c< = 1 0 ° the l i m i t of a = 1 1 . 4 
a 

at 2 a - 2 0 ° the l i m i t of a = 5.6 
a~ 

at 2di = 60° the l i m i t of ay = 1 . 7 4 
a~" . 
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Although drops were not observed on the 20° cone at speeds 

up to 800 rev/min, the l i m i t i n g value of ay = 5.6 i s w i t h i n 

the range of a-y. where drops have been observed by other workers. 
a~ 

Photographs could not be taken of the 20° cone at speeds beyond 

800 rev/min, but the heat t r a n s f e r r e s u l t s could i n d i c a t e a change 

i n the mode of drainage a t speeds over 800 rev/min. 

Patterns of disturbances resembling ridges were observed 

on the 60° cone a t speeds between 600 rev/min and 1450 rev/min, 

but over the f u l l range of t e s t speeds drainage always occurred 

along the surface of t h i s cone. I t can be seen tha t ay f o r 

the 60° cone cannot exceed 1.74 which i s below the lov/est 

value (2,6) a t which drops have been observed to leave a f i l m . 

The foregoing discussion shoves t h a t as the apex angle 

becomes s i g n i f i c a n t l y greater than 20°, the l i m i t i n g r a t i o of . 

a decreases to reduce the p r o b a b i l i t y of drop detachment. 
y 

a . 
At these apex angles greater than 20° the a c c e l e r a t i o n a 

becomes dominant and.causes an improvement i n f i l m drainage 

along the surface. 

I n s e c t i o n 4.7 a laminar theory was developed f o r 

condensation on a r o t a t i n g body w i t h a curved generator. 

On t h i s body the apex angle 2ci as defined i n f i g . 4 increased 

w i t h the distance-X along the generator. On such a body the 

laminar f i l m of condensate was assumed to s t a r t a t a p o i n t where 

the apex angle 2ck was zero and to d r a i n along the generator and 

onto a di s c where the apex angle was 180°. I n p r a c t i c e the 

f i l m of condensate would not remain laminar and on current 
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evidence from r o t a t i n g c y l i n d e r s and cones, drops would form 
and leave the f i l m where the apex angle was small. However, 

on t h i s body, the apex angle increases,therefore a t a c e r t a i n 
apex angle the detachment of drops should cease and the f i l m 

should d r a i n along the surface. I t w i l l be i n t e r e s t i n g to see 
whether the range of a 2 ,5 to 12 necessary f o r drop detachment 

• a ~ " 

f o r cones has any s i g n i f i c a n c e i n p r e d i c t i n g the p o i n t where 
drops cease to be thrown from the body w i t h a curved generator. 
The evidence to date s t r o n g l y suggests t h a t the r a t i o a w i l l 
be s i g n i f i c a n t . ^ 

7.3 Energy balance. 

I t i s usual p r a c t i c e to have a check f o r the measured 
energy t r a n s f e r across the w a l l s of the condensing element. 
This check can be provided by making a balance between the 
energy l i b e r a t e d by the measured flow of condensate from the 
condensing element and the energy gained by the cooling water • 
f l o w i n g over the i n n e r surface of the element. I n the present 
series o f t e s t s the condensate from the c o n i c a l surfaces and 
from the underside o f the cone base-plate ( f i g . 31 item 30) 
were not kept separate during c o l l e c t i o n , therefore a meaningful 

energy balance f o r the c o n i c a l surfaces of e i t h e r the 1 0 ° and 
o o 20 cone and of the 60 cone could not be made. 

0 

A device f o r c o l l e c t i n g condensate from the 60 cone was 

designed, but was not used because 

(a) the c o l l e c t o r would obscure the surface of the 60° 

cone and i n t e r f e r e w i t h Robson's ( 7 0 ) photographic 

• study of the condensate drainage along the surface 

of t h a t cone. 

? 
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(b) the presence of a c o l l e c t o r near the r o t a t i n g 
surface of the cone might cause a disturbance 
i n the steam flow and thus i n t e r f e r e w i t h the 
heat t r a n s f e r process. 

(c) an undetermined amount of condensation would occur 
on the drops of under-cooled condensate as they 
passed through'the steam between the cone and the 
c o l l e c t o r . 

At h i g h speeds, drops of condensate were l i k e l y to leave 
the surfaces of the 10° and 20° cones at any p o i n t and also 
from the throwing r i n g s ( f i g . 34). A s u i t a b l e c o l l e c t o r 
f o r condensate l e a v i n g the 10° and 20° cones would be much 
l a r g e r than the proposed device f o r the 60° cone and could 
t h e r e f o r e have had an adverse e f f e c t on the flow of steam 
around the r o t a t i n g cones. 

The energy l i b e r a t e d by the t o t a l flow of condensate, 
t h a t i s from the cone and the base-plate together, was shown 
by Robson (70) to balance w i t h the energy t r a n s f e r r e d to 
the c o o l i n g water, w i t h an unaccounted loss of 2.4?^ of the 
t o t a l energy. Such an energy balance i s u s e f u l i n checking the 
accuracy o f the c o o l i n g water flow rate and of the cooling 
water temperature measurement. However t h i s o v e r a l l energy 
balance i s not an independent check on the accuracy of heat 
t r a n s f e r r e s u l t s on the experimental cones, and makes l i t t l e 
c o n t r i b u t i o n towards the experimental r e s u l t s reported here. 

Because the accuracy of the heat t r a n s f e r r e s u l t s are 
dependent on the temperature measurements a t the surfaces 
of the cones and on the thermal c o n d u c t i v i t y of the cone 
m a t e r i a l , precautions were taken to ensure t h a t these q u a n t i t i e s 
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were a c c u r a t e l y measured ( s e c t i o n 4 . 9 and appendix B). 

7 o 4 T y p i c a l temperature d i s t r i b u t i o n s on the experimental cones, 

T y p i c a l temperature d i s t r i b u t i o n s along the inner and• 
0 o 

outer surfaces of the 1 0 and 2 0 experimental.cones are 
shown i n f i g s . 4 2 and 4 3 r e s p e c t i v e l y and f o r the 6 0 ° cone 
i n f i g . 4 4 . _ 

The 6 0 ° cone was the f i r s t to be used i n the experimental 
program and provided a proving ground f o r developing an 
experimental technique. The inner surface of the 6 0 ° cone was 
cooled by f i v e independent supplies of c o o l i n g water to the 
f i v e c o o l i n g zones shown i n f i g . 4 4 . The supply of cooling 
water to each zone was adjusted to' make the temperature of 
the i n n e r surface as near to being uniform as possible. As 
can be seen i n f i g . 3 1 the cooling water was d i s t r i b u t e d to 
the cone through a large number of small bore tubes. Thus 
at zero speed the u n i f o r m i t y of temperature over the e n t i r e 
inner surface was dependent on the a x i a l d i s t r i b u t i o n of 
c o o l i n g water i n each of the c o o l i n g zones.. Since the cooling 
water d i s t r i b u t i o n was not a t i t ' s best a t zero speed, the 
l o c a l v a r i a t i o n i n surface temperature was more noti c e a b l e . 
However, as the speed of r o t a t i o n increased, the a x i a l 
d i s t r i b u t i o n o f c o o l i n g water over the e n t i r e inner surface 
of the cone was g r e a t l y improved. 

The presence of both the small shaft ( f i g . 3 1 , item 1 8 ) 
on the apex of the 6 0 ° cone and the base-plate (item 3 0 ) a t 
the base of the cone, caused disturbances i n the temperature 
d i s t r i b u t i o n i n the cone w a l l near these e x t r e m i t i e s . 
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The end e f f e c t caused by the apex of the cone and the small 
s h a f t was discussed i n the l a t t e r p a rt of section 3 . 8 , v;here 
i t was shovm from t h e o r e t i c a l considerations t h a t the end 
e f f e c t on the 6 0 ° cone became n e g l i g i b l e a t x greater than O . O 4 m, 
I n p r a c t i c e the temperature of the outer surface of the 6 0 ° 
cone could not be maintained uniform very close to the apex 
of the cone, due l a r g e l y to imperfect c o o l i n g i n t h i s region 
of the i n n e r surface a t a l l speeds. Consequently as x became 
less than approximately O . O 4 m, the temperature of the outer 
surface o f the cone g r a d u a l l y increased up to the steam 
temperature. To reduce e r r o r s i n heat t r a n s f e r measurements 
due to end e f f e c t s , values of heat f l u x and heat t r a n s f e r 
c o e f f i c i e n t were ca l c u l a t e d from measurements of temperatures 
taken between cone diameter "D ^ 0 . 0 8 m and D = 0 . 5 8 m, which 
gave a l e n g t h along the cone generator of approximately 0 . 5 m 

between x = O . O 4 m and x = 0 . 5 4 m. 

As can be seen on f i g . 4 4 , absolute u n i f o r m i t y i n 
temperature on the inner surface of the cone between x ^ 0 . 0 5 m 
and O o 5 4 m could not be achieved but the greatest d e v i a t i o n 
was har d l y more than + 5 ° C over the f u l l range of t e s t speeds. 
The temperature of the inner surface could have been mainlained 
more uniform i f a l a r g e r number of cooling zones had been 
used. This lesson was borne i n mind when designing the cooling . 
system f o r the 1 0 ° and 2 0 ° cones. The temperature on the outer 
surface of the 6 0 ° cone was found to be uniform g e n e r a l l y to 
w i t h i n + 5 ° C. 

Cleaning the outer surface of the 6 0 ° cone w i t h abrasive 
paper to o b t a i n a wettable surface took a t o l l on the l i f e 
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of thermocoupleso Junctions neededtoleinspected r e g u l a r l y 

and to be r e p a i r e d when necessary as mentioned i n section 

4 c 9 . 2 . 

The i d e a l p o s i t i o n f o r t a k i n g temperature measurements on 

each o f the experimental cones was e x a c t l y a t the inner and a t 

the outer stjjrfaces. However, the method of f i t t i n g thermocouple 

j u n c t i o n s t o the cones, as described i n sections 4 . 9 . 2 and 

4 o 9 o 3 , and the f a c t t h a t the j u n c t i o n s were a f i n i t e s i z e , 

probably i ntroduced small p o s i t i o n a l errors to the j u n c t i o n . 

Consequently the measured temperature may not be the true 

surface temperature. I f a j u n c t i o n was near the bottom of 

• a groove on the 6 0 ° cone, i . e . 0 . 0 0 0 8 m from the surface, 

the thermocoiuple was estimated i n appendix C • to be reading 

2 ° C below the true surface temperature f o r every 1 0 0 * ^ 0 

temperature d i f f e r e n c e across the w a l l of the cone. Assuming 

a mean thermocouple p o s i t i o n of 0 , 0 0 0 8 m from the surface the 

e r r o r i n tensperature reading becomes + 2 ^ of the temperature 

d i f f e r e n c e across the w a l l of the cone. From the possible 

sources of e r r o r i n temperature measurement tha t have been 

discussed i n t h i s section and i n sections 5 . 1 and 5 . 2 , the 

e r r o r i n w a l l temperature d i f f e r e n c e becomes + 4 ? ^ of the w a l l 

temperature d i f f e r e n c e . Thus f o r a w a l l temperature d i f f e r e n c e 

of 1 0 0 ° C, which was approximately the value a t N = 6 2 4 and 

N = 1 2 4 8 rev/min ( f i g . 3 4 ) , the e r r o r was + 4 ° C. 

The two sources of e r r o r i n the measurement of the outer 

surface temperature were + 2io of the w a l l temperature d i f f e r e n c e 

and + 1 ° C due to the c o r r e c t i o n f o r secondary e.m.f. (se c t i o n 

5 c 2 ) o 



2 1 0 . 

The measured steam temperature was accurate to w i t h i n 

+ 0 c l ° C, the r e f o r e the e r r o r i n the measured f i l m temperature 

d i f f e r e n c e a t these speeds was probably very close to + 3 ° C. 

The e r r o r introduced by the c o r r e c t i o n of secondary e.m.f. was 

evident a t N = 1 2 4 8 rev/min where the temperature of the outer 

surface measured by two thermocouples near x = 0 . 3 m was s l i g h t l y 

above the measured steam temperature. 

The e f f e c t s of these errors i n temperature measurement on 

the c a l c u l a t e d values of l o c a l heat f l u x and o f l o c a l heat 

t r a n s f e r c o e f f i c i e n t are discussed i n se c t i o n 7 . 4 and 7 . 5 

r e s p e c t i v e l y . 
T y p i c a l temperature d i s t r i b u t i o n s are shown f o r the 

1 0 ° a;nd 2 0 ° cones i n f i g . 4 2 and 4 3 r e s p e c t i v e l y . The nine 
co o l i n g zones used over the 0 . 4 m le n g t h of the combined 1 0 ° 
and 2 0 ° cones enabled the inner surface of each cone to be 
maintained uniform t o w i t h i n approximately + 3 ° C. 

At the lower end of the speed range, the f i l m of condensate 
was observed to run along the surface of the 1 0 ° cone and onto 
the throwing r i n g . The throwing r i n g thus caused a disturbance 
i n the fl o w of condensate and produced an increase i n the 
temperature near the i n t e r s e c t i o n of the 1 0 ° and 2 0 ° cones. 
The throwing r i n g also acted as an energy source and conducted 
energy t o the outer surface of the body where the two cones 
j o i n e d . 

I t i s also c l e a r from the curves i n f i g s . 4 2 and 4 3 t h a t 
several thermocouples were broken both on the inner and outer 
surfaces. S h o r t l y a f t e r the t e s t at zero speed, the t e s t 
program was brought to an end, because of these breakages. 



2 1 1 , 

The e r r o r i n the w a l l temperature d i f f e r e n c e across the 

1 0 ° and 2 0 ° cones was estimated to be + 4-2% of the w a l l 

temperature d i f f e r e n c e 9 ^ . At 9^ = 65° C, which was approximately 

the value a t a speed of 1450 rev/min on the 1 0 ° cone, the e r r o r 

i n w a l l temperature d i f f e r e n c e was w i t h i n + 3 ° C. The 

p o s i t i o n a l e r r o r i n the measurement of outer surface temperature 

i s ± 2^% of the w a l l temperature d i f f e r e n c e and the e r r o r 

due t o secondary e.m.f. was ± 1^ Q> a-i, 1450 rev/min on the 

1 0 ° cone. Thus the e r r o r i n the f i l m temperature d i f f e r e n c e 

was w i t h i n + 2i-° C. The e f f e c t of these e r r o r s on the 

c a l c u l a t e d values of heat f l u x and of heat t r a n s f e r c o e f f i c i e n t 

are discussed i n subsequent sections. 

7.5 Experimental heat f l u x . 

C a l c u l a t i o n of the experimental heat f l u x . 

Experimental values of the l o c a l heat f l u x across the 
f i l m o f condensate i n the Y d i r e c t i o n were calculated from 
the measured heat f l u x across the w a l l of the cone. The 
measured temperature d i s t r i b u t i o n along the inner and outer 
surfaces o f the experimental cones was used w i t h the theory f o r 
energy conduction across the w a l l s of hollow cones (see section 
3 . 8 ) to c a l c u l a t e the heat f l u x . Rearranging equation 3 . 8 . 4 -

gave the experimental l o c a l heat f l u x ^ as, 

^ = -k d t ( 7 . 1 ) 
dy 
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where k = thermal c o n d u c t i v i t y of the cone m a t e r i a l a t 

the outer surface 

and dt_ = the temperature gradient i n the Y d i r e c t i o n i n 
dy 

the cone m a t e r i a l a t the outer surface. 
The e f f e c t s o f v a r i a b l e thermal c o n d u c t i v i t y o f the cone 

metal were shown i n the l a t t e r p a r t of section 3.8 to be 
s i g n i f i c a n t , t herefore the temperature gradient dt was 

. dy 
evaluated from equation 3.8.35. 

The t y p i c a l temperature d i s t r i b u t i o n s given i n f i g s . 42, 
43, and 44, e x h i b i t a s l i g h t non-uniformity of temperature along 
both the i n n e r and the outer surfaces of the experimental 
cones. The theory developed ^n section 3.8 gives the correct 
heat f l u x only when the .temperature of the inner and outer 
surfaces are uniform, and thus.does not take i n t o account the 
small X d i r e c t i o n heat f l u x which r e s u l t s from t h i s non-
u n i f o r m i t y of temperature d i s t r i b u t i o n o A three dimensional 
e l e c t r i c a l analogue f o r the experimental cones would be needed 
to account f o r both the X d i r e c t i o n and Y d i r e c t i o n heat f l u x . 
I n the m a j o r i t y of the experiments the non-uniformity of the 
temperature d i s t r i b u t i o n along the surfaces o f the cones was 
small compared w i t h the temperature difference.across the 
cone w a l l , t h e r e f o r e the X d i r e c t i o n heat f l u x was neglected. 
I n doing so, equation 7.1 s l i g h t l y iinder estimated the Y 
d i r e c t i o n heat f l u x . 
E r r o r s i n the experimental heat f l u x . 

The e r r o r i n the calculated values of heat f l u x can be 
assessed from the known experimental e r r o r s . There are an 
i n s u f f i c i e n t number of t e s t s c a r r i e d out a t a'given set of 
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t e s t c o n d i t i o n s f o r the use of a s t a t i s t i c a l l y based method 
of e r r o r a n a l y s i s , so the experimental e r r o r s were assessed 
i n the f o l l o w i n g way. 

The experimental heat f l u x ^ was calculated from equation 
7 . 1 , which when applied to the 1 0 ° and 2 0 ° experimental cones 

reduces to 

.w 

where 6̂ , = w a l l temperature d i f f e r e n c e 
w = w a l l thickness 
k = thennal c o n d u c t i v i t y of the cone m a t e r i a l . 

Then ^ ^ ± 0 » 0 3 from appendix B 
k 

K% = + 0 . 0 4 5 from section 7 - 4 

Aw = + 0 . 0 0 1 

w . 
By d i f f e r e n t i a t i n g equation 7 . 2 and taki n g the modulus of 
the e r r o r s i n the measured q u a n t i t i e s 

M = ^ + Aê v + Aw = + 7 . 6 ^ 
T k K w 

This method of analysis gives very p e s s i m i s t i c assessments of 

experimental,errors. 
For the 6 0 ° cone, where equation 7 . 1 reduces to equation 

7 , 2 a t l a r g e values of x, 
4^ = + O o 0 3 ; Aê v = + 0 . 0 4 ; Aw = t 0 . 0 0 1 
k -K~ w 

Thus, f o r the 6 0 ° cone the e r r o r i n the heat f l u x ^ = + 7 . 1 ^ . 
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No attempt has been made to- make an accurate assessment 
of the e r r o r i n the I d i r e c t i o n heat f l u x due to neglecting 
the X d i r e c t i o n heat f l u x ; such an assessment could not be 
made w i t h o u t the use o f a three dimensional analogue. Since 
the X d i r e c t i o n temperature gradients i n the m a j o r i t y of 
experiments were less than 6% of the Y d i r e c t i o n gradient, 
using equation 7.1 to cal c u l a t e the heat f l u x would lead, a t 
the worst, to err o r s of the same order as those predicted 
above. 

Experimental heat f l u x p l o t t e d against distance x. 

Experimental values of the l o c a l heat f l u x calculated 
fro:.-: equation 7.1 and using the temperature d i s t r i b u t i o n s 
g i v e n - i n f i g . 42, 43 and 44, are shown f o r the 10° cone and 
20° cone i n f i g . 45 and 46 r e s p e c t i v e l y and f o r the 60° cone 
i n f i g . 47. I n general the curves of heat f l u x against distance 
from the s t a r t i n g p o i n t of condensation x are not smooth, due 
p a r t l y t o the unknown p o s i t i o n of the thermocouple junctions 
and p a r t l y to n e g l e c t i n g the X d i r e c t i o n heat f l u x . A three 
dimensional treatment of these t e s t r e s u l t s would produce smoother 
curves o f heat f l u x . 

However f i g s . 45, 46 and 47 show t h a t the experimental, 
heat f l u x does change w i t h x and the, ratfe of change w i t h x i s ^ 
dependent on the speed of r o t a t i o n . 
T y p i c a l heat f l u x f o r the 10° cone. 

Considering the experimental heat f l u x f o r the 10° cone 

shown i n f i g , 45 i t can be seen t h a t at zero speed the heat 

f l u x decreases w i t h x. At zero speed the f i l m of condensate 
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was seen i n f i g . 40a to d r a i n along the generator of the 10° 
cone, under the i n f l u e n c e of g r a v i t a t i o n a l a c c e l e r a t i o n . 
The laminar theory f o r the condensation of steam on cones developed 

i n s e c t i o n 3.5 showed t h a t the f i l m o f condensate-on a s t a t i o n a r y , 

cone increased i n thickness w i t h x and t h a t the heat f l u x 

should decrease w i t h x. The curve f o r zero speed on f i g . 45 
shows t h a t t h i s trend has been found i n p r a c t i c e . 

With the 10° cone r o t a t i n g a t 600 rev/min, photograph 
f i g . 40e shows t h a t over the lower 2/3rds of the 10° cone the 
f i l m of condensate drains p a r t l y along the surface of the cone 
and p a r t l y by the formation and detacbjnent o f drops normal 
to the surface of the cone. Tbe uotachment of drops should 
reduce the r a t e of increase i n f i l m thickness w i t h x, and 
should thus lead to a more uniform d i s t r i b u t i o n of t}:e 
experimental heat f l u x w i t h x. For t h i s reason, the experimental 
heat f l u x a t both 600 rev/min and 1450 rev/min i s more uniform 
w i t h X. 

Since there i s a change i n the mode of f i l m drainage 
between zero and 1450 rev/min, i t i s a t f i r s t s i g h t perhaps 
s u r p r i s i n g t h a t the experimental heat f l u x should show such 
l i t t l e change w i t h speed. But t h i s can be explained. 

The experimental cones are water cooled heat exchangers 
f o r condensing steam. Although the curves i n f i g s . , 45 to 47 
show the heat f l u x from the f i l m of condensate to the outer 
surface of the cone, the energy l i b e r a t e d a t the outer surface 
has also to be conducted across the w a l l of the cone and 
t r a n s f e r r e d to the cooling water. I t f o l l o w s t h a t the thermal 
resistance of the w a l l and of the t r a n s f e r of energy to the 
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c o o l i n g water also i n f l u e n c e the heat f l u x . I f U i s the o v e r a l l 

heat t r a n s f e r c o e f f i c i e n t between the steam and the cooling 

water then 
1 = ] ^ + w +1 
U h^ k h 

cone 

where h = heat t r a n s f e r c o e f f i c i e n t f o r the condensate to 
the outer surface of the cone 

and' = heat t r a n s f e r c o e f f i c i e n t from the inner surface 

to the c o o l i n g water 
w = ymll thickness of the cone 

k = thermal c o n d u c t i v i t y of the cone w a l l . 
cone 

Taking as an example, the 10 cone a t zero speed, 

a t X = 0.17 m ' ' 
1_ = 4.3 10"^ m£c 1_ = 8.0 10"^ mfc w 19.1 lO"^ mfc 
h w hj^ w k w 

From these f i g u r e s i t can be shown t h a t the thermal 
resistance of the condensate l a y e r i s 13^ of the t o t a l thermal 
resistance and as the speed increases to 1450 rev/min t h i s 
f r a c t i o n reduces to lO^^o Thus the thermal resistance of the 

w a l l and of the process of t r a n s f e r r i n g energy to the cooling 
water remain important, so i t i s perhaps-not s u r p r i s i n g t h a t 
a change i n the mode of drainage has a l i m i t e d e f f e c t on the 
value of the experimental heat f l u x . The thermal resistance 
of the cone w a l l could be reduced i n twro ways. 

( i ) by using metals w i t h high thermal c o n d u c t i v i t i e s ; 
these metals are u s u a l l y expensive, and have low 

s t r e n g t h and are d i f f i c u l t to cast, 
( i i ) by reducing the w a l l thickness of the cone; the 

w a l l thickness i s s t r o n g l y influenced by mechanical 

con s i d e r a t i o n s . 
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T y p i c a l heat f l u x f o r 20° cone. 

The thermal resistance of the condensate l a y e r a t x = 0,17 
on the 20° cone i s 30/̂ ^ of the t o t a l resistance a t zero and 
I'fo of the t o t a l at 1450 rev/min. Thus there i s a greater change 
i n the e-xperimental heat f l u x w i t h speed on the 20° cone. At 
zero speed the heat f l u x shov/s a decrease w i t h x as expected 
from the laminar theory,' 

• The photographs of the condensate a t speeds up to 600 
rev/min show t h a t the d i r e c t i o n of drainage i s e x c l u s i v e l y along 
the surface of the 20° cone. At 800 rev/min, several drops 
were v i s i b l e ( f i g . 41e) on the ridges i n the f i l m of condensate. 
The improvement i n the heat f l u x between 600 rev/min a.nd 1450 
rev/min could be due to an improvement i n the f i l m drainage by 
the detachment of drops from the f i l m of condensate, although 
at present there i s no photographic evidence to show tha t 
drops are being detached from the f i l m . 
T y p i c a l heat f l u x on the 60° cone. 

F i g . 47 shows t y p i c a l values of l o c a l heat f l u x f o r the 
60° cone c a l c u l a t e d from equation 7.1 using the experimental 
temperature d i s t r i b u t i o n s given i n f i g . 44. On the 60° cone, 
the f i l m of condensate s t a r t s near the apex where theraocouples 
were not placed, t h e r e f o r e the behaviour of the f i l m near the 
s t a r t i n g p o i n t i s not recorded i n f i g . 47. The t e s t results' 
f o r the 60° cone show t h a t the heat f l u x tends to decrease 
towards the apex due to the r e l a t i v e l y large changes i n curvature 
between the inner and the outer surfaces near the apex, as 
discussed i n s e c t i o n 3.8. 
F u l l range o f heat f l u x on the 10 , 20 and 60 cones. 

The . f u l l range of the experimental heat f l u x on each of 
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the t e s t cones can best be shown by using ( i ) the f i l m temperature 
d i f f e r e n c e 9, which i s the steam to surface temperature 

difference,and ( i i ) the steam temperature t g . Both 9 and tg 
have been shown to i n f l u e n c e the experimental heat f l u x and they 
can be conveniently l i n k e d by the Drew reference temperature 
±f - t g -0.75 0. The v a l i d i t y o f the Drew reference temperature 

was discussed i n s e c t i o n 2.2 r e f . (21), and the use of t h i s 

reference temperature was discussed i n s e c t i o n 2.2 r e f . (69) 
where i t was argued t h a t i n a given a c c e l e r a t i o n f i e l d an 
increase i n t ^ improved the freedom o f movement of the 
condensate. This improvement was obtained by both iii e 
v i s c o s i t y and the surface tension of the condensate being 
reduced more r a p i d l y than the d e n s i t y of the condensate. 

The dependence of the experimental heat f l u x on the Drew 

reference temperature i s i l l u s t r a t e d i n f i g s . 48 a b c f o r 
the 10°, 20° and 60° cones r e s p e c t i v e l y . The experimental 
l o c a l heat f l u x shown i n f i g . 48a and 48b are taken at a 

distance x = 0.1 m along the generator o f the 10° and 20° 
cones r e s p e c t i v e l y and the l o c a l heat f l u x ' f o r the 60° cone 

i s taken a t a distance x = 0.4 m. At these values of x 
on each cone, the heat f l u x i s l e a s t l i k e l y to be a f f e c t e d by 
energy t r a n s f e r from the ends of the cones. 

, o 
I n f i g s . 48a (10 cone) the heat f l u x over a given range 
2 

of Doj i s shown to increase w i t h t ^ . Values of heat f l u x at 
2g 

2 
D^ less than 45,for which the f i l m drainages i s along the 
2g . 
cone surface, l i e along l i n e A A . A t Do)^ above 100 f i l m 
drainage i s enhanced by the formation and detachment of drops. 
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2 The heat f l u x at Dio fi^ 100 l i e close to l i n e B-, B-, which 
e x h i b i t s a l a r g e r increase i n heat f l u x w i t h t ^ than does l i n e 
A^ A^, C l e a r l y t h i s trend cannot be confirmed without more 
experimental values of heat f l u x taken from t e s t s at the upper 

2 
end of the range of t-p and w i t h values of Do) v 100. 

2g 
On the 20*-' cone the values o f heat f l u x against t a t 2 2 Doi less than 20 appear to l i e near the l i n e A A . At Do) = 54 

2g • - 2 2g 
the heat f l u x appears to remain unaffected by tf over the 
range 115° C to 146° C, and to be s l i g h t l y lower than the heat 
.flux shown by l i n e A^ A2. ' The reason f o r t h i s decrease i n 
heat f l u x i s not apparent, but i t could be due to increases i n 
e i t h e r the thermal resistance: of the f i l m o f condensate or 
of the energy t r a n s f e r to the cooling water.' More heat t r a n s f e r 
r e s u l t s , together w i t h d i r e c t measurements of the condensate f i l m 

2 
thickness over the range Da> 20 to 54, are required to c l e a r 

2g 
up t h i s p o i n t . • • 

At Da)2 greater than 520, the heat f l u x shows a more marked 
2g 

improvement w i t h t - ^ . As has been suggested before, t h i s 
improvement coul'd be due to the formation and detachment of 
drops from the ridges o f the 20° cone. More experimental 
p o i n t s a t a higher value o f t ^ would also be needed to confirm 
the trend shorn by l i n e B^ B^. 

Drainage of the f i l m of condensate on the 60° cone was 
studied by Robson (70) who found t h a t the f i l m drained along 
the- surface over the ranges of both t ^ and speed covered i n 
the t e s t s reported here. On the 60° cone, the heat f l u x i s 
shown to increase more r a p i d l y w i t h increases i n t ^ than w i t h 

? 2 
increases i n Dor. At any Do) , the increase i n heat f l u x w i t h 

2g 2g 
t f shown by the slope of l i n e A^ A^, i s not d i s s i m i l a r from 
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the slope o f l i n e s A-ĵ  A-^,and A^ Ag,which are also f o r condensate 
drainage along the surface. 

At t h i s stage i n the discussion of the r e s u l t s i t i s 
i n t e r e s t i n g to compare the experimental heat f l u x f o r the 
10°, 20° and 60° cones w i t h the heat f l u x f o r condensation of 
steam on r o t a t i n g c y l i n d e r s (58) and on r o t a t i n g discs (53). 
Such a comparison i s r e a d i l y made using t h e Drew reference 
temperature and is-shown i n f i g . 4 9 . Envelopes have been drawn 
around the arrays of p o i n t s i n f i g s . 48a, b, c, and around the 
p o i n t s taken from (53) and (58).- Only the envelope f o r each 
cone i s shown i n f i g . 4 9 c 

F i g . 4 9 shows t h a t the experimental heat f l u x f o r each 
body i s o n l y p a r t l y influenced by the behaviour of the f i l m 
of condensate f o r the reasons given e a r l i e r i n t h i s s e c t i o n . 
The p l a c i n g of the sets o f heat t r a n s f e r r e s u l t s i s s t r o n g l y 
i n f l u e n c e d by the thermal c o n d u c t i v i t y of the body, so the ' 
e f f e c t of changes i n apex angle on heat f l u x i s masked. However, 
the sets of r e s u l t s f o r the disc and the c y l i n d e r tme s i m i l a r 

increases w i t h 'Dco^ as the authors r e s u l t s f o r the 10°, 20° 
- o^ -- - 2g 
and 60 cones. Thus over the f u l l range of apex angle, the 
thermal resistance of the f i l m becomes n e g l i g i b l e a t high ' "^ 
speeds of r o t a t i o n . With regard to the c a l c u l a t i o n o f the 
t r a n s i e n t thennal stresses i n t u r b i n e r o t o r s during cold 
s t a r t i n g , i t i s o n l y when the thermal resistance of the f i l m 
i s dominant i n the o v e r a l l heat t r a n s f e r process, t h a t the e f f e c t 
of changes i n the speed of r o t a t i o n on heat f l u x i s important. 
This l a t t e r c o n d i t i o n i s s a t i s f i e d i n the e a r l y stages of the 
cold s t a r t i n g o p e r a t i o n . 
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I n an attempt to make the heat t r a n s f e r r e s u l t s more 
ap p l i c a b l e to cones i n general, the heat t r a n s f e r r e s u l t s are 
compared w i t h the laminar theory f o r the condensation of steam 
on the outer surfaces of r o t a t i n g cones developed i n section 3. 
Such a comparison i s made i n the next s e c t i o n . 

7.6 Heat t r a n s f e r c o e f f i c i e n t . 

The u l t i m a t e aim i n t h i s s e c t i o n i s to present to the 

designer a recommended equation f o r the experimental r e s u l t s . 

I n the recommended equations the heat t r a n s f e r r e s u l t s are 

characterised by the l o c a l Nusselt number hx, where h i s the 
k 

l o c a l heat t r a n s f e r c o e f f i c i e n t from the f i l m of condensate 
to the outer surface o f the cone. A l l of the heat t r a n s f e r 
c o e f f i c i e n t s used i n t h i s s e c t i o n are l o c a l values and not 
average values. 

The form of the recommended equation i s based on the 

t h e o r e t i c a l model of the condensation process described i n 

se c t i o n 3.1. 
The t h e o r e t i c a l model demanded t h a t the f i l m should be i n 

laminar flow along the generator o f the cone and th a t the f i l m 
should be t h i n . The model was developed f o r f i l m s w i t h c9 less 

1 
than 0.1 and the experimental f i l m s of condensate complied w i t h 
t h i s requirement. However, the mode of drainage assumed f o r 
the model was r a r e l y seen i n p r a c t i c e except where the f i l m s 
were e x c e p t i o n a l l y t h i n . I t was more common to see the f i l m 
of condensate supporting waves i n various patterns or to be 
throwing o f f drops, depending on the magnitude and d i r e c t i o n 
of the a c c e l e r a t i o n f i e l d . I n p r a c t i c e the f i l m s which supported 
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waves and ridges e t c . were s t i l l t h i n and were thus s t r o n g l y 
i n f l u e n c e d by the v i s c o s i t y . I t i s not unreasonable therefore 
to compare the experimental r e s u l t s w i t h p r e d i c t i o n s from 
the simple laminar theory which also assumes t h a t the drainage . 
i s s t r o n g l y influenced by the v i s c o s i t y . 

As a prelude to the development of a recommended equation, 
the experimental heat t r a n s f e r c o e f f i c i e n t s are compared w i t h 
p r e d i c t i o n s o f the'laminar heat t r a n s f e r c o e f f i c i e n t made by 
the i n t e g r a t i o n o f equation 3 . 1 . 1 5 . 

Experimental heat t r a n s f e r c o e f f i c i e n t . 

The experimental heat t r a n s f e r c o e f f i c i e n t h from the f i l m 
of condensate to the outer surface of the cone may be calculated 
from 

h - I . . o 7 . 3 

9 
where 0 i s the l o c a l experimental heat f l u x derived from 7 . 1 

and Q- i s the l o c a l f i l m temperature d i f f e r e n c e . 
I t i s possible to assess the e r r o r s i n the experimental 

heat t r a n s f e r c o e f f i c i e n t from the assessment o f the err o r s 
i n both 0 ( s e c t i o n 7 o 5 ) and 0 ( s e c t i o n 7 . 4 ) , although the 
assessment i s a p e s s i m i s t i c one. 

0 0 

When the f i l m temperature d i f f e r e n c e 6 = 2 0 C on the 1 0 

and 2 0 ° cones the e r r o r i n h becomes ± 2 2 , 6 ? ^ , a n d when 6 = 5 ° C, 
the e r r o r i n h i s ± 6 7 . 6 / ^ . When the f i l m temperature d i f f e r e n c e 
i s 2 0 ° C on the 6 0 ° cone the e r r o r i n h i s + 2 2 . 6 j ^ a n d when 
e = 5 ° C the e r r o r i n h i s 1 57.if". The probable erros should 
be somewhat less than these. 
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Laminar heat t r a n s f e r c o e f f i c i e n t . 

The equation 3.1.15, which governs the r a t e of growth of 
a laminar f i l m , was num e r i c a l l y i n t e g r a t e d f o r isothermal cones 
to show ( s e c t i o n 3.5) the v a r i a t i o n of the laminar heat t r a n s f e r 
c o e f f i c i e n t w i t h the distance x, the apex angle and the speed 
of r o t a t i o n . I n the present s e c t i o n , equation 3.1.15 was used 
to p r e d i c t the laminar f i l m thickness and hence the laminar 
heat t r a n s f e r c o e f f i c i e n t corresponding to given temperature 
d i s t r i b u t i o n s along the outer surface of the experimental cones. 
Equation 3.1.15 was .integrated using the method o u t l i n e d i n 
se c t i o n 3.4, and a s p e c i a l input f a c i l i t y known as a 'function 
gene-rator' was used to make the v a r i a t i o n o f the experimental 
0 w i t h X a v a i l a b l e to the i n t e g r a t i o n procedure. 

Numerical i n t e g r a t i o n of equation 3.1.15 commenced a t the 
s t a r t i n g p o i n t of condensation, i . e . a t x = 0 . Thermocouples 
were not placed on the experimental cones e x a c t l y at the s t a r t i n g 
p o i n t o f condensation, so the change i n 6 w i t h x observed near 
the s t a r t i n g p o i n t was extrapolated f o r small values of x. On 
the 10° and 20° cones the f i r s t thermocouples were approximately 
0.02 m from the s t a r t i n g p o i n t o f condensation, while on the 
60° cone the f i r s t thermocouple was a t approximately x = 0.04 m. 
I f the extrapolated f i l m temperature was e i t h e r very l a r g e , zero 
or negative, a small p o s i t i v e value o f 9 was used to s t a r t the 
c a l c u l a t i o n . . 

Since experimental values of Q were used i n the i n t e g r a t i o n 
of equation 3.1.15 the experimental e r r o r i n 9 also a f f e c t e d 
the laminar heat t r a n s f e r c o e f f i c i e n t . The e f f e c t on the 
laminar heat t r a n s f e r c o e f f i c i e n t o f a given change i n 6 
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was n o t i c e a b l y less than the e f f e c t on the experimental value. 

This f o l l o w s from the discussion i n section 3.5 where the 

laminar heat t r a n s f e r c o e f f i c i e n t f o r isothermal cones was 

shown to be a f u n c t i o n o f f l l ^ ; the power of t tends to reduce 
. e J 

the e f f e c t on heat t r a n s f e r c o e f f i c i e n t of changes i n 9. Even 

w i t h step changes i n 9, the e f f e c t on the laminar heat t r a n s f e r 

c o e f f i c i e n t was small (see section 3.4). 

Experimental and laminar heat t r a n s f e r c o e f f i c i e n t s . 

T y p i c a l experimental heat t r a n s f e r c o e f f i c i e n t s f o r the 10° 

and 20° cones a t speeds over the range zero to 1450 rev/min are 

shown i n f i g s . 50 to 52. The experimental heat t r a n s f e r 

c o e f f i c i e n t s were cal c u l a t e d from equation 7.3 using f i l m 

temperature d i f f e r e n c e s taken from' f i g s . 42 and 43 f o r the 

10° and 20° cones respectively,and values of heat f l u x taken from 

f i g s . 45 and 46 f o r the 10° and 20° cones r e s p e c t i v e l y . 

Pig. 50a and 50b show the experimental heat t r a n s f e r 

c o e f f i c i e n t f o r the 10° and the 20° cones.at zero speed. The 

experimental heat t r a n s f e r c o e f f i c i e n t i s large n e a r t h e s t a r t i n g 

p o i n t of condensation and decreases w i t h distance x. This was 

c h a r a c t e r i s t i c f o r f i l m s d r a i n i n g along the surface. Near 

X =0.2 on the 10° cone, where i t j o i n e d the 20° cone, the heat 

t r a n s f e r c o e f f i c i e n t increased. This increase was probably due 

to the m i xing of condensate as i t flowed onto the throwing r i n g 

a t the i n t e r s e c t i o n of the two cones. The throwing r i n g also 

acted as a f i n and conducted energy from the steam to the 

outer surface of the coneo 

Also shown i n f i g s . 50a and 50b are the laminar heat 
t r a n s f e r c o e f f i c i e n t s f o r the sets of t e s t conditions given i n 
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f i g . 42 and 43. The laminar heat t r a n s f e r c o e f f i c i e n t on both 
cones a t zero speed was lower than the experimental value, but 
also decreased w i t h x. Figs. 50a and 50b show t h a t the laminar 
heat t r a n s f e r c o e f f i c i e n t does not respond to changes i n 9 
as r a p i d l y as does the experimental value. From equation 7.3 
i t can be seen t h a t i f 6 i s increased by a'factor of two a t 
any distance x v^'hile the heat f l u x remains constant, the 
experimental heat t r a n s f e r c o e f f i c i e n t i s reduced by a f a c t o r 
of two. As shown i n s e c t i o n 3.4 the same change i n 9 near x = 0.1 m 
on a 600 cone reduces the laminar heat t r a n s f e r c o e f f i c i e n t by 
6.5^; the same c a l c u l a t i o n performed f o r the 10° and 20° cones 
would produce a s i m i l a r r e s u l t . The e f f e c t o f a given change 
i n 0 on the laminar heat t r a n s f e r c o e f f i c i e n t depends on the 
distance x and on the magnitude and d i r e c t i o n of the a c c e l e r a t i o n 
f i e l d . Examining the behaviour of equation 3.1.24 (see section 
3.1.8) shows t h a t w h i l e the f i r s t term on the right-hand' side 
of the equation remains dominant, rapid changes i n 9 produce 
s i g n i f i c a n t changes i n the laminar f i l m thickness, and hence i n 
the laminar heat t r a n s f e r c o e f f i c i e n t . This term tends to become 
i n s i g n i f i c a n t as x increases and more r a p i d l y so as the speed 
increases. From t h i s discussion we can conclude t h a t the laminar 
theory tends to smooth out the e f f e c t s on heat t r a n s f e r c o e f f i c i e n t 
of r a p i d changes i n 9 w i t h x. Such changes at zero speed produce 
the l e a s t e f f e c t a t lar g e distances from the s t a r t i n g p o i n t of 
condensation x, as can be seen from the curves i n f i g . 50a and 
50b, and f o r the 60° cone i n f i g . 53- The curves i n f i g s . 51 
t o 53 show t h a t as the speed of r o t a t i o n increases, the changes 
i n 9 have p r o p o r t i o n a t e l y less e f f e c t on the laminar heat t r a n s f e r 
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c o e f f i c i e n t a t a l l values of x. 
Pigs. 51a and 51b f o r the 10"̂  and 20'-' cones r e s p e c t i v e l y , 

show t h a t a t 600 rev/min, both the experimental and the laminar 
heat t r a n s f e r c o e f f i c i e n t s g e n e r a l l y increased beyond the 
corresponding values a t zero speed. 

At 600 rev/min the experimental and the laminar heat 
t r a n s f e r c o e f f i c i e n t s on the 10° cone are i n good agreement 
up to the p o i n t x = O.O7 m, and both decrease w i t h x. This 

decrease i n the experimental value v;as expected since the 

f i l m a t t h i s speed was observed to d r a i n along the surface as 

f a r as X = O0O7 m. Downstream of t h i s p o s i t i o n , drainage 
was p a r t l y along the surface and p a r t l y by the detachment of 
drops. The region where drops were thrown from the f i l m on the 
o 

10 cone coincides wi-th the region on f i g . 51a, where the 
experimental heat t r a n s f e r c o e f f i c i e n t shows a marked increase 
to approximately 2 times the laminar value. 

At 600 rev/min on the 20° cone the condensate was observed 
to d r a i n along the surface and the experimental heat t r a n s f e r 
c o e f f i c i e n t i s between 0.8 and 1.6 times the laminar value. 

At 1450' rev/min f i g . 52a shows tha t the experimental heat 
t r a n s f e r c o e f f i c i e n t i s gen e r a l l y above the values at 4OO 
rev/min. At 1450 rev/min a substantial.compcjient o f the 
c e n t r i f u g a l a c c e l e r a t i o n acts along the surface to improve laminar 

drainage i n t h i s d i r e c t i o n . This improvement appears to make 
the experimental heat t r a n s f e r c o e f f i c i e n t f o l l o w the decrease 
w i t h X shown by the laminar value; w i t h the experimental value 
between 1.3 and 1.7 times the laminar value. 
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At 1450 rev/rain on the 2 0 ° cone f i g . 52b shows that the 
experimental heat t r a n s f e r c o e f f i c i e n t approaches two times the 
laminar value downstream of x = O.O5 m. This increase s t r o n g l y 
suggests t h a t the f i l m drainage was being improved by the 
detachment of drops although there i s no photographic evidence 
to support t h i s claim. 

Pig. 5 3 shows f o r the 6 0 ° cone a comparison between the 
experimental heat t r a n s f e r c o e f f i c i e n t and the corresponding 
laminar values a t speeds between zero and 1 2 4 8 rev/min. 
These heat t r a n s f e r c o e f f i c i e n t s were ca l c u l a t e d from the 
temperature d i s t r i b u t i o n s given i n f i g ^ 4 4 -

.A.t zero speed both the experimental and the laminar heat 

t r a n s f e r c o e f f i c i e n t s show the c h a r a c t e r i s t i c decrease w i t h x. 
The change i n 0 from 4 ° ̂  t c 1 2 ° C between x = O.O9 m and x = 0 . 1 m 
causes the experimental heat t r a n s f e r c o e f f i c i e n t to drop sharply, 
but the laminar value does not e x h i b i t the same response f o r the 

0 

reasons given during the discussion of the r e s u l t s f o r the 1 0 

cone. 
I n the- laminar theory the c e n t r i f u g a l a c c e l e r a t i o n 

dominates drainage over large p o r t i o n s o f the 6 0 ° cone a t 
speeds above 3 0 0 rev/min,consequently the laminar heat 
t r a n s f e r c o e f f i c i e n t becomes uniform w i t h x and i s therefore 
r e l a t i v e l y unaffected by changes i n 6 w i t h x.. The changes i n 
0 w i t h X continue to cause l o c a l v a r i a t i o n s i n the experimental 
h e a t ' t r a n s f e r c o e f f i c i e n t which g e n e r a l l y l i e s between 0 . 8 and 
2 o 5 times the laminar value. 

A comparison between the experimental and the laminar heat 
t r a n s f e r c o e f f i c i e n t was made f o r a l l of the t e s t r e s u l t s . 
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The r e s u l t s are too numerous to be shown i n the manner of 

Figs. 50 to 53 so they are presented i n a modified way. 

Recommended equations f o r the 10°, 20° and 60° cones. 

The designer i s o f t e n forced to assume the existence of 
an isothermal temperature d i s t r i b u t i o n when i n f a c t the 
temperature d i s t r i b u t i o n may be non-isothermal. The recommended 
equations help the designer to p r e d i c t the experimental heat 
t r a n s f e r c o e f f i c i e n t under these circumstances. 

I n appendix A two s i g n i f i c a n t terms were derived from 
equation 3.1.15 and these were:-

( i ) Nu (3H)^ fojSina )5/2 
g CoSDt 

where ' H = cO 
Pr ( 1 + 3 cO) 

8 
and ( i i ) xoj^ Sin^oi 

g Cos OL 

The above terms were shown to place the laminar heat t r a n s f e r 
r e s u l t s f o r a given isothermal cone on a unique curve. As 
shovm i n appendix A the p o s i t i o n of the curve depends on the 

p o s i t i o n of the s t a r t i n g p o i n t of condensation on the cone. 
TeiTD ( i i ) was also used i n sections 3.4 to 3.6 to show the 
r e l a t i v e e f f e c t s of c e n t r i f u g a l and g r a v i t a t i o n a l accelerations 
on the t h e o r e t i c a l heat t r a n s f e r c o e f f i c i e n t s . 

Terms ( i ) and ( i i ) can also be used to di s p l a y the 
experimental heat t r a n s f e r r e s u l t s at a l l values of x i f the 
experimental Nusselt Number = h x i s s u b s t i t u t e d f o r the 

exp 
k 

laminar value, and the l o c a l f i l m temperature d i f f e r e n c e Q' 

i s used i n the value of H„ 
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The recommended equations f o r each cone are derived from 

curves drawn through the experimental p o i n t s and have the 

general form 

where 

Nu jooSina) 
exp g Cosoc 

H = ce 0 ̂  
Pr (1 + 3 ce) 

8 

3/2 
= A. p 2 xaj Sin cC 

g Cos OL 
A. 

The f l u i d p r o p e r t i e s of the condensate c, k, \) were evaluated 

a t the Drew reference temperature t ^ = t -0.75 6 and the 
f s • 

l a t e n t enthalpy 1 was evaluated a t the steam temperature t ^ . 

F i g o 54a and 54b show the experimental heat t r a n s f e r 

r e s u l t s f o r the 10*̂  cone p l o t t e d i n teims "of group ( i ) against 

group ( i i ) . 

The recommended equations f o r the 10° cone are:-

Por 0.001 <: xo? Sin^oc ^ l o O g Cos ex. 
Nu (3H)* foiSinoi = 3o36 

exp g Cosed 
2 2 

I"or 1 < xLo Sin o( < 5 

2 2 xa) Sin oC 
g Cos a. 

0.75 

g Cos o(. 

Nu (3H)*. USinoC) 
exp g Cosot 

3/2 
2.9 2 c,. 2 

xti) Sm oc 
g Cos ot 

There i s a considerable s c a t t e r of experimental points which 
are f o r v a r i a b l e 0, but they l i e close to the recommended curve. 
The extreme p o i n t s deviate from the recommended curve by a 
f a c t o r o f approximately 2, but the m a j o r i t y of points are 

i n b e t t e r agreement w i t h the recommended curve. 
Also shown i n f i g s . 54a and 54b., i s the unique curve f o r 

iso t h e n n a l laminar heat t r a n s f e r r e s u l t s on the 10° cone. 
The curve passing through the. experimental points i s between 

o 
1.4 and 1.9 times the laminar value f o r an isothermal 10 cone, 
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Figs 53a and 55b show the experimental r e s u l t s f o r 
0 

the 20 cone and the recommended equation becomes:-
For 0.001 c xw Sin^c^ < 10 ' g Cos cc 

Nu (3H)'' Sin PC ) 
exp g Cosoc 

3/2 
= 2.6 2 c- 2^ X o i n c(-

g Cos cc 
0.75 

The extreme experimental points deviate from the recommended 

curve by a f a c t o r close on 2, but the m a j o r i t y of points are i n 
b e t t e r agreement. The above curve l i e s extremely close to 
the unique curve p r e d i c t e d f o r the 20° cone from the isothennal 

laminar theory. 

F i g S o 56a and 56b show the experimental points f o r the 

60° cone. The recommended equations are:-
2 ? 

For O o l < x ^ Sin^g < 1.0 
• g Cos K 

Nu (3H)4 f^Sinoc) 
exp g Coscx. 

3/2 2.02 2 2 f'^"^ 
xaj Sin c<. 
g Cos 

For 1 < xd)^ Sin^o( < 250 
g Cos ck 

i / .5/2 
¥u (3H) • {(JO Sin QC) = 2c25 

exp g Cos a 
2 2 X ̂  Sin ck. 
g Cos oc 

0„90 

Also shown i s the unique curve f o r the 60° cone as derived 
from the isothermal laminar theory. Providing the f i l m of 
condensate s t a r t s a t the apex of the cone t h i s curve can be used 
f o r cones w i t h any apex angle. The recommended curve f o r the 
experimental r e s u l t s from the 60° cone l i e s between 1.2 and 1.8 
times the laminar value, w i t h b e t t e r agreement at high speeds 
of r o t a t i o n . 
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The e f f e c t of changes i n the wave p a t t e r n or of the mode 
of f i l m drainage on the experimental heat t r a n s f e r c o e f f i c i e n t 
i s not c l e a r l y seen i n f i g s . 54 to 56. These are two reasons 
f o r t h i s : -

( i ) the onset of a wave regime or of a change i n the mode 
of drainage i s dependent on the condensation r a t e , 
and the experimental r e s u l t s i n figs„ 54 to 56 
cover.a range of condensation rates a t any value of 
x_a^_Sin^, 

g Coscx. 

and ( i i ) reductions i n the mean f i l m thickness produced by 

changes i n the wave p a t t e r n e t c , ge n e r a l l y cause 

reductions i n the f i l m temperature 6 and t h i s 

introduces l a r g e r experimental e r r o r s i n t o the 

c a l c u l a t i o n of h 
exp. 

F i g . 57 shows on a smaller scale the envelopes enclosing 
the experimental p o i n t s f o r the 10°, 20° and 60° cones,and the 
curves derived from laminar theory•applied to isothermal cones. 
The general agreement between the experimental r e s u l t s from each 
cone can be seen, as can the r e l a t i v e l y good agreement between 
the experimental r e s u l t s and the laminar theory. 
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8.0 Conclusions. 

The conclusions are a summary of the main points raised 
"during discussions i n various sections i n the t h e s i s . 

The theory developed f o r the condensation of steam i n t h i n 
laminar f i l m s on the outer surface o f r o t a t i n g cones assumed 
t h a t the f i l m drained along the generator of the cone under 
the combined i n f l u e n c e of c e n t r i f u g a l and g r a v i t a t i o n a l 
a c c e l e r a t i o n s resolved along t h e surface. A n a l y t i c a l s o l u t i o n s 
of equation 3.1.15, which governed the rate of growth of the 
laminar f i l m , f o r c e r t a i n l i m i t i n g values o f speed of r o t a t i o n 
and o f apex angle, showed t h a t the theory l i n k e d previous 
t h e o r i e s where drainage was by e i t h e r c e n t r i f u g a l or g r a v i t a t i o n a l 
a c c e l e r a t i o n alone. 

A numerical method f o r i n t e g r a t i n g equation (3.1.15) was 
-used to show the combined e f f e c t of c e n t r i f u g a l and g r a v i t a t i o n a l 
a c c e l e r a t i o n s on the laminar heat t r a n s f e r c o e f f i c i e n t on cones 
w i t h various apex angles. 

While the term X 0 ^ Sin2a 
^ 1 

was less than 0.5, g r a v i t a t i o n a l 
g Cos DC 

a c c e l e r a t i o n dominated drainage and the laminar heat t r a n s f e r 
c o e f f i c i e n t decreased w i t h the distance from the s t a r t i n g p o i n t 
of condensation. The reduction i n g r a v i t a t i o n a l a c c e l e r a t i o n 
resolved along the surface caused by i n c r e a s i n g the apex angle 
from zero, r e s u l t e d i n a r e d u c t i o n i n the laminar heat t r a n s f e r 
c o e f f i c i e n t a t a given distance x. The laminar heat t r a n s f e r 
c o e f f i c i e n t was shown to be lower than a t a given distance x, 
i f the s t a r t i n g p o i n t o f condensation,at which x = 0, was not 
a t the apex of the cone. 
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When " 2 ^ 2 
xo) Sin o( was greater than 2.0, the f i l m drainage 
g Cos a 

became dominated by c e n t r i f u g a l a c c e l e r a t i o n which made the 
laminar heat t r a n s f e r c o e f f i c i e n t become uniform w i t h distance 
X o I n c r e a s i n g the apex angle a t a given speed of r o t a t i o n 
makes the p o i n t a t which the c e n t r i f u g a l a c c e l e r a t i o n becomes 

dominant, move towards the apex of the cone. -

The term 

h cone 
h disc 

Ham 
a c c e l e r a t i o n . 

x6o2 Sin^o: also decided whether the r a t i o 
L g Cos o( 

was dominated by e i t h e r g r a v i t a t i o n a l or c e n t r i f u g a l 

I n the former s t a t e , the r a t i o h cone 
h disc 

to 0.976 g Cosg/ 
2 

was asymptotic 

lam 
, but when c e n t r i f u g a l a c c e l e r a t i o n dominated 

•1 
drainage, the asymptote was (sincx.)^ which agreed w i t h Sparrow 

and H a r t n e t t (68). 

The assumption of plane laminar flow along the generator 

of the cone was seldom found during experiments, therefore the 

p r e d i c t i o n s made by the theory were not i n exact agreement w i t h 

the experimental r e s u l t s . 

Film drainage 

Photographic evidence shows tha t a t c e r t a i n speeds of 
r o t a t i o n the f i l m of condensate drains along the surface of 
the 10 , 20 and 60^ cones; photographs f o r the latter cone are 
presented i n (70). At zero speed,'the f i l m i s fr e e from waves 
near the s t a r t i n g p o i n t of condensation on each cone, but 
downstream, i r r e g u l a r p atterns of roll-waves develop while the 
condensate drains along the generator of the cone. 
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At speeds of r o t a t i o n between 100 rev/min and 200 rev/min 
on the 10° and 20° cones, and at speeds between 200 rev/min and 

/ ° 
350 rev/min on the 60 cone, the roll-wave regime degenerated 

2 
i n t o r i d g e s . The t r a n s i t i o n to ridges depended on Do) , on 

2g 
the distance x and on the condensation r a t e ; high condensation 
rates lead to t r a n s i t i o n s a t a lower D^2 a,nd distance x. 

0 2g 
On the 10 cone, drops developed on the ridges at speeds 

between 300 rev/min and 400 rev/min, and drops were observed 

to leave the f i l m at speeds between 400 and 800 rev/min. At 

speeds up to 800 rev/min the photographs show tha t drainage 
0 

from the 20 cone was along the surface of the cone i n a ridge 
regime. 

Photographs o f the 10° and 20° "cones could not be taken 
at speeds above 800 rev/min because of the suspension of water 
d r o p l e t s i n the steam atmosphere. Presumably these drops 
were thrown from the 10° cone, but c e r t a i n t e s t s f o r the 20° 
cone show a sharp increase i n the experimental heat t r a n s f e r 
c o e f f i c i e n t which suggests t h a t the f i l m drainage on t h i s cone 
was also being enhanced by the detachment of drops. 

I t was argued t h a t both the magnitude of the vector 
r e p r e s e n t i n g the a c c e l e r a t i o n f i e l d , and the d i r e c t i o n of 
the v e c t o r r e l a t i v e to the surface o f the cone would influence 
the mode of f i l m drainage. The vector was resolved normal to 
the surface (a ) and along the surface ( a ) ; the former «y 
a c c e l e r a t i o n encouraging drainage by dix)ps,while the l a t t e r 
encouraged drainage along the surface. From published data 
f o r f i l m w i s e condensation on both s t a t i o n a r y (38) and r o t a t i n g 
surfaces (58) ( 5 9 ) , the onset of drop detachment was shown 
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to occur a t a„ between 2 and 12. On cones, the r a t i o a 
~ _ y 
a a 

was shown to approach a l i m i t i n g value which decreased as the 

apex angle increased from zero. On the 10° cone the l i m i t i n g 

value of B y was 11.4, and the onset of drop detachment occurred 

when a y was greater than 5.7, which was i n keeping w i t h the 

f i n d i n g s of other workers. The l i m i t i n g value o f a =5.6 f o r 
0 a ~ 

the 20 cone, was w i t h i n the range where drops have been 
observed to leave f i l m s of condensate, so the proposed onset o f 
drop detacliment from t h i s cone , as suggested by the heat t r a n s f e r 
r e s u l t s , could not be r u l e d out. 

The l i m i t i n g value of a = 1.-74 f o r the 60*̂  cone was below 

t h a t observed f o r the detachment of drops. At speeds up to 
1400 rev/min, photographs of t h e f i l m (70) on the 60° cone show 
t h a t drainage continued along the surface of the cone. 

As the speed increased, the f i l m of condensate on each 
of the experimental cones drained along a path which s p i r a l l e d 
downwards i n the opposite d i r e c t i o n to t h a t of r o t a t i o n . The 
angle made between the drainage path and the generator of the 
cone increased w i t h speed from 0° on s t a t i o n a r y cones to a l i m i t 
of approximately 30° a t speeds up to 1450 rev/min. 

Heat f l u x . 

Over the range of t e s t conditions the experimental heat 

f l u x was shown to increase almost l i n e a r l y w i t h the Drew reference 

temperature t f = t„ -Oo75 Q, at a given value of Daj£ . 
2g 
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I n general, the heat f l u x from the condensate to the experimental 

cones increased w i t h DA)^ a t a given t f , but the heat f l u x 
2g " 

increased more r a p i d l y w i t h t than w i t h Dgf. Experimental 
^ 2g 

heat f l u x from published sources showed s i m i l a r trends. 
While the f i l m of condensate drained along the surface 

of the 10° and 20° cones, the increase i n heat f l u x w i t h t ^ 
was s i m i l a r to t h a t f o r the 60° cone. When drops were thrown 
from the 10° cone, and po s s i b l y from the 20° cone, the'few 
experimental p o i n t s from these t e s t s tended to i n d i c a t e a 
s l i g h t l y g r eater increase i n heat f l u x w i t h t f . A d d i t i o n a l 
experimental r e s u l t s a t high speeds taken over a greater range 
of t ^ are required to show t h i s trend c l e a r l y . 

. Over c e r t a i n ranges of speed, the heat f l u x to the 10°, 

20° and 60° cones, and to the disc' and cy l i n d e r s described i n (54) 

(58 ) , was shown to be l i m i t e d by the thennal resistance o f ' 
the s o l i d beneath the condensing surface. When values of heat 
f l u x are required during the c a l c u l a t i o n of t r a n s i e n t thermal 
stresses i n r o t o r s which are both wanning through and a c c e l e r a t i n g , 
t h i s l i m i t i n g of the heat f l u x s i m p l i f i e s the c a l c u l a t i o n . I f 
a large p r o p o r t i o n o f the temperature d i f f e r e n c e between the steam 
and the lowest tem p e r a t u r e of the body, i s across the body, the 
heat f l u x from the f i l m w i l l show l i t t l e increase w i t h increases 
i n angular v e l o c i t y . I n general, the thennal resistance of the • 
f i l m i s dominant only when the f i l m temperature d i f f e r e n c e 0 i s j 

a large f r a c t i o n of the d i f f e r e n c e i n temperature between the • j 
steam and the lowest temperature of the body. 

Heat t r a n s f e r c o e f f i c i e n t . 

The temperature d i s t r i b u t i o n along the outer surface of 
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the experimental cones was non-isothermal. Changes i n 0 w i t h x 

produce changes i n both the experimental and laminar heat t r a n s f e r 
c o e f f i c i e n t s . The experimental value was almost p r o p o r t i o n a l 

to 1 a t any distance x, but the t h e o r e t i c a l laminar value 
e 1 

was almost p r o p o r t i o n a l to 
4 5^ r d a + a dD' 

1 
L0 J 

while 4H was greater than 

dx D dx (see section 3.1.8). The l a t t e r term became 
dominant w i t h increases i n speed and t h e r e a f t e r f u r t h e r changes 
i n d had l i t t l e e f f e c t on the laminar heat t r a n s f e r c o e f f i c i e n t . 

At zero speed, both the experimental and the laminar heat 
t r a n s f e r c o e f f i c i e n t s tended to decrease w i t h x. At high speeds 
where drainage was e x c l u s i v e l y along the surface both heat 
t r a n s f e r c o e f f i c i e n t s tended to become more uniform w i t h x. 
The experimental heat t r a n s f e r c o e f f i c i e n t showed a marked 
increase downstream of the p o i n t where drainage was assisted 
by the detachment o f drops. 
Recommended equations. 

The needs of the designer were borne i n mind when developing 
the recommended equations. Equations p r e d i c t i n g the experimental 
heat t r a n s f e r c o e f f i c i e n t s were based on terms derived from the 
laminar theory f o r isothenn a l cones and had the f o l l o w i n g general 
form, 

= A_ I xoF Sin^D( I 2 4 , Nu i3E) (wSind) 
g Cosc< 

3/2 
_ g Cos a 

where Nu = h and H = cO -J 
exp P r ( l + 3 cOj 

8 
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The t a b l e below gives the constants Â  and Ag f o r the 
experimental cones. 

Apex angle (2o() 2 2 
xiii Sin o(. 
g Coscx. 

A 
1 

A 
2 

10° 
OoOOK •• <1.0 

1.0 < •• <7.0 

3.36 

2.9 

0.75 

1.0 

20° O.OOK •• <10eO 2.6 0.75 

0.1 < •• < 1.0 2.02 0.75 

60° 1.0 < ••<250.0 2„25 0.9 

Where the f l u i d p r o p e r t i e s of the -condensate"in the constant H 

namely c, k,^)are evaluated a t the Drew reference temperature 

t = t -0.75 B, and the enthalpy of condensation 1 i s evaluated f s 
a t the s a t u r a t i o n temperature t ^ . • 

The above recommended equations are taken from curves ' 
passing through the experimental points which are scattered, 
due p a r t l y t o the npn-isothennal temperature d i s t r i b u t i o n along 
the outer surface,and p a r t l y to the experimental e r r o r . Extreme 
p o i n t s may d i f f e r by a f a c t o r of 2 times the value given by the 
curve, but most of the points were i n b e t t e r agreement. 

Assuming isothermal c o n d i t i o n s , the laminar heat t r a n s f e r 
c o e f f i c i e n t s f o r each cone formed a unique curve expressed by 
an equation s i m i l a r i n form to t h a t given f o r the recommended 
equations. 
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The constants A-̂  and A from the isothennal theory are 

Apex angle (2o() 2 Q- 2v 
g Cos C. ^1 A2 

less than 1 .0 2o34 Oc75 • 
10° 1 .0 20 2 c l 0.875 

greater than 30 1.1 1 .0 

- less than 1 .0 2.66 0„75 
20° 1 .0 35 2 .5 0.875 

greater than 35 1.14 •1.0 

less than 0,3 1.17 0.75 
60° 0.3 5.0 - 1,17 0.875 

greater than 5.0 1.16 1 .0 • 

From these two tables and from the curves shown i n f i g s . 55 

and 58, i t can be seen t h a t the experimental curves are between 

approximately 1.0 and 1,9 times the isothermal theory. 

The qu o t i e n t h predic t e d by the laminar theory cannot 
cone 

h 
disc 

be v e r i f i e d from the experimental r e s u l t s , because there are 
i n s u f f i c i e n t values of the experimental heat t r a n s f e r c o e f f i c i e n t s 

o ^ 
f o r the disc (54) and f o r the 0° ( 5 8 ) , 10 , 20 and 60° cones, 
at a common value of 6. However, the experimental heat t r a n s f e r 

0 0 „ 

c o e f f i c i e n t s f o r the d i s c , the 10 , 20 and 60 cones and the 

c y l i n d e r s , have been compared w i t h the laminar theory so 
h 
cone 

h 
disc 

can be found i n d i r e c t l y i f r e q u i r e d . 

exp 
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A p p l i c a t i o n of experimental data to r o t a t i n g bodies w i t h curved 
generators'. 

The laminar theory of condensation, which assumed drainage 
along the surface, was extended to include the condensation of 
steam on r o t a t i n g bodies w i t h curved generators. The theory 
was a p p l i e d t o a body resembling p a r t of the turbine r o t o r where 
the s h a f t j o i n s a blade d i s c . 

The t h e o r e t i c a l f i n d i n g s f o r such bodies a t high speeds 
of r o t a t i o n are of more general i n t e r e s t , because the assumed 
o r i e n t a t i o n of the axis of symmetry, which i s also the axis 
of r o t a t i o n , becomes unimportant. 

The importance of the radius of.curvature of the generator 
depended on i t s magnitude.relative to the radius of the body. 
As the radius of the body increased f o r a given generator curve, 
the laminar f i l m thickness a t a given distance x along the curve 

was reduced and the laminar heat t r a n s f e r c o e f f i c i e n t was 

increased. At speeds of 100 rev/min the laminar heat t r a n s f e r 

c o e f f i c i e n t decreased f o r a short distance downstream of the 
s t a r t i n g p o i n t o f condensation, a t which x = 0, and t h e r e a f t e r 
increased to become asymptotic to h = (SinOi)^ where 

2c^ 

h 4 ,.2 2k" SI 
h 

-1- disc 
and Zcxis the l o c a l apex angle as defined 

disc L 3 H 
i n f i g . 4. I n laminar theory t h i s asymptote holds f o r r o t a t i n g 
bodies w i t h generator curves other than c i r c u l a r arcs. 

The experimental f i n d i n g s f o r c y l i n d e r s and f o r the 10° 
and 20° cones shows that near the s h a f t p a r t of the r o t o r where 
the angle 01 i s a n a l l , the drainage should be assisted by the 



256. 

formation and detachment of drops. This should lead to u s e f u l 

l o c a l improvements i n the heat t r a n s f e r c o e f f i c i e n t i n a region 

where the surface to volume r a t i o of the body i s small. As w i t h 

cones, the angle 2(X at which drop detachment ceases w i l l probably 

be c l o s e l y r e l a t e d to the r a t i o of a c c e l e r a t i o n a y Accepting 

t h a t t h i s i s so, the detachment of drops should cease as angle 
2cc increased beyond 20°. • As the apex angle f o r cones increases 
towards 60°, the f i l m s of condensate tends to 'drain e x c l u s i v e l y 
along the surface and should continue t o do so up to 180°. 

I t can be shown t h a t a t high speeds, h ^ 
60° 
disc 

i s close to 

exp 
h 
60^ 

h 
disc 

= (Sindl)^. Since h 2oc 
h 

lam 

f o r the turbine r o t o r 

d i s d lam 

also closes on (Sinfx)^ a t high speeds, one can argue th a t the 
experimental heat t r a n s f e r c o e f f i c i e n t s on the r o t o r should be 
s i m i l a r to those f o r cones over the range of 2o(, 60° to 180°. 

2 7SEP 1972 



9.0 KEPEREM'CES 



257. 

(1) Erb, R.A. and Thelen, P. 
'Promoting peraianent dropwise condensation' 
'65 Ind.Eng.Chera. 57, No. 10, 49-52. 

(2) Tanner, D.W., P o t t e r , C.J., Pope, P. and West, P. 
•'Heat t r a n s f e r i n dropwise condensation - Part I ' 
'65 Int.J.Heat.Mass Transfer, 8, 419-426, 

(3) Tanner, D.W., P o t t e r , C.J., Pope, P. and West, D. 
'Heat t r a n s f e r i n dropwise condensation - Part I I ' 
'65 Int.J.Heat.Mass Transfer, 8, 427-436. 

(4) Umur, A. and G r i f f i t h , P. 
'Mechanism- of dropwise condensation' • 
'65 Trans.ASME Series C, 87, 275-282. 

(5) McCormick, J . l . and Westwater, J.W. 
'Drop dynamics and heat t r a n s f e r during dropwise 
condensation of water vapour on a h o r i z o n t a l surface' 
'66 Chem.Eng.Prog.Symposium Series No. 64, 62-120. 

(6) Le Pevre, E.J. and Rose, J.Wo 
'Heat t r a n s f e r measuisments during the dropwise 
condensation of steam' 
'64 Int.J.Heat.Mass Transfer, 7, 272-273. 

(7) Rose, J.W. 
'On the mechanism of dropv\?ise condensation' 
'67 Int.J.Heat.Mass Transfer, 10, 755-762. 

(8) M i k i c , B.B. 
'On mechanism of dropwise condensation' 
'69 Int.J.Heat.Mass Transfer, 12, 1311-1323. 

(9) Nusselt, Wo 
'Die oberflachenkondensation des wasserdamfs' 
'16 Z .Ve rcd t.Ing, 60, 541 

(10) Monrad, CoC. and Badger, Wol. 
'Condensation of vapours' 
'30 Ind.Eng.Chem. 22, No. 10, 1103-1112o 

(11) Hampson, H. and O z i s i k , N. 
'An i n v e s t i g a t i o n i n t o the condensation o f steam' 
'52 Proc.I.Mech.E. 1, Series B, 282-293. 

(12) Bromley, L.A. 
•Effect of heat capacity of condensate' 
'52 Ind.Eng.Chem. 44, 2966-2969. 

(13) Rohsenow, W.M. 
'Heat t r a n s f e r and temperature d i s t r i b u t i o n i n laminar-
f i l m condensation' 
'56 Trans.ASME ( 7 8 ) , 1645-1648. 



258. 

(14) Sparrow, EoM. and Gregg, J.L. 
'A boundary-layer treatment of l a m i n a r - f i l m condensation' 
'59 Trans.ASME Series C. 81, 13-17. 

(15) Sparrow, E,M. and Gregg, J.L. 
•Laminar condensation heat t r a n s f e r on a h o r i z o n t a l 
c y l i n d e r ' 
'59 Trans.ASME Series C, 81, 291-296. 

(16) Chen, M.M. 
'An a n a l y t i c a l study of laminar f i l m condensation: 

• ... Part I - f l a t p l a t e s ' 
•61 Trans.ASME, Series C, 83, 48-54. 

(17) Koh, J.C.Y,, Sparrow, E.M., H a r t n e t t , J.P. 
'The two phase boundary l a y e r i n laminar f i l m of 
condensation' 
'61 Int.J.Heat.Mass Transfer, 2, 69-82. 

(18) Chen, M.M. 
'An a n a l y t i c a l study cf l&jiiinar f i l m condensation: 
, Part I I - si n g l e and m u l t i p l e h o r i z o n t a l tubes' 
'61 Trans .ASME, Series C, 83, 55-66.,. 

(19) Sukhatme, S. and Rohsenow, W.M. 
'Heat t r a n s f e r during f i l m condensation o f a l i q u i d 
metal vapour' • 
'66 Trans.ASME, Series C, 88, 19-29. 

(20) Wilcox, S.J. and Rohsenow, W.M. 
'Eilm condensation of potassium using copper condensing 
block f o r precise wall-temperature measurements' 
'70 Trans.ASME, Series C, 92, 359-371. 

(21) Poots, G. and M i l e s , R.G. 
'Effects of v a r i a b l e physical p r o p e r t i e s on laminar f i l m 
condensation of saturated steam on a v e r t i c a l f l a t p l a t e ' 
'67 Int.J.Heat.Mass Transfer, 10, 1677-1692. 

(22) . K i r k b r i d e , C.G. 
'Heat t r a n s f e r by condensing vapour on v e r t i c a l tubes' 
'34 Am.Inst.Chem.Eng. 30, 170. 

(23) Friedman, ScJ. and M i l l e r , C.O. 
'Liquid f i l m s i n the viscous flow region' 
'41 Ind.Eng.Chem. 33, 885-

(24) Dukler, A.E, and Bergelen, OoP. 
' C h a r a c t e r i s t i c s of flow i n f a l l i n g l i q u i d f i l m s ' 
'52 Chem.Eng.Prog. 48, No. 11, 557. 

(25) Grimley, H. 
'Liquid flow conditions i n packed towers' 
'45 Trans.Inst.Chem.Engrs. 23, 228-235. 



259. 

(26) B i n n i e , A.M. 
'Experiments on onset of wave formation on f i l m of 
water f l o w i n g down a v e r t i c a l plane' 

'57 J.Eluid.Mech. 2 , -551-553. 

(27) K apitza, P.P. '48 Zh. Eksparim i . Teor Piz. 18, 3 
I I I I I I I I I I I I -ĵ g -ĵ g 
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Append ix A . 

E q u a t i o n (5 .1 .15 ) may be r e a r r a n g e d i n the form 

,2 
E = S d _ 

X dx 

3 0 9 
.S X (x£o S i n « + g Cosoc) 

L V' 

where E = 3 c e 
Pr (1+3 ce) 

8 
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A l 

I n t r o d u c i n g a d i m e n s i o n l e s s v a r i a b l e L t o c h a r a c t e r i s e the 

d i s t a n c e a l o n g the cone f r o m the s t a r t i n g p o i n t o f the f i l m . 

L = X • A2 
e 

and dx =̂  e A3 

I n t r o d u c i n g a d i m e n s i o n l e s s v a r i a b l e A t o c h a r a c t e r i s e the 

f i l m t h i c k n e s s a t any v a l u e o f L . 

and dS 
dA 

= 6 

U 

A5 

S u b s t i t u t i n g e q u a t i o n s A2 t o A 5 i n A l . g i v e s 

A ^ L C ^ V s i n ^ o t . l + g C o s a . ^ ) 
y 2 e 

Now choose e and X such t h a t 

E = X d _ 
L dL 

K _ g Coso( = E 

N)2 

g i v i n g 

Sino( 
^ E^ . . . A6 

g CoscX . . . A7 
/2c . 2^ 
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E q u a t i o n s A6 and A7 reduce the e q u a t i o n A l t o 

A d _ [ X ^ L (L+1) ] = 1 • 
I dL 

w h i c h has t he s o l u t i o n 

(1^^1)1/3 ^ 1 A8 

E q u a t i o n A8 i s expressed i n terras o f the d i m e n s i o n l e s s v a r i a b l e s 

A and L , and has a - f o r m s i m i l a r t o e q u a t i o n 3 . 3 . 5 . 

The N u s s e l t number 

w h i c h r educes t o 

Ku = hx 
k 

Nu = X 

8 

l a m i n a r 

l a m i n a r 

I n t e rms o f t he d i m e n s i o n l e s s v a r i a b l e s , Nu - eL 
... 

o r Nu X = L - f ( L ) 
e X 

T h e r e f o r e 
4 N u ( 3 H ) " ( toS in^)5 /2 = f 

gC0SD( 

2 2 xo) S i n o( 
gCosoC 

A10 

Where H = c e \) ^ 
P r ( l + 3 00) 

8 

A t h i g h speeds o f r o t a t i o n , where c e n t r i f u g a l a c c e l e r a t i o n 

domina te s t h e f i l m d r a i n a g e , e q u a t i o n AlO becomes:-

N u ( 3 H ) ^ (ojSlnd)^^^ = C 
gOosol 

x£^Sin£o(_ 
gOosa 

A l l 

C-ĵ  i s a c o n s t a n t Where 

The above e q u a t i o n expresses the f i n d i n g s o f Sparrow and H a r t n e t t 

( 6 8 ) . 

A t low speeds , where g r a v i t a t i o n a l a c c e l e r a t i o n dominates 

d r a i n a g e , e q u a t i o n AlO becomes: -
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- 3/2 
N u ( 3 H ) ^ (^SinO^) ^ = C, 

gCosot 
A i : 

gCoso( ^ 

Where C2 i s a c o n s t a n t . 

The above e q u a t i o n i s comparable w i t h the N u s s e l t t y p e s o l u t i o n . 

Lamina r f i l m s o f condensate on t r u n c a t e d cones . 

The d i m e n s i o n l e s s f i l m t h i c k n e s s A i s r e l a t e d t o t he 

d i m e n s i o n l e s s d i s t a n c e a l o n g the cone f r o m the a p e x : -

4 4/3 4/3 
A L (L+1) = 4 

3 

4/3 • 1/3 
I (L+1) dL A8 

o r = 1 ( L , L Q ) 

The r i g h t - h a n d s i d e o f e q u a t i o n AS can a l s o be w r i t t e n as 

I ( L , 0 ) - I (L 0 ) = 4 
0 5 l 4 / 3 ( L + 1 ) ^ / 5 dL 

> 

l V 3 ( L + 1 ) 1 / 5 dL 

T h e r e f o r e 
4 /3 , 

; A ( L , L ^ ) ] 4 = [ A ( L , 0 ) ] ^ - [ A ( L o 0 ) ] 4 L ^ ^ / " ( L ^ + 1 ) 
4/3 

7 7 3 " T / 3 
^ (L+1) 

Where X = 0 a t L = L , 

Knowing A ( L , O ) , w h i c h i s the g r o w t h o f the f i l m when i t s t a r t s 

a t t he a p e x , we can i m m e d i a t e l y f o r m the c o r r e s p o n d i n g f i l m 

t h i c k n e s s when the f i l m s t a r t s a t any p o i n t away f r o m the apex . 

The d e f i n i t i o n o f the N u s s e l t number i n terms o f the 

d i s t a n c e f r o m the s t a r t o f t he f i l m i s : -

N u ( 3 H ) ^ (zuSinot)^^^ 
gCosa 

= L - L , AI3 

A ( l , I J 
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T h e r e f o r e the l e f t hand s i d e o f e q u a t i o n AI3 can be p l o t t e d 

as a f u n c t i o n o f I - I Q w h i c h i s the pa r ame te r xaj^Sln^ . 
gCos (X 

- 3/2 
P i g . A l shows the g r a p h o f Nu(3H)'* ((.oSincX)^ a g a i n s t 

gCos(X 
2 2 

xiQ Sino( f o r s e v e r a l v a l u e s o f L Q . 
gCosa 
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A p p e n d i x B . • 

The t h e r m a l c o n d u c t i v i t y o f the cone m a t e r i a l ^ w a s d e r i v e d 
f r o m measurements o f t he e l e c t r i c a l c o n d u c t i v i t y o f the m a t e r i a l . 

I n 1932, Hanson and fiodgers (76) gave a c o r r e l a t i o n between 

the t h e r m a l and e l e c t r i c a l c o n d u c t i v i t i e s o f s e v e r a l b i n a r y 

c o p p e r - a l l o y s . Two years l a t e r , Smi th and Palmer (77) extended 

the s t u d y t o i n c l u d e commerc ia l c o p p e r - a l l o y s . More r e c e n t l y 

i n 1965, P o w e l l (78) r ev i ewed the p u b l i s h e d da t a f o r the 

c o r r e l a t i o n s o f t h e r m a l and e l e c t r i c a l c o n d u c t i v i t i e s f o r b o t h 

s o l i d and l i q u i d phases o f a wide range o f m e t a l s . 

The e q u a t i o n f o r the t h e r m a l c o n d u c t i v i t y o f c o p p e r - a l l o y s 

i s g i v e n i n (78) a s : -

k ^ = C ^ < T ^ T + C 2 • £ 1 

where 0+ = e l e c t r i c a l c o n d u c t i v i t y o f t h e m e t a l 1_ 

Am 

T = a b s o l u t e t empera tu re K 

C = 2o39.10^ m 

Cp- 7.5 W_ 
mK 

Measurement o f e l e c t r i c a l c o n d u c t i v i t y . 

The e l e c t r i c a l r e s i s t a n c e R o f a sample o f the cone m a t e r i a l 

was measured a t s e v e r a l t empera tu re s between 20° C and .200° C 

w i t h t he c i r c u i t shown i n P i g . B l . 

The e l e c t r i c a l c o n d u c t i v i t y was d e r i v e d f r o m : -
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where 1 = l e n g t h o f the sample 

. A = c r o s s - s e c t i o n a l a rea o f the sample 

= E l e c t r i c a l r e s i s t a n c e o f the sample a t a g i v e n 

t e m p e r a t u r e o 

A c o m p a r i s o n between the t h e r m a l and e l e c t r i c a l c o n d u c t i v i t i e s 

o f c o p p e r - a l l o y s (7? ) w i t h c o m p o s i t i o n s c l o s e t o those o f the 

cone m a t e r i a l s showed t h a t e q u a t i o n B l p r e d i c t e d the t h e r m a l 

c o n d u c t i v i t y t o w i t h i n 3?̂  o f the measured v a l u e . 
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A p p e n d i x C. 

. The c r o s s - s e c t i o n o f the the rmocoup le groove was m o d e l l e d 
w i t h t he a p p a r a t u s shown i n f i g . C I . 

A copper s u l p h a t e s o l u t i o n was used to r e p r e s e n t the m e t a l 

o f the cone and a 50 t o 1 d i l u t i o n o f the s o l u t i o n was used 

t o r e p r e s e n t the low t h e i m a l c o n d u c t i v i t y o f the i n s u l a t i n g 

cement . 

P i g . 02 shows the model r e p r e s e n t i n g a the rmocouple j u n c t i o n 

nea r t h e t o p o f the g r o o v e . 

P i g . 03 shows t h e model r e p r e s e n t i n g a j u n c t i o n near t he 

b o t t o m o f the g r o o v e . 
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A p p e n d i x D , • 

The f o l l o w i n g p r o c e d u r e was used to t a k e a sample o f steam 
f r o m t h e p r e s s u r e v e s s e l . 

( i ) The c a l o r i m e t e r , measu r ing c y l i n d e r and condens ing 

c o i l , shown i n f i g . 39 were f i l l e d w i t h c o o l i n g w a t e r , 

( i i ) The c a l o r i m e t e r was weighed on a p r e c i s i o n b a l a n c e , 

( i i i ) The i n i t i a l t e m p e r a t u r e o f the c a l o r i m e t e r was measured, 

( i v ) A s m a l l f l o w o f steam was p a s s e d ' a l o n g the i n s u l a t e d 

s a m p l i n g p i p e f r o m the p r e s s u r e v e s s e l to purge the 

p i p e o f i t s gas c o n t e n t and t o r a i s e the t empera tu re 

o f t h e p i p e t o the steam t e m p e r a t u r e , 

( v ) A sample o f steam f r o m the s a m p l i n g p i p e was passed 

i n t o the c a l o r i m e t e r . The f l o w r a t e was a d j u s t e d to 

a l l o w the gas bubb les l e a v i n g the condens ing c o i l t o 

r i s e i n t o the m e a s u r i n g c y l i n d e r , 

( v i ) The w a t e r c o n t e n t o f the c a l o r i m e t e r was s t i r r e d and 

a f i n a l t e m p e r a t u r e was measured, 

( v i i ) The c a l o r i m e t e r was reweighed on the p r e c i s i o n b a l a n c e . 

Gas c o n t e n t o f the s t e a m . . ' • • 

The gas c o n t e n t o f the steam sample i s c o l l e c t e d a t the • 

c l o s e d end o f the m e a s u r i n g c y l i n d e r f i g . 59. Assuming t h a t 

t h e volume o f the w a t e r d i s p l a c e d f r o m the measu r ing c y l i n d e r 

i s f i l l e d w i t h gas , t he mass .of gas m i s f o u n d f r o m 
S 

mg = £_v 
R t 
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where P = p r e s s u r e o f the g a s : -

a t m o s p h e r i c p r e s s u r e - head o f w a t e r i n the 

measu r ing c y l i n d e r . 

V = volume o f the g a s . 

t = t e m p e r a t u r e o f the gas . 

R = gas c o n s t a n t . 

The mass o f gas i s somewhat l e s s t h a n t h i s f i g u r e , because a 

s m a l l p o r t i o n o f t h e measured volume i s v a p o u r . 

The mass o f t he steam sample mg i s g i v e n by the d i f f e r e n c e 

between w e i g h t s ( v i i ) and ( i i ) . / 

Dryness f r a c t i o n . 

The ene rgy i n t r o d u c e d i n t o the c a l o r i m e t e r by the a i r - can 

be n e g l e c t e d when the c o n c e n t r a t i o n . o f a i r i s s m a l l . 

The f o l l o w i n g e q u a t i o n f o r the d ryness f r a c t i o n i s d e r i v e d 

f r o m a s i m p l e ene rgy ba lance on the c a l o r i m e t e r . 

d r y n e s s f r a c t i o n = C m-j_ At + ±2 - ^ f 

where m-j. ~ w a t e r e q u i v a l e n t o f the appa ra tu s b e f o r e i n t r o d u c i n g 

the steam sample , 

fflg = mass o f steam sample . 

t-̂ ^ = i n i t i a l t e m p e r a t u r e o f the c a l o r i m e t e r . 

t 2 = f i n a l t e m p e r a t u r e o f the c a l o r i m e t e r a f t e r 

i n t r o d u c i n g the sample o f s team. 

Z\t = ( t 2 - t ^ ) . 
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0 = s p e c i f i c h e a t , 

h ^ = s p e c i f i c e n t h a l p y o f l i q u i d phase ) a t the p r e s su re 

^ f g ~ s p e c i f i c e n t h a l p y o f c o n d e n s a t i o n ) i n the v e s s e l . 

7 SEP 5(̂ 2: 


