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Abstract 

An a n a l y s i s i s made f o r tho laminar f i l m condensation on a 

r o t a t i n g axisymmetrical general curved body of which the c y l i n d e r , 

t h e d i s c and the cones are s p e c i a l examples. The body r o t a t e s 

about a v e r t i c a l a x i s and the f i l m i s assumed t o d r a i n under the 

i n f l u e n c e o f 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 . The 

problem i s formulated as a s o l u t i o n of the Navier-Stokes and energy 

equations, A d i f f e r e n t i a l equation which governs the growth of 
i 

t h e condensate f i l m i s obtained and solved t o y i e l d one equation 

which i s a p p l i c a b l e t o a l l r o t a t i n g axisymmetrical bodies. The 

equation i n v o l v e s t h e geometry of the body and requires a s i n g l e 

i n t e g r a t i o n f o r the complete s o l u t i o n . 

T h e o r e t i c a l r e s u l t s of condensate layer thickness and heat 

t r a n s f e r c o e f f i c i e n t s are given f o r a curved body whose generator 

forms a c i r c u l a r arc oE 90° f o r a speed range of 0.1 t o 10^ rev/min. 

I t i s shown t h a t when the curvature i s neglected, the analysis over

estimate tho l o c a l f i l m thickness by 71 per cent. 

Experimental r e s u l t s f o r the curved body confirm the t h e o r e t i c a l 

f i n d i n g s . However, due t o the formation o f roll-waves on the 

condensate l a y e r and hence a departure from the laminar model, the 

experimental r e s u l t s f o r the heat t r a n s f e r c o e f f i c i e n t were 1.055 t o 

1.440 times greater than the t h e o r e t i c a l p r e d i c t i o n s . 

No detachment o f drops from the f i l m o f condensate was observed 

at t h e experimental speed range o f 0.0 t o 1U00 rev/min. and the 

condensate drained as a f i l m along the generator. The c r i t e r i o n 

f o r the detachment of drops given by Howe i s re-appraised and a 

new c r i t e r i o n which s t a t e s t h a t "the non-dimensional f i l m thickness f j , 

should be equal t o or greater than 1.8 f o r the onset of the detachment 

of dropq" i s proposed. 
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1.0 INTRODUCTION 

This work i s concerned p r i m a r i l y w i t h the f i l m w i s e 

condensation of steam on r o t a t i n g axisymmetrical curved bodies. 

The need t o i n v e s t i g a t e condensation on r o t a t i n g bodies 

on t h e present scale arose i n the 1950s when the Royal Navy 

showed i n t e r e s t i n the phenomenon. Transient thermal stresses 

occur i n a l l 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 during 

the maneouvring of marine steam t u r b i n e s . These thermal 

stresses r e s u l t from the changes i n r o t o r temperature on the 

admission of the steam t o the t u r b i n e . I f the r a t e of change of 

r o t o r temperature i s not l i m i t e d d uring these operations, the 

r o t o r can be overstressed and even t u a l l y s u f f e r t hermally induced 

f a t i g u e which i n t u r n leads t o t h e r i s k o f r o t o r d i s i n t e g r a t i o n . 

Thus a t u r b i n e has t o be warmed up gradually u n t i l i t a t t a i n s 

the o p e r a t i n g temperatures. 

The warming up time can be several hours depending on 

the s i z e o f the t u r b i n e . This i s t o l e r a t e d i n land based turbines 

and some marine steam t u r b i n e s , but i t i s something the Navy could 

not e n t e r t a i n , hence the Navy's i n t e r e s t . 

The present work t h e r e f o r e forms 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 question of 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 d u r i n g c o l d s t a r t i n g and during maneouvring. 

The work reported here i s not of i n t e r e s t t o t u r b i n e 

operators only but also t u r b i n e and heat exchanger designers. 

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 t o 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 
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s i z e o f the condenser. This advantage might be used i n space
f l i g h t a p p l i c a t i o n s where t h e c o n d i t i o n of zero g r a v i t y demands 
the c r e a t i o n o f an a c c e l e r a t i o n f i e l d at the condensing surface 
t o 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 t o v i b r a t i n g i t , has the o p e r a t i o n a l advantage 
of being both s i l e n t and dynamically balanced. I n large land 
based condensers however, the advantage gained by the improved 
r a t e o f condensation as a r e s u l t o f the r o t a t i o n might be cancelled 
by t h e i n i t i a l and running costs. However, i n p l a n t s where 
space conservation i s of c r i t i c a l importance r o t a t i n g surface 
condensers could be a p r a c t i c a l p r o p o s i t i o n . 

The question of thermal stresses i n t u r b i n e r o t o r s i s not a 

problem f o r t h e t u r b i n e operator only. I t i s a primary concern 

t o t h e t u r b i n e designer. With t h e advent of the large r o t o r s 

used i n land based t u r b i n e s and the use o f steam t u r b i n e s i n nuclear 

submarines, t h e r e has been t h e need f o r t h e t u r b i n e designer t o 

reduce the warm through p e r i o d w h i l e maintaining safe l e v e l s of 

stresses i n the r o t o r . With steam tu r b i n e s the problem o f 

f i n d i n g the r o t o r temperature at a given time i s complicated 

by t h e d e p o s i t i o n of condensate on the r o t o r whenever the s a t u r a t i o n 

temperature o f the steam i s higher than the r o t o r outer surface 

temperature. The behaviour o f 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 t h e thickness o f t h e f i l m which increases u n t i l the 

rat e s of condensation and drainage are equal. The rates o f 

drainage are governed by t h e geometry o f the condensing surface 

and by t h e magnitude and d i r e c t i o n of t h e a c c e l e r a t i o n f i e l d 

produced by the r o t o r . I n t h i s report an equation has been 

derived which enables the behaviour of the condensate f i l m t o be 

p r e d i c t e d when the geometry and t h e speed o f r o t a t i o n of the 

condensing surface are known. 
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A considerable amount o f work, both t h e o r e t i c a l and experimental, 
has been done i n the f i e l d o f condensation on r o t a t i n g bodies by 
other workers. In. t h e mam however, t h e published work covers the 
c y l i n d e r , t h e d i s c and the cones. The general curved body of 
which the c y l i n d e r , t h e d i s c and the cones are s p e c i a l cases has 
not been s t u d i e d i n depth. I n t h e present work, the general 
curved body has been s t u d i e d i n d e t a i l . A laminar model o f the 
condensation process on t h e general curved body has been studied 
and equations developed t o p r e d i c t the behaviour of the condensate 
f i l m and hence t h e heat t r a n s f e r c o e f f i c i e n t s on the body. To 
t e s t t h e theory, an experimental curved body ( f i g . 9) was designed 
and used t o o b t a i n a complete set o f experimental r e s u l t s over a 
wide range of o p e r a t i n g c o n d i t i o n s . The experimental heat 
t r a n s f e r c o e f f i c i e n t s are i n good agreement w i t h the values 
p r e d i c t e d by the theory. 
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2.0 INTRODUCTION 

The understanding o f the mechanism of condensation has been 

of i n t e r e s t t o engineers f o r many years because of nts importance 

i n t h e running of steam engines and i n the chemical manufacturing 

processes. With the a i d o f the modern computers tremendous 

advances i n the techniques o f t h e o r e t i c a l analysis and o f modelling 

condensation have been made. I n a d d i t i o n , t h e amount of 

experimental work t o v e r i f y the mathematical models and t o f i l l i n 

th e gaps where t h e models have been inaccurate has been increasing. 

I n t h i s s e c t i o n a review of those advances w i t h bearing on the 

present work i s made by considering the d i f f e r e n t modes of conden

s a t i o n , the enhancement o f condensation and l a s t l y , the condensation 

on r o t a t i n g surfaces. 

2.1 Modes of Condensation 

Condensation occurs when saturated vapour comes i n contact 

w i t h a colder surface whose temperature i s below the s a t u r a t i o n 

temperature o f the vapour. L i q u i d i s formed and i f the l i q u i d 

wets t h e surface ( h y d r o p h i l i c ) then a continuous f i l m o f l i q u i d 

i s formed and the process i s c a l l e d " f i l m w i s e condensation". 

I f t he l i q u i d does not wet t h e surface (hydrophobic) d r o p l e t s 

are formed which coalesce and run down the surface. This i s 

c a l l e d "dropwise condensation". I n p r a c t i c e both modes of 

condensation can occur on the same cooling surface and t h i s i s 

r e f e r r e d t o as "mixed condensation". I f e f f o r t s are not made 

mixed condensation w i l l give way eventually t o fi l m w i s e condensation. 

t o keep the more common metals hydijphobic then dropwise and 



- 5 

# 

I t i s f o r t h i s reason t h a t the m a j o r i t y o f condensers are 

designed f o r f i l m w i s e condensation and t h a t the present work deals 

only w i t h f i l m w i s e condensation. 

2.2 Dropwise condensation 

This review concentrates on f i l m w i s e condensation and only 

a b r i e f mention o f dropwise condensation w i l l be made i n section 

2.4.1 when d e a l i n g w i t h the enhancement o f condensation. However, 

one can d i r e c t t h e reader whose i n t e r e s t l i e s i n dropwise conden

s a t i o n t o papers by Tanner, P o t t e r , Pope and West ( 1 , 2) who 

re p o r t 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 heat 

f l u x , o f vapour v e l o c i t y , o f non-condensable gas concentration and 

of surface chemistry on dropwise condensation. The ph y s i c a l 

chemistry and performance o f promoters o f dropwise condensation 

have been st u d i e d by Osment et a l ( 3 ) . Improved performance of 

i n d u s t r i a l p l a n t s by the use o f dropwise promoters i s reported by 

P o l l et a l ( 4 ) . The d e n s i t y of nu c l e a t i o n s i t e s has been studied 

by McCormick and Westwater (5, 6 ) . Dropwise condensation i s 

not a "steady-state" process and i s much more d i f f i c u l t to model 

t h e o r e t i c a l l y than i s the case w i t h filmwise condensation. A 

successful attempt t o 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 i s t h a t 

o f Le Fevre and Rose (7) and Rose ( 8 ) . Here the model used i s 

one i n which drops grow at p r e f e r r e d s i t e s on the metal surface, 

and h e a t - t r a n s f e r r a t e s are cal c u l a t e d f o r conduction through 

the drops. 

2.3 Filmwise Condensation 

2.3.1 The Nusselt theory 

Filmwise condensation was f i r s t t a c k l e d t h e o r e t i c a l l y by 

Nusselt (9) i n 1916 and the equations derived i n the analysis 

are s i i l l w i d e l y used t o p r e d i c t condensation r a t e s . 
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Nusselt combined t h e laws o f laminar flow of a l i q u i d f i l m 

w i t h beat t r a n s f e r by conduction through i t . The f o l l o w i n g 

assumptions were used: 

a) the energy given up by the vapour was l a t e n t heat, 

the s p e c i f i c enthalpy o f condensation 

b) the f i l m drained from the surface i n laminar flow. 

c) heat was t r a n s f e r r e d through the f i l m by conduction. 

d) the temperature gradient through the f i l m was l i n e a r 

e) the surface o f the s o l i d was smooth and clean. 

f ) t h e temperature of t h e s o l i d surface was constant, 

an isothermal surface. 

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

h) the vapour was f r e e from non-condensable gases. 

The i m p l i c a t i o n o f assumption (b) was t h a t the thickness o f the 

f i l m was small compared w i t h t h e radius of curvature o f the 

condonsing surface and t h a t f l u i d accelerations and hence the 

i n e r t i a e f f e c t s were n e g l i g i b l e . Nusselt proceeded t o obt a i n 

the f o l l o w i n g equations f o r condensation on p l a i n and c y l i n d r i c a l 

surfaces f o r v e r t i c a l drainage under g r a v i t y : 

i ) p l a i n surface, 

h = 0.943 k 3
p

2 g h Sin a 

L ^ x e (2.3.1) 

( i i ) c y l i n d r i c a l surface ( a x i s h o r i z o n t a l ) , 

0.725 3 2 
k P g h f g 
- V- d 6 . 

(2.3.2) 
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The a n a l y s i s of Nusselt f o r the laminar f i l m condensation neglected the 

c o n t r i b u t i o n t o the energy flow from t h e sub-cooling of the condensate 

below the vapour s a t u r a t i o n temperature. For the condensation o f 

vapours at low pressures, f o r example the condensation o f steam 

under vacuum c o n d i t i o n s , the s p e c i f i c enthalpy of v a p o r i s a t i o n i s 

l a r g e compared w i t h the energy associated w i t h sub-cooling and the 

l a t t e r may be ignored. However, f o r organic vapours a t high pressures 

w i t h l a r g e temperature d i f f e r e n c e s across t h e condensate the c o n t r i 

b u t i o n o f the sub-cooling term i s s i g n i f i c a n t and cannot be ignored. 

Nusselt derived an a l t e r n a t i v e expression f o r equation (2.3.1) which 

included t h i s e f f e c t . However, due t o an e r r o r i n the analysis the 

a d d i t i o n a l sub-cooling term i s i n c o r r e c t both i n sign and i n magnitude. 

Bromley (10) corrected the Nusselt analysis and the r e s u l t was l a t e r 

v e r i f i e d by Rohsenow (11) 

I f a l i n e a r temperature d i s t r i b u t i o n through the condensate 

i s assumed i n the manner of Nusselt, t h e mean heat t r a n s f e r c o e f f i c i e n t s 

given by equations (2.3.1) and (2.3.2) can be corrected f o r sub-cooling 

by m u l t i p l y i n g by the c o r r e c t i o n f a c t o r : 

Rohsenow improved t h i s c o r r e c t i o n f a c t o r by c a l c u l a t i n g the a c t u a l 

n o n - l i n e a r temperature d i s t r i b u t i o n i n a t h i c k f i l m t o give: 

Hampson and O z i s i k (12) 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 p l a t e s 

w i t h t h e Nusselt value. The experimental heat transfer c o e f f i c i e n t s 

were shown t o be between 1.18 and 1.28 times the Nusselt values f o r 

a l l angles of 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 o f a h o r i z o n t a l p l a t e were shown t o be 1.5 times the 

9 / 0 * [ l + 0.375 c 

[ 1 + 0 . 6 8 c6/h ] 4 
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Nusselt values. This increase i n t h e experimental heat t r a n s f e r 
c o e f f i c i e n t s was a t t r i b u t e d t o the formation and detachment of 
pendant drops from t h e surface of the f i l m . 

2.3,2 The e f f e c t of vapour v e l o c i t y on condensation 

The general conclusion from t h e work on the e f f e c t s of 

vapour v e l o c i t i e s on condensation and heat t r a n s f e r rates i s that 

t h e e f f e c t i s small f o r many f l u i d s . Sparrow and Gregg (13) 

considered the e f f e c t o f vapour v e l o c i t y on heat t r a n s f e r i n 

connection w i t h t h e i r work on condensation on a r o t a t i n g disc and 

showed t h a t the e f f e c t i s small, p a r t i c u l a r l y f o r P r a n d t l numbers 

great e r than u n i t y . They f u r t h e r concluded t h a t depending on the 

ope r a t i n g c o n d i t i o n s and on t h e f i l m thickness, vapour drag may 

r e t a r d or augment t h e condensate drainage and hence may increase 

or decrease the heat t r a n s f e r r a t e . 

Chen (14) and Koh, Sparrow and Ha r t n e t t ( 1 5 ) published studies 

o f the i n f l u e n c e o f shear stresses at t h e liquid-vapour i n t e r f a c e 

due t o induced vapour v e l o c i t y , Both studies were c a r r i e d out f o r 

laminar f i l m s and both u t i l i s e d two-phase boundary la y e r theory. 

Chen used the equations o f 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 v e r t i c a l f l a t p l a t e s and h o r i z o n t a l tubes. 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 layer equations amd provided 

a s o l u t i o n through the use o f s i m i l a r i t y transforms. 

Both studies showed t h a 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 at the liquid-vapour i n t e r f a c e 

w i t h the maximum v e l o c i t y o c c u r r i n g i n s i d e the f i l m . The reduction 

i n heat t r a n s f e r c o e f f i c i e n t was n e g l i g i b l e a t Pr a n d t l numbers greater 

than 10, but the re d u c t i o n reached 0.91 of the value without shear 

a t P r a n d t l number o f u n i t y . I n the l i q u i d metal range, the adverse 
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e f f e c t o f 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 and 

the heat t r a n s f e r c o e f f i c i e n t i s reduced t o 0.75 of the value 

w i t h o u t shear. 

Nusselt (9) i s analysing laminar condensation considered the 

e f f e c t of a shear s t r e s s on the f i l m surface caused by vapour 

f l o w . From t h i s c o n s i d e r a t i o n , h i s mean f i l m v e l o c i t y was modified, 
- 2 - 2 

from v = p g ( S i n or) 6 t o v = pg(Sin a) 6 + rT^ y _ & j . 6 

3|J. 3|J. 2[L 

where T i s t h e shear s t r e s s . 

Shekriladze and Gomelauri (16) obtained a n a l y t i c a l expressions 

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 s on a f l a t p l a t e i n the h o r i z o n t a l 

and v e r t i c a l planes and also f o r a h o r i z o n t a l tube. They assumed 

t h a t the shear s t r e s s on the condensate surface depends mainly on 

t h e momentum t r a n s f e r across the l i q u i d vapour i n t e r f a c e . This 

assumption d i f f e r s from t h a t o f Sugawara et a l (17) who estimated 

th e shear s t r e s s from the c o n s i d e r a t i o n of a non-condensing gas 

flow over an impermeable surface and estimated up t o 35% reduction 

i n the heat t r a n s f e r c o e f f i c i e n t . 

2.3.3 I n e r t i a e f f e c t s 

For water and organic l i q u i d s Chen (14) and Sparrow 

and Gregg (18) using a boundary l a y e r analysis have shown t h a t the 

i n e r t i a e f f e c t s m the condensate f i l m are i n s i g n i f i c a n t . However, 

f o r l i q u i d metals, the i n e r t i a l e f f e c t s were shown t o be s i g n i f i c a n t . 

The s o l u t i o n s o f Sparrow and Gregg show that f o r a Prandtl number 

of 0.003 and a value of cfi/h^g = 0.1, the Nusselt model which 

neglects both i n e r t i a and convective e f f e c t s , 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 3.75 times t h a t of t h e i r own p r e d i c t i o n s . 

2.3.4 Film flow behaviour on heat t r a n s f e r rates 

Several workers have measured s i g n i f i c a n t l y higher heat 

t r a n s f e r c o e f f i c i e n t s f o r conditons where Nusselt theory should apply. 
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This discrepancy i s a t t r i b u t e d t o the turbulent flow c h a r a c t e r i s t i c s 

o f t h e f i l m which has been demonstrated as o c c u r r i n g at very low 

Reynolds numbers. Zozula (19) defined a condensate f i l m Reynolds 

number by Re = 4W/̂  and c l a s s i f i e d the flow regimes on a v e r t i c a l 

s urface i n t o : 

a) laminar f o r Re < 30 

b) laminar flow but d i s t u r b e d by waves f o r 30 < Re < 1600 

c) t u r b u l e n t or wave flow f o r Re> 1600 

K i r k b r i d e (20) made measurements o f the maximum f i l m thickness 

f o r o i l 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 f i l m s 

a t Reynolds numbers 4W/|J. up t o 8 were observed t o be smooth and 

th e 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 t o support waves. The maximum f i l m thickness was found 

t o be l a r g e r than t h e t h e o r e t i c a l laminar values by a f a c t o r of 

approximately two a t a Reynolds number of 1000. 

Friedman and M i l l e r (21) and Dukler and B e r g e l i n (22) 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 t o agree 

w i t h the t h e o r e t i c a l laminar f i l m thicknesses. 

Ginabit (23) as e a r l y as 1924 estimated t h a t the e f f e c t of surface 

waves on t h e condensate f i l m would be t o increase the condensate f i l m 

heat t r a n s f e r c o e f f i c i e n t by 20 per cent. Kapitza (24) made 

t h e o r e t i c a l study o f wave flow o f t h i n layers of a viscous f l u i d 

and p r e d i c t e d 21 per cent greater heat t r a n s f e r r a t e i n a wavy 

f i l m than t h a t f o r the equivalent smooth f i l m . Kapitza a t t r i b u t e d 

t h i s t o the decrease i n t h e average f i l m thickness due t o the wave shape. 

More r e c e n t l y Leonard and E s t r i n (25) published t h e i r i n v e s t i g a t i o n s 

i n t o heat t r a n s f e r through a wavy f i l m on a v e r t i c a l surface. They 

stu d i e d t h e sinusoidal wave and a steep crested and elongated trough wave. 
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They concluded t h a t the shape o f the wave influences the heat t r a n s f e r 

considerably. They also noted t h a t f o r low Reynolds numbers whore 

wave amplitudes are near zero, the wavy model p r e d i c t i o n s corresponded 

t o t h e laminar f i l m model. 

Colburn (26) i n 1934 was the f i r s t t o develop an expression f o r 

the average heat t r a n s f e r c o e f f i c i e n t under t u r b u l e n t flow c o n d i t i o n s : 

1/3 
h 
k 

v 2 

l - g - l 22 ( P r ) * ' " (Re"'" - 364) + 12800 
Re 

1/3 ,„ 0.8 

Labuntsov (27) i n a more recent study c o r r e l a t e d a large amount of 

t u r b u l e n t flow data using: 

11/3 £ [>T _^ 
k L g J 5 8 ( P r ) - i ( R e 0 ' 7 5 - 253) + 9200 

2.3.5 I n f l u e n c e o f vapour superheat 

The l i t e r a t u r e contains a l o t of c o n t r a d i c t o r y evidence about 

t h e b e l i e f t h a t i t i s more d i f f i c u l t t o t r a n s f e r energy from superheated 

steam compared t o sa t u r a t e d steam. Information about the problems 

associated w i t h t h e use of superheated steam can be found i n the 

proceedings o f a conference held at NEL i n 1961 ( 2 8 ) . 

2.3.6 E f f e c t o f non-condensable gases 

When a pure saturated vapour condenses on a surface, the 

d i f f e r e n c e i n temperature between the surface o f the condensate and the 

b u l k o f the vapour i s , i n n e a r l y a l l p r a c t i c a l cases, very small and 

t h e r e s i s t a n c e t o heat and mass t r a n s f e r at ̂ the i n t e r f a c e i s n e g l i g i b l e . 

Such i s not the case when the bulk of t h e vapour contains some gas 

which cannot condense under the ope r a t i n g con d i t i o n s . I n these 

circumstances the condensing vapour must d i f f u s e through the s t a t i o n a r y 

non-condensable gas surrounding the condensing surface. 
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Othmer (29) estimated t h a t the presence of only 1% by volume of 
a i r i n t h e vapour decreased t h e heat t r a n s f e r c o e f f i c i e n t by 60% when 
compared w i t h the case of no a i r . Hampson (30) studied the above 
phenomenon us i n g n i t r o g e n , a i r and carbon d i o x i d e . He presented 
the r e s u l t s f o r n i t r o g e n from which i t was deduced t h a t 2.0 per cent 
by weight o f n i t r o g e n i n steam reduced the heat tmansfer c o e f f i c i e n t 
by a t h i r d when compared w i t h the case of no n i t r o g e n . 

There has been a number o f boundary l a y e r s o l u t i o n s t o the 

problem o f condensation of a mixture o f vapour and non-condensable 

gases. Recent examples i n c l u d e those of Sparrow and Eckert ( 3 1 ) , 

Baasel and Smith ( 3 2 ) , Sparrow and L i n (33), Sparrow, Mjnkowyez 

and Saddy ( 3 4 ) , Tamir and T a j t e l (35) and Denny, M i l l s and Jusionis (36). 

2.3.7 The e f f e c t o f non-uniform g r a v i t y 

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" which 

appears i n the Nusselt equation f o r heat t r a n s f e r c o e f f i c i e n t s 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: 
©X1 

•X l/3„4/3„ dx is R 

where R i s the l o c a l radius o f the body. For a v e r t i c a l f l a t 

p l a t e g = g and f o r a s t a t i o n a r y cone g = 1_ where 

2a i s the cone angle. 

Gerstmann and G r i f f i t h (38) observed the condensation of 

f r e o n 113 onto the underside o f 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 were observed t o form at t h e ' f r e e surface 

of the f i l m on the underside o f the h o r i z o n t a l surface. 
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At small angles of i n c l i n a t i o n , the drops ran down the surface and 

became elongated. As the angle o f i n c l i n a t i o n increased, the nature 

o f t h e i n t e r f a c e changed. They observed f o u r b a s i c a l l y d i f f e r e n t 

regimes of flow: 

( i ) a regime where the flow was dominated by the presence of 

pendant drops. 

( i i ) a glassy smooth flow which e x i s t e d at the leading edge of 

the p l a t o . 

( i i i ) a developing wave s t a t e where the disturbances were 

o f appreciable amplitude but there was no rupture o f the 

i n t e r f a c e ( i . e . no drops). 

( i v ) a regime where the i n t e r f a c e ruptured. 

They also observed t h a t although t h e heat f l u x was the same, no drops 

detached from t h e i n t e r f a c e when the angle o f i n c l i n a t i o n was greater 

than 13°. Instead, a l l the condensate ran o f f the end of the t e s t 
o o 

surface. The heat t r a n s f e r data f o r 20 t o 90 i n c l i n a t i o n were a l l 

10 per cent greater than t h e t h e o r e t i c a l values, suggesting t h a t i n 

th e r o l l - w a v e regime, the net e f f e c t o f i n t e r f a c i a l waves remained 

roughly constant. 

2.3.8 Evaluation o f condensate f i l m p h y s i c a l p r o p e r t i e s 

Labuntsov (39) i n h i s e a r l i e r work on f l u i d s under 

c o n d i t i o n s o f wave fl o w , evaluated the physical p r o p e r t i e s a t the vapour 

s a t u r a t i o n temperature and then corrected f o r the p h y s i c a l property 

v a r i a t i o n s . McAdams (40) recommended th a t the v i s c o s i t y should be 

evaluated a t a temperature: 
T - T s a t " °-75e 
Poots and Miles (41) made a t h e o r e t i c a l study o f the e f f e c t s o f 

temperature dependent physical p r o p e r t i e s on the condensation o f 

steam on a plane v e r t i c a l surface. 
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They compared t h e i r r e s u l t s w i t h those of Nusselfc ( 9 ) , Rohsenow (11) 

and Chen (14) and recommended the Drew reference temperature: 

T = T - 0.756 sat 
f o r the e v a l u a t i o n o f t h e p h y s i c a l p r o p e r t i e s f o r the laminar model. 

2.4 Enhancement o f condensation 

The amount of surface r e q u i r e d f o r a given duty i n a condenser 

i s a f u n c t i o n o f many v a r i a b l e s . Studies i n condensation have 

shown t h a t f o r a given duty t h e combination of f i l m w i s e condensation 

and t h e p l a i n c y l i n d r i c a l metal tube i s not the optimum. I n t h i s 

s e c t i o n some of the studies are reported. 

2.4.1 Dropwise condensation 

A few years ago, the Central E l e c t r i c i t y Generating Board 

i n c o l l a b o r a t i o n w i t h t h e Warren Spring Laboratory (42) used regular 

i n j e c t i o n s o f s t e a r i c a c i d t o promote dropwise condensation i n a 

lar-ge t r i p l e e f f e c t evaporator (3 evaporators i n s e r i e s ) producing 

b o i l e r feed water f o r T i l b u r y Power S t a t i o n . There was a 15 per 

cent improvement i n t h e net output o f the evaporator and the feed 

water produced was o f acceptable p u r i t y . The authors estimated 

t h a t w i t h some redesign, the p l a n t could produce 35 per cent more 

water w i t h t h e same surface area, using s t e a r i c a c i d promoter. 

Hampson (30) has shown t h a t even w i t h non-condensable gases, 

dropwise condensation gives an improvement over f i l m w i s e condensation. 

Rigorous studies have been c a r r i e d out i n t o the ways o f promoting 

dropwise condensation by Osment and Tanner ( 4 3 ) , Brown and Thomas (44) 

and Erb and Thielen (45) who considered gold p l a t i n g . 

2.4.2 Flu t e d tubes 

I n the f i l m condensation o f pure vapours, the only resistance 

t o heat t r a n s f e r o f any importance between the vapour and the cold 

surface, i s t h a t through the f i l m o f condensate. On a f l a t or 
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c y l i n d r i c a l v e r t i c a l surface the f i l m , a t any h o r i z o n t a l s e c t i o n , 
i s u n i f o r m l y d i s t r i b u t e d across t h e surface. I f means can be 
found t o d i s t u r b t h i s u n i f o r m i t y , i t i s l i k e l y t o improve the mean 
f i l m c o e f f i c i e n t of heat t r a n s f e r . 

Gregorig (46) was t h e f i r s t t o suggest t h a t the forces of surface 

t e n s i o n could be used t o d i s t u r b t h e normal u n i f o r m i t y of the 

condensate f i l m across the surface. By s u i t a b l y shaping the surface 

i n t o r idges and grooves, the condensate could be made t o flow 

r a p i d l y o f f the ridges i n t o t h e grooves. This would leave a very 

t h i n f i l m on t h e ridges where very high l o c a l c o e f f i c i e n t s o f heat 

t r a n s f e r could be obtained. 

Hawes (47) has analyised the case where the grooves are made 

c y l i n d r i c a l and Thomas and Alexander (48) have discussed a l t e r n a t i v e 

p r o f i l e s . Experimental evidence shows t h a t 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 o f up t o 2.5 times t h a t obtained from a p l a i n tube o f 

th e same l e n g t h and under the same c o n d i t i o n s , could be obtained. 

2.4.3 Finned tubes 

When pure steam condenses on a water cooled tube, the steam-

s i d e heat t r a n s f e r c o e f f i c i e n t p r e d i c t e d by the Nusselt equation and 

measured i n p r a c t i c e exceeds the water-side heat t r a n s f e r c o e f f i c i e n t , 

t y p i c a l l y by some 50 per cent. Water i s exceptional however, i n 

having a h i g h thermal c o n d u c t i v i t y , a high l a t e n t heat and a 

moderate v i s c o s i t y so t h a t f o r a given mass condensing r a t e , the 

condensate f i l m i s t h i n and h i g h l y conducting. Many hydrocarbons, 

however, have r e l a t i v e l y low l a t e n t heats and poorly conducting 

and sometimes viscous phases so t h a t , f o r the same mass condensing 

r a t e t h e condensate f i l m i s t h i c k and poorly conducting, g i v i n g r i s e 

t o vapour-side c o e f f i c i e n t s much lower than on the water side. 
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I n such circumstances i t may pay t o use an extended surface on the 

condensing s i d e . 

Katz et a l (49) s t u d i e d condensation on extended surfaces and 

produced t h e equation: 

h = 0.728 i 3 2 V, 
k p gfrfg 

4 \ll + 1.10 f d ] * f i , 
?a ( H j a \ (2.4.1) 

where H i s the e f f e c t i v e height o f t h e f i n , a i s the exposed 

primary surface o f the tube between the f i n s , a^ the area o f t h e 

f i n s and a = a + a '* H e n r i c i (50, 51) test e d a number of finned 

tubes using r e f r i g e r a n t s and found a good agreement w i t h equation 

(2.4.1) . 

2.4.4 Reduction of coolant-side resistance 

I n steam condensers the steam-side heat t r a n s f e r c o e f f i c i e n t 

i s t y p i c a l l y some 50 per cent greater than the water-side heat t r a n s f e r 

c o e f f i c i e n t . Thus there i s a need t o reduce resistance t o heat 

t r a n s f e r on t h e water side. Special shaped tubes have been developed 

t o improve the water-side c o e f f i c i e n t . These tubes u s u a l l y have 

h e l i c a l ridges i n s i d e the tube and t h e ridges have the e f f e c t of 

roughening t h e i n s i d e w a l l . The tube-side heat t r a n s f e r c o e f f i c i e n t s 

f o r these tubes are reported by Ashraf (52). Experimental work 

a t NEL on such tubes i n d i c a t e t h a t t h e e f f e c t of t h e ridges i s t o double 

t h e heat t r a n s f e r c o e f f i c i e n t on the water-side but t o have only a 

small e f f e c t on t h e steam side. 

2.4.5 Use o f e l e c t r i c f i e l d s 

I n 1965, V e l k o f f and M i l l e r (53) 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 f r e o n 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 v a r i e d 

by a p p l y i n g voltages up t o 50 kV. and currents up t o 14pA. Applying 
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th e 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 t o 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 (54) 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 freon 114 condensing i n 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 . The f i e l d s were created between the 

condensing surface and a p l a t e h e l d i n the vapour by the a p p l i c a t i o n 

o f voltages up t o 60kV. 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 t h e f i e l d a p p l i e d were found t o be as much as 10 

times the value w i t h o u t the f i e l d . 

2.5 Filmwise condensation on r o t a t i n g surfaces 

The experimental and t h e o r e t i c a l studies o f 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 main reasons. The f i r s t i s t o gain 

some knowledge o f t h e b e n e f i c i a l e f f e c t s o f 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 o f evaporators and condensers. 

The second reason f o r t h e study i s t o enable c a l c u l a t i o n s t o bo made 

f o r t h e heat t r a n s f e r between working f l u i d and the r o t a t i n g p a r t s 

of power producing machines. A considerable amount o f work has been 

done by others on t h e r o t a t i n g d i s c , the r o t a t i n g c y l i n d e r and the 

r o t a t i n g cone and these are reviewed i n the f o l l o w i n g s e c t i o n . 

The general curved body i s also reviewed although there i s very l i t t l e 

published i n f o r m a t i o n . 

2.5.1 Filmwise condensation on r o t a t i n g d isc 

.The t h e o r e t i c a l understanding o f the filmwise condensation 

on r o t a t i n g surfaces took a major step forward i n 1959 when Sparrow 

and Gregg (55) published t h e i r work "A theory of r o t a t i n g condensation. 
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Starting from the Navier-Stokes, energy and continuity equations, 

Sparrow and Gregg used boundary layer techniques to derive equations 

for heat t r a n f e r coefficient; for the condensation on a rotating 

disc. They analysed the case where convection and i n e r t i a terms 

were assumed important and compared t h e i r solution with the case 

where such terms were neglected. They showed that for t h i n 

condensate layers such terms could be ignored. This finding 

has been used i n the author's analysis of the condensation on 

the.rotating curved body. 

Sparrow and Gregg presented t h e i r results i n terms of cG/h^ 

and showed that for small values of c8Afg» which imply small 

f i l m thicknesses, and over the range of Prandtl number 1 to 100, the 

heat transfer c o e f f i c i e n t i s given by: 

Thus for a given f l u i d and a fixed temperature difference between 

the f l u i d and the disc, the local heat transfer coefficient and the 

f i l m thickness are determined by the speed of rotation of the disc, 

i . e . h'-'u)2 and 6~u) 

I t should therefore be possible to achieve high values of the 

heat tranfer coefficient by r o t a t i n g the disc at high speed. 

Fin a l l y , Sparrow and Gregg showed that for l i q u i d metals (low 

Prandtl number f l u i d s ) , the effects of i n e r t i a and convection were 

very important. 

0.904 Pr h f g h V 
k (o 

c9 
and the non-dimensional f i l m thickness 

= 1.107 
Pr fg 
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Later i n 1959, Nandapurka and Beatty (56) published experimental 

heat transfer coefficients f o r methanol, ethanol and freon 113 on a 

horizontal r o t a t i n g disc. They compared thenr heat transfer coefficients 

w i t h the predictions of Sparrow and Gree (55) and observed that 

experimental values were 25% less than the theoretical predictions. 

They a t t r i b u t e d t h i s to the effects of ripples they had observed 

when dye was introduced onto the r o t a t i n g disc. 

Espjg and Hoyle (57) published experimental heat tranfer 

c o e f f i c i e n t s for steam condensing onto a smooth rot a t i n g disc. 

This was i n connection with t h e i r work on transient thermal stresses 

i n r o t a t i n g axisymmetrical bodies. The disc i s considered as a cone 
o 

w i t h an apex angle of 180 . Espig and Hoyle predicted t h e o r e t i c a l l y 

t h a t , f o r the laminar model the heat transfer coefficient i s given by: 
h = 0.903 3 2 

n 
fg 

k p h . CO 

They compared t h e i r experimental findings with the above theory and 

found that the experimental values f o r the heat transfer coefficient 

were 1.5 to 2.0 times greater. 

In an e a r l i e r work i n t o the behaviour of water films on rotating 

discs, Espig and Hoyle (58) observed waves and they argued that such 

waves would be present on a f i l m of condensate forming on a rotating 

disc. The discrepancy i n the experimental and theoretical results 

was then a t t r i b u t e d t o the presence of waves on the f i l m of condensate. 

2.5.2 Filmwise condensation on r o t a t i n g cylinders 

Filmwise condensation on a rotating cylinder was studied 

by Yeh (59) and by Singer and Preckshot (60). Similar results were 

obtained i n both studies which indicated that f o r Weber number less than 

1800, there was an increase i n the heat transfer c o e f f i c i e n t . 
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For Weber numbers greater than 1800, the heat transfer coefficient 

decreased to almost the stationary value. Doubts have however been 

expressed about the v a l i d i t y of the findings because a faulty 

mechanical seal was suspected of leaking a i r and o i l into the steam 

space. 

Hoyle and Matthews (61) studied the heat transfer from steam 

condensing onto r o t a t i n g cylinders. They studied three cylinders 

of diameters 0.10m., 0.20m. and 0.254m. to f i n d the effect of the 

d i f f e r e n t diameters on the heat transfer coefficient. Hoyle and 

Matthews did not observe any decrease i n heat transfer coefficient 

when the Weber number increased beyond 1800 as reported by Yeh, 

and by Singer and Preckshot. Hoyle and Matthews correlated mean 

heat transfer c o e f f i c i e n t f o r t h e i r three ro t a t i n g cylinders.by 

expressing the Nusselt equation thus, 

h = B k p g h f£ 
(J-ed 

k 

where B 1.5 
0.19 

1.9 - 0.9 
1.095 dua2/2 S 

In 1970 Nicol and Gacesa (62) published t h e i r experimental work 

on the condensation of steam onto a rotating v e r t i c a l cylinder. They 

observed no decrease i n heat tranfer coefficient even with Weber 

numbers i n excess of 5000. This agreed with the findings of Hoyle 

and Matthews (61). Nicol and Gacesa found the Nusselt number to 

remain constant at 110 f o r Weber numbers up to 430 and thereafter 

increased according t o : 

' 0.496 NU q = 6.13 We , where Nug = h-d/2k 
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Experimental studies have recently been carried out by Williams 

et a l (63) i n t o the condensation on a v e r t i c a l rotating r a d i a l l y 

finned tube. Their data for methanol and isopropanol shows that the 

condensate f i l m heat transfer c o e f f i c i e n t could be signf3cantly 

increased by the use of centrifugal force. They propose the 

empirical equation: 
1 

k h = 0.655 
c 

3 2 r* k p h 

where h i s the condensate f i l m heat transfer coefficient based on e 
the e f f e c t i v e outside area of the tube, G the drainage acceleration 

2 2 2 i 

[ g + (duo /2) 1 and L length of condenser tube between adjacent 

f i n s , 

2.5.3 Filmwise condensation on r o t a t i n g cones 

Rotating conical boilers have been used i n desalination 

and i n food processing for some years. This perhaps, p a r t i a l l y 

accounts f o r the amount of investigation that has gone int o the 

heat transfer and f l u i d flow on r o t a t i n g cones. 

Hickman (64) i n 1957 described and gave performance data for 

centrifugal 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 ro t a t i n g 

inverted cone. Vapour from the inner surface of the cone was 

collected and compressed before being condensed onto the outer 

surface of the cone. Energy liberated at the outer surface during 

condensation was transferred by conduction to maintain the evaporation 

process. Bromley (65) studied the above b o i l e r a n a l y t i c a l l y and 

provided equations f o r predicting i t s performance. 
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Starting from the Navier-Stokes equations, Bruin (66) has predicted 
the v e l o c i t y d i s t r i b u t i o n s i n a l i q u i d f i l m flowing along the inner 
surface of an inverted cone. Wu (67) made use of the Karman-Cochran 
solution of the Navier-Stokes equations i n his study of the laminar 
motion of an incompressible viscous f l u i d induced by a spinning cone. 

I n 1960 Tien (68) indicated that the heat transfer results for 

a r o t a t i n g disc could also be used for rotating cones under boundary 

layer approximations. Sparrow and Hartnett (69) used the findings 

of Wu and Tien to modify t h e i r theory for condensation on rotating 

discs and extended the analysis to condensation on rot a t i n g cones. 

Comparing the heat transfer coefficients for ro t a t i n g discs and for 

r o t a t i n g cones, Sparrow and Hartnett gave the equation: 

h , r\ A cone = (Sin a) 

disc 

where 2a i s the cone angle. I t should be appreciated that Sparrow 

et a l have not considered gravity i n any of t h e i r analyses. 

Heat transfer by steam condensing onto a rot a t i n g 60° cone was 

studied by Howe and Hoyle (70). Their conclusions were that: 
2 2 

( i ) the rate of heat transfer was dependent on d U ) /2g when $ w /2, the 

cent r i f u g a l acceleration, was of the same order of magnitude as 

the g r a v i t a t i o n a l acceleration. 
2 

( i i ) the rate of heat transfer was independent of d U ) /2g 
2 

when (jo) /2 was large compared wi t h the gravitational acceleration. 

( i i i ) the heat transfer behaviour on the 60° cone was more 

comparable to the cylinder than to the disc. 

Howe and Hoyle correlated t h e i r results by the empirical fomulae: 
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for the case of no ro t a t i o n , 
0.16du) 

and hd = 3700.0 
k 

2 
f o r dco /2g > 2.45 

dap 
2 8 2.5^ 10 

2g 

More recently, Howe (71) carried out an extensive study of 

the heat transfer by condensation onto rotating cones i n which he 

considered the 10° and the 20° cones i n addition to the 60° cone. 

Howe assumed the laminar model and examined the effects of rotation 

and gravity on the heat transfer rate. He made a comparison 

between the cone and the disc and showed that when the acceleration 

force acting on the condensate was predominantly gravitational, 

hcone was asymptotic t o 0.976 (g~ Cos 'cTj | 
h d i s c 

but when centrifugal acceleration dominated the drainage the 

asymptote was (Sin &)^ which agreed with Sparrow and Hartnett (69). 

Howe did not v e r i f y the above quotient experimentally. 

Experimental l o c a l heat transfer coefficients were observed by 

Howe to be 1.2 and 1.9 times the value predicted by the laminar 

model. He observed waves and the detachment of drops from the 

condensate i n a photographic study and he explained the discrepancy 

by t h e i r e f f e c t s . He correlated his experimental results with 

the equation: 

Nu(3H)- m Sin 

where 

g Cos 
2 

a n 3 / 2 - A X r ^ S j n ^ i A 2 
$J [_g Cos $ J , 

H = c e ̂  ~] 
P r ( h f g + |c9) J 

and A-̂  and are constants. 

Howe observed closer agreement between xhe laminar model and the 

experimental results at high ro t a t i o n a l speeds. 
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The constants A and A therefore vary with speed and are determined 
* 2 2 

according to the value of XU) Sin He provided a table of such 
"g Cos Si 

values. 

2.5.4 Filmwise condensation on ro t a t i n g curved bodies 

A considerable amount of work has been done on the filmwise 

condensation on r o t a t i n g discs, cylinders and cones. However, t h i s 

i s not the case with the general curved body of which the disc, the 

cylinder and the cone are special cases. 

Howe (71) was the f i r s t to tackle the problem of condensation 

on bodies w i t h curved generators. Working with the laminar model, 

Howe extended his analysis for condensation onto rotating cones to 

cover the curved generator. His findings indicated that the 

curvature of the generator had a sig n i f i c a n t effect on condensation. 

Howe analysed three bodies with shaft diameters of 0.002m., 0,2m. 

and 0.6m., but each with a radius of curvature of 0.2m.- Each body 

was given speeds of rot a t i o n over the range zero to 10,000 rev/min, 
o 

together w i t h common values of temperature difference 8 = 10 C 

and Prandtl number Pr = 1.37. The conclusion from the analyses 

was that the f i l m thickness and the heat transfer coefficients were 

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

diameter of the c y l i n d r i c a l part of Lhe bodies. From the photographic 

studies of the condensation process on his cones, Howe predicted 

that drop detachment should occur at the shaft and of a body with a 

curved generator where the angle & i s small and that the detachment 
. o of drops should cease as the angle ® increases beyond 20 . 

2.6 Present work 
The present work i s concerned with the filmwise condensation 



- 24 -

of steam onto r o t a t i n g axisymmetrical curved bodies. I t i s the 

f i n a l phase of the investigation i n t o the condensation of steam onto 

r o t a t i n g bodies undertaken by Hoyle and his colleagues as part of 

t h e i r wider investigation i n t o the question of thermal stresses i n 

steam turbine rotors during cold s t a r t i n g and during maneouvring. 

The problems involved during these operations have been given by 

Terrel (72), H a l l and B r i t t e n (73) and more recently by Mcĵ e (74) 

Hoyle and his colleagues studied the condensation of steam onto 

r o t a t i n g discs, r o t a t i n g cylinders and rotating cones. As part of 

the same research, Robson (75) studied the behaviour of a f i l m of 

condensate on the surface of a r o t a t i n g 60° cone; and Holgate 

(76) the s t a b i l i t y of a f l u i d f i l m on such a cone. Measurements 
o . o 

of the condensate f i l m thickness on the 10 and 20 cones used by 

Howe (71) have been made by Smith (77). 

The work wi t h the r o t a t i n g discs, cylinders and cones had 

provided much useful information about condensation on a rotating 

body but these shapes were not representative of a steam turbine disc. 

One school of thought at the onset of the research programme was 

that any axisymmetrical body could be simulated by a combination of 

truncated cones as shown below. 

^ ^ ^ ^ ^ ^ ^ ^ ^ ^ I L f ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 

Thus the knowledge gained from discs (180 cones), cylinder (0 cones) 

and cones should enable one to formulate a theory for the curved body. 

There i s one d i f f i c u l t y however with the above idea. A cone 

i s a curve with an i n f i n i t e radius of curvature and any theories based 

on the above assumption undoubtedly neglect the curvature effects 
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i n the analysis. This became apparent when Howe (71) extended his 

theory of the laminar condensation of steam onto rotating cones to 

cover the surface with the curved generator. I t became clear from 

the theory, that the f i n a l phase of the research programme should 

examine i n d e t a i l the condensation of steam onto a rotating curved 

body, and i n p a r t i c u l a r , the effects of curvature. 

In view of Howe's (71) findings, a fresh approach to the problem 

of condensation of steam onto r o t a t i n g curved body was adopted. Instead 

of considering a curved body as being made up of series of cones, the 

reverse was considered. Thus the general curved body of which the 

disc, the cylinder and the cone are special cases i s considered. The 

theory of filmwise condensation onto the r o t a t i n g asixymmetrical 

general curved body i s developed. The Navier-Stokes and the energy 

equations are solved for the laminar model of condensation on such 

a body. The body i s assumed to rotate with the axis of symmetry 

v e r t i c a l . The analysis considers pure vapours only and the vapour-

condensate i n t e r f a c i a l shear, convective and i n e r t i a effects 

are neglected. Gravity, r o t a t i o n a l speed and curvature are considered 

and the importance of the curvature effect i s examined. The analysis 

presented i n t h i s thesis was developed independently of that given by 

Howe. 

To provide an experimental v e r i f i c a t i o n of the theory, a ci r c u l a r 

curved body with a generator which forms a ci r c u l a r arc of 90° i s 

designed and used. Any curved generator could have been used. 

The choice was a compromise between theoretical considerations, the 

ex i s t i n g equipment and the cost of manufacture. 

Finally, a photographic study of the condensation process i s 

undertaken and the onset of the detachment of drops predicted. 



3.0 THEORY 
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3*0 Introduction 

This section deals with the development of the laminar theory for the 

condensation of a vapour onto a general curved body ro t a t i n g with the axis 

of symmetry v e r t i c a l . The co-ordinate system employed i n the theoretical 

and the experimental analyses i s introduced. This i s followed by the 

transformation of the Navier-Stokes and the energy equations into the new 

co-ordinate system. The governing equations are developed and analysed 

and a single d i f f e r e n t i a l equation which describes the condensation 

process i s produced. A non-dimensionalisation procedure i s employed 

which sim p l i f i e s the equation and f a c i l i t a t e s a solution by a single 

numerical integration. Expressions for the behaviour of the condensate 

f i l m thickness and the heat transfer coefficients with respect to the 

va r i a t i o n of centrifugal acceleration and the vari a t i o n of distance from 

the s t a r t of the f i l m are developed. The f i n a l equations are then applied 

to the experimental curved body. The predicted results are f i n a l l y 

discussed. 

The assumptions made - some of which have been stated e a r l i e r -

are: 

i ) a laminar f i l m flow, which implies that the thickness of the f i l m 

of condensate i s small compared with the radius of the body and with the 

radius of curvature. 

i i ) the f i l m drains along the generator of the body; i . e . i n a direction 

p a r a l l e l to the condensing surface, by the action of both gravitational 

and centrifugal accelerations. 

i i i ) the i n e r t i a and convective effects are neglected. 

i v ) the vapour-condensate i n t e r f a c i a l shear is neglected. 

v) pure vapour, i . e . no non-condensable gases. 
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v i ) angular symmetry and steady state conditions p r e v a i l . 

v i i ) the f l u i d i s incompressible. 

v i i i ) no a x i a l conduction, i . e . conduction along the generator, at the 

steady state i s neglected. 

For completeness, the f u l l mathematical manipulations are carried 

out and the above assumptions and any others are brought i n at the 

appropriate stage. 

3.1 Derivation of equations 

3.1.1 The co-ordinate system 

The cartesian co-ordinate system of x, y and z could not conveniently 

be used i n the present work because of the rotational motion. Different 

othogonal co-ordinate systems were considered and the most convenient 

was chosen. Consider the general curved body shown i n f i g . 1. The 

curved surface i s described by the r o t a t i o n of a defined curved generator 

about the v e r t i c a l axis. The angle of rotation i s denoted by <|>. The 

d i r e c t i o n along the generator i s denoted by S and the distance from the 

leading edge to some point on the generator i n this direction by s. Y 

i s the d i r e c t i o n normal to the surface S at the point of consideration. 

Y i s positive i n a dire c t i o n away from the axis of r o t a t i o n . The thic k 

ness of the f i l m of condensate i n the Y direction i s denoted by y as shown 

i n f i g . 2. I n f i g , 1, e . e. and e denote unit vectors i n the directions 
y 9 s 

Y, <j> and S respectively. 

3.1.2 Derivation of the Navier-Stokes equation i n terms of S, Y and $ 

Scale factors 

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

co-ordinate system S, Y and $ are obtained as follows: 
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From f i g . 1 and f i g . 2, consider a p a r t i c l e of condensate at a point P, 

a small distance away from the surface of the body, 

x » (R+yCos3) Cos <fi 

j - (R+yCosP) Sin <j) 

z = (A-ySin3) 

Let the vector 

r » (R+yCos3) Cos(()i + (R+yCos3) Sin<j>j + ( I -ySin3) k 

Let h , h and h, be the scale factors. s' y <|> 

h = 
s 

3r 
3s 

9r 
3y 

3r 

For t h i n films of f l u i d , y i s small compared v/ith R or &, hence any 

contributions by y can be neglected. For such a case, 

h g = /"{(R«) 2 + ( A ' ) 2 } 

where Rf « 3R/ 3s = Sin3 and £' = 3£/3s = Cosg 

Hence h = 1 and s i m i l a r l y h «= 1 and h, = R. s ' y • 
The Navier-Stokes equation 

The general v e c t o r i a l form of the Navier-Stokes equation for an incom

pressible f l u i d i s : 

DV A J . r,2„ P Dt ~ 8 r a d ,P + yV V 

where V i s the v e c t o r i a l velocity and F the vectorial body force. 

Referring to f i g . 1 

V = V e + V e + V.e. s s y y <j) § 
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The acceleration force terms 

Following Lamb (79) and applying assumption ( v i ) , namely that angular 

symmetry and steady state conditions p r e v a i l , the expansion of the accel

eration term of the Navier-Stokes equation i n the S-direction i s given by 

equation (3.1.1) below. 

21s = p [ L , 
9s h v 

s 
9y \ (v ^ - v v ifi*>] 

trh y 1 s y J 

- V / 9 ( ^ ) 1 (3.1.1) 

Substituting f o r h , h and h A i n equation (3.1.1) and simplifying, 
s y T 

Dt 12* + V v ^ 9s 
9VP - \ - Sin$ J (3.1.2) 

Equation (3.1.2) indicates the acceleration force acting on the f i l m of 
V 2 

f l u i d i n the S-direction. The centrifugal effect given by p SinP R 
is easily recognised. 

Body force terms 

The body force, as implied here, i s the force due to gravity only. 

For a body with i t s axis of symmetry v e r t i c a l , the body forces i n the 

S, Y and <j) directions are given by: 

F = pgCos3 

F y " -pgSinfl 

Pressure force terms 

grad.p I 
h t 

3p e 
9s" S 

9P 
9y 
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Hence i n the S-direction, pressure force term i s 3p/3s . 

The viscous, force terms 

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

uV2V. 

By general v e c t o r i a l notation, 

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

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

Vv = - Vx(VxV) (3.1.4) 

From assumption ( v i ) , 7-7- = 0 

(VxV) h h h . 

h e h e 
s s y y 
3 a 
9s 3y 

h V h V 
s s y y 

Substituting for h g , h^ and h^ and simplifying, 

h.V, 

L 3s 3y J 
(VxV ) = E e + E e + E ,e. 

s s y y (j)<|> 

where E represents the terms i n the brackets 

Vx(VxV) = i -

e e s y 
3 3 
ds 3y 

E E 
s y 

Re, 

r — 0 

RE, 
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(3.1.5) 

For the S-direction only, 

-Vx(VxV) = - 2|i 

_a_ 
a y 

,2, 

Hence i n the S-direclion, the momentum equation is given by: 

2„_._„-r , — r - ^ 

97* L_B as + v
y a y R J 8^°^ p as [_ a v

2 3 y v 3 s ; J 

(3.1.7) 

Equation (3.1.7) i s the transformed Navier-Stokes equation for the 

S-direction only. I t describes the motion of an a x i a l l y symmetric t h i n 

f i l m of incompressible f l u i d along the generator of the general curved 

body shown i n f i g . 1. From assumption ( i i ) , equation (3.1.7) i s the 

equation of interest and the momentum equation for the Y and <|> directions 

w i l l not be presented. However, before any analysis and hence a1 solution 

for equation (3.1.7) could be contemplated, the transformation w i l l be 

completed by considering the energy equation. 

The energy equation 

Neglecting the mechanical and f r i c t i o n a l energy dissipation, the 

energy equation becomes: 

?! a i v 2 i 
Dt pc 

Dt at i v - V A > 
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and from assumption ( v i ) 

HI = v s —- + V — Dt s 9s y 3y = v s ~ + V„ | f (3.1.8) 

V 2T = d i v . grad T 

s 3 s • > 3 y pc L — as" 7 T 7 T J (3-1-1°) 
v 3T + v 9T _ k 

2 Sing 9T 3^T ( } 

3s 3y 

From (3.1.8) and (3.1.9) 

3s^ 3y* 

3.1.3 Analysis o f the governing equations 

From t h e assumption t h a t f o r steady flow the i n e r t i a and convective 

e f f e c t s are n e g l i g i b l e , equations (3.1.7) and (3.1.10) reduce respect

i v e l y t o : 

•By 

. f s i n g 3T , 3 2T A 3 2T~| , _ , N 

For a t h i n f i l m , the component of v e l o c i t y i n the Y - d i r e c t i o n i s small 

compared w i t h t h a t i n the S - d i r e c t i o n and the v a r i a t i o n of v e l o c i t y i n 

the S - d i r e c t i o n i s small compared w i t h t h a t i n the Y - d i r e c t i o n . On t h i s 

basis equation (3.1.7i) may be approximated by: 

I t i s assumed t h a t the e x t e r n a l pressure a c t i n g on the f l u i d i s constant. 

Hence pressure v a r i a t i o n s i n the f i l m are of the simple h y d r o s t a t i c form 
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produced by the g r a v i t a t i o n a l f o r c e . As the f i l m i s t h i n , the v a r i a t i o n s 

i n pressure i n the S and (j> d i r e c t i o n s are small compared w i t h the v a r i a 

t i o n s i n the Y - d i r e c t i o n . Hence the v a r i a t i o n s i n pressure i n the S-

d i r e c t i o n can be neglected and equation ( 3 . 1 . 7 i i ) then approximates t o : 

~ V / s i n g „ ~ o f t . ., 3 2V S — - gCosg + V - f j -
3y 

(3.1.11) 

Furthermore, from assumption ( v i i i ) namely t h a t a t the steady s t a t e 

there i s no a x i a l conduction, i . e . no conduction i n the S ~ d i r e c t i o n , 

3T/9s = 0. Hence equation (3.1.10i) reduces t o : 
2 

= o (3.1.12) 
3y 

Solu t i o n s of the governing equations 

Equations (3.1.11) and (3.1.12) are the governing equations. Their 

s o l u t i o n s y i e l d the drainage v e l o c i t y , V s and the temperature d i s t r i b u 

t i o n , T i n the f i l m . For the condensation of pure vapour, the f o l l o w i n g 

boundary conditions w i l l p r e v a i l : 

V s = 0 ^ 

Vj, - Ew V y - 0 

V y = 0 

T - T 

At the vapour-condensate i n t e r f a c e , there w i l l be n e g l i g i b l e shear 

(assumption ( i v ) ) , and the i n t e r f a c i a l temperature w i l l be common to 

both f l u i d s . 

Thus, 
: 1 

T 

y = 6 

sac 



- 34 -

Drainage v e l o c i t y 

I t f o l l o w s from assumption ( i v ) there i s n e g l i g i b l e s l i p ; hence 

equation (3.1.11) becomes: 
,2, 

^- |s - - - I j^Ro)2 sing + gCosfl J 
dy 

This y i e l d : 

V g - - i [^Rco2 Sing + gCosp J y 2 + B v + D 

where B and D are constants of i n t e g r a t i o n . 

When y = 0, V s = 0 hence D = 0 

J 
's 2> 

.. V c - - j^Ro)2 Sin3 + gCosgJ y 2 + By (3.1.13) 

From the boundary c o n d i t i o n at y = 6 

r ̂ 1 = o = r ^ l 
|_ dy J y=6 |_ ds J y=6 

and V s = ~ ]~Jm2 Sing + gCosg J J^Sy-y 2 J (3.1.14) 

The drainage v e l o c i t y , V s, has a p a r a b o l i c d i s t r i b u t i o n f o r a given 

r o t a t i o n a l speed. This i s what one would expect of a laminar model 

such as assumed here. 

Temperature d i s t r i b u t i o n 

Equation (3.1.12) becomes, 

4 - o 
dy 

.'. T - ay + b 

where a and b are constants of i n t e g r a t i o n . 

At y « 0, T = T hence b = T ' o o 
At y = 6, T = T ^ J ' sat 
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.'. T - T = a6 = 6 hence a - 9/6 sat o 

.'. T = 6y/6 + T (3.1.15) 

and dT 
dy 

_e 
.6 (3.1.16) 

( T s a t " T } " 6 ( 1 - y / 6 ) 

Equation (3.1.15) shows t h a t the temperature d i s t r i b u t i o n i n the f i l m 

i s l i n e a r . I t i s worth n o t i n g from equation (3.1.10i) t h a t a d i f f e r e n t 

temperature d i s t r i b u t i o n would have been obtained i f a x i a l conduction 

had been considered. I t i s important to note t h e r e f o r e , t h a t where a 

comparatively t h i c k e r f i l m of condensate i s concerned, equation (3.1.10i) 

w i l l have to be solved as i t stands as the assumption about a x i a l con

d u c t i o n may not h o l d . 

3.1.4 The governing equation of laminar f i l m condensation on a r o t a t i n g 

curved body 

I n the preceeding s e c t i o n , equations (3.1.14 - 3.1.16) are used t o 

o b t a i n the governing equation of laminar f i l m condensation on the r o t a t 

i n g general curved body. This i s achieved by considering the conserva

t i o n of energy i n a c o n t r o l volume o f the condensate. 

Y 
dm „ 

n 
F i l m of condensate 
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Y 

8s 

n sat 
•0 

CrfiT 

T) 6s mlu + mc (T dQ f g ds sat 

Consider the element of condensate j n n j of width 6s, which when r o t a t e d 

about the axis o f symmetry of the body forms a c o n t r o l volume of the 

condensate f i l m . The energy dQ crossing the boundary j j i s given by the 

condensation of the vapour of mass 6s and the sub-cooling of t h a t 

mass o f condensate from the s a t u r a t i o n temperature T t o the mean 

temperature T which i s between t h a t of the w a l l and the steam. Assuming 

t h a t t h e energy i s t r a n s f e r r e d t o the boundary j j by conduction only 

through the f i l m of condensate, we can invoke an o v e r - a l l energy balance 

as f o l l o w s : 

dQ - kdS [ f ] y = 0 - 4- [ * h £ g • 4c ( I s a t - i ) ] (3.1.17) 

I n equation (3.1.17) the term i n v o l v i n g dT/dy represents the energy t r a n s 

f e r by conduction t o the inn e r surface of the c o n t r o l volume denoted by j j . 
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On the extreme r i g h t hand side o f equation (3.1.17), the term i n v o l v i n g 

mh^g 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 nn. The term i n v o l v i n g 

(T - T) represents the energy l i b e r a t e d by the sub-cooling of the 

condensate t o the mean temperature T. 

The e f f e c t i v e conducting area o f the control volume i s given by 

dS = 2TTR6S . S u b s t i t u t i n g f o r dA* and dT/dy from equation (3.1.16) i n t o 

equation (3.1.17) and s i m p l i f y i n g y i e l d : 

2 * R k f " h [ t o f g + A c ' ( T s a t " * > ] ( 3 a ' 1 8 ) 

Now m = p fS 2irRh dyV o y s 

* = 2TTRp / V dy 
0 8 

m 

S u b s t i t u t i n g f o r V from equation (3.1.14) and i n t e g r a t i n g , 
s 

3 P_ _ 
2 7 T 3 P

v
6 Rto 2Sin3 + gCos3 (3.1.19) 

3' 

2 

mh f g = 2 7 r R p 5 h £ 8 [^Rco2Sin3 + gCosp J (3.1.20i) 

From equation (3,1.16), 

mc (T - T) - 2irRp / V o c 9 ( l - y / 5 ) dy sat o s 
=• 2irRpc9 fS V o ( l - y / 6 ) dy o s 

* •"•8 P
V° 9 [jto2Sin3 + gCos3^J (3.1.20U) 

S u b s t i t u t i n g (3.1.20i) and ( 3 . 1 . 2 0 i i ) i n t o (3.1.18), 

3 e h , 
2irRk | 
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3v c6 l — f g 
2 

Now l e t A = 3v c6 

Then, 

A " I f s * [ ^ R 6 3 ( R a ) 2 s i n e + gCosg) J (3.1.21) 

Equation (3.1.21) i s the d i f f e r e n t i a l form of the equation governing the 

f i l m w i s e condensation on a r o t a t i n g general curved body. However, before 

a s o l u t i o n i s attempted, the equation w i l l be examined i n d e t a i l . 

I t was s t a t e d e a r l i e r t h a t , 

dR/ds - Sin3 

de/ds = 3' = 1/Rc 

From equation (3.1.21), 

A - | p(2Ra) 2Sin3 + gCosfl) | | + 6 3(R 2<o 2Cos3 - gRSing) | | 

(3.1.22) 

+ 36 2(R 2io 2Sin3 + gRCos3) ~ 
as 1 

S u b s t i t u t i n g from (3.1.22) and s i m p l i f y i n g , 

4 4 
A - 4- Sin3(2Rw 2Sin3 + gCos3) + ~ (Rw2Cos3 - gSin3) 

+ 36 3 (Ru 2Sin3 + gCos3) ~ 
as 

4 
Now, I (Rw 2Sin3 + gCos3) ~ - - 36 3(Rw 2Sin3 + gCosg) ~ 

GS uS 
4 4 

f\ o ft o 

.*. A = y~ Sin3(2Ru Sin3 + gCos3) + (Rw Cos3 ~ gSin3) 

3 ,„ 2„. „ . „ „ x d 6 4 

+ ^ (Rto Sin3 + gCos3) j-e 
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Hence re - a r r a n g i n g , 

3 d6 4 A - { 6 4Sing(2Rto 2Sing + gCos3)/R +6 4(Rm 2Cos3- gSing)/R c} . 9 r . 
T Tfs 2 ^ (Ru> Sine + gCosg) 

The f i n a l term i n the numerator of equation (3.1.23) includes R£, the 
2 

radius o f curvature of the generator of the body. Thus (Raj "Cos3 - gSin3)/R c 

represents the curvature e f f e c t . 

Mow consider the case where there i s no r o t a t i o n and angle 3 i s zero. 

Assume t h a t R i s i n f i n i t e . This i s the case of condensation on a s t a t -c 
ionary v e r t i c a l c y l i n d e r . Equation (3.1,23) reduces t o : 

- — = - (3 1 24) 4 ds g V.L.M) 

and 6 4 - 4As/3g (3.1.24a) 

or S 4 -
P 8 h f g 

This i s e a s i l y recognised as the Nusselt (9) expression f o r the condensa

t i o n on a v e r t i c a l p l a t e . I t shows t h a t f o r such a body 6 *v» s^. 
4 

I n equation (3.1.23), l e t <5 (a+b) represent the- terms i n the e x t e r n a l 

brackets of the numerator, 

i . e . a = Rco2 [l-Cos(230 + \ gSin(23) 

9 
b = Roi Cosg - gSin3 

R 
c 

When there i s no r o t a t i o n , i . e . u=0 

a = a 1 [gSin(23)3 /2R 

b = b x = - ( g S i n 3 ) / R c 

At h i g h speeds of r o t a t i o n , i . e . to»0 and g-K) 

(3.1.25) 
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a - a, - w(l-Cos(2B)) 
' l

 2 V (3.1.26) 
b - b 2 = (Rw CosB)/Rc 

The numerator o f equation (3.1.23) becomes 
4 o A - 6 ( a x + b ^ when w=0 and 3^90 
4" o and A - 6 ( a 2 + b 2 ) when u»>0 and 3^90 

Thus the curvature e f f e c t (represented by the curvature term b above), 

can a s s i s t or r e t a r d the growth of the f i l m . From (3.1.25), the mag

ni t u d e of the net e f f e c t ( i . e . i n r e l a t i o n to the other terms) i s given 

by: 

b, _ 1 
a. 

R_ 2Sing 
R ' Sin(2B) 

and from (3.1.26) by: 

b„ 
a2 

R Cosg 
R c * O^Co7(2B5) 

Thus, f o r a l l speed of r o t a t i o n and a given value of the angle 3 such 

t h a t 90°>3>0°, the magnitude o f the e f f e c t of curvature i s governed by 

the r a t i o of the r a d i i R/Rc. 

I n equation (3.1.23), i f the radius o f curvature becomes i n f i n i t e 

(R^aoo) and the angle 3 = 90°, then when <o»0 and g-*0 
4 4 2 3 d £ _ A - 26 V 

T * ds T~2 
Rto 

4 . 2 

and has the s o l u t i o n & « A/2<o (3.1.27) 

But R • » and 3 = 90° i s the r o t a t i n g d i s c . Equation (3.1.27) compares 

e x a c t l y w i t h the Sparrow and Gregg (55) s o l u t i o n f o r the condensation on 

r o t a t i n g d i s c s . 

I f i n the above case, the angle 3 remained v a r i a b l e and unspec i f i e d , 
then 



A - 26 IO Sin 8 3 d6 
ds Ru> Sinfi 

which when 3 i s constant has the s o l u t i o n 

2 2 2w Sin 3 
A (3.1.28) 

I t should be recognised t h a t when R i s i n f i n i t e and 3 equals some 
c 

constant angle other than 0° and 90°, i s the case of the r o t a t i n g cone. 

Equation (3.1.28) compares e x a c t l y w i t h the s o l u t i o n of Sparrow and 

H a r t n e t t (69) f o r the condensation on r o t a t i n g cones. 

I t i s important to note t h a t equation (3.1.28) i s only obtained when 

3 i s assumed constant. This i m p l i e s t h a t equation (3,1.28) i s app l i c a b l e 

to i n d i v i d u a l cones only. For a given cone and hence a given 3> equation 

(3.1.28) gives the assymptote t o which the f i l m o f condensate grows as 

the speed of r o t a t i o n i s increased and the e f f e c t s of g r a v i t y are d i m i 

nished. 

I t should be appreciated t h a t i f 3 v a r i e s w i t h respect t o the distance 

( s ) , then t h i s represents the case where the generator i s made up of a 

series of truncated cones since the radius of curvature a t any given p o i n t 

i s i n f i n i t e . The problem becomes d i f f e r e n t i n such a case and the s o l u 

t i o n r equires the exact mathematical r e l a t i o n s h i p between 3 and s, or a 

technique t o l i n k one cone t o another w i t h o u t causing any d i s c o n t i n u i t i e s 

i n the f i l m of condensate. 

I n equation (3.1,23) i f g r a v i t y , r o t a t i o n and the angle 3 are f i n i t e 

but R i n f i n i t e , then 

Equation (3.1.29) requires a numerical s o l u t i o n . I t compares ex a c t l y w i t h 

Howe's (71) s o l u t i o n f o r condensation on r o t a t i n g cones i n c l u d i n g the 

e f f e c t of g r a v i t y . 

c 
3 . d6^ m A - 6 HSin3(2Ra) Sin3 + gCos3)/R 
4 d s (Rw 2Sin3 + gCos3) 

(3.1.29) 
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L a s t l y , consider R £ t o be i n f i n i t e and the angle 3 t o be zero. This 

represents the r o t a t i n g v e r t i c a l c y l i n d e r . Equation (3.1.23) becomes 

Equations (3.1.30) and (3.1.24) are i d e n t i c a l . I t can be seen from t h i s 

t h a t the growth of the f i l m o f condensate 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 

i s not governed by the r o t a t i o n . Any improvement i n the heat t r a n s f e r 

c o e f f i c i e n t such as reported by o t h e r s , i s the r e s u l t of surface d i s t u r b 

ances and the detachment of drops. 

3.1.5 S o l u t i o n of equation (3.1.21) i n non-dimensional form 

The equation: 

i s the governing equation of f i l m w i s e condensation on the r o t a t i n g general 

curved body. I n the previous s e c t i o n , t h i s equation was examined i n 

d e t a i l . I n t h i s s e c t i o n , a s o l u t i o n o f the equation i s presented. The 

non-dimensionalisation of equation (3.1.21) f a c i l i t a t e d the s o l u t i o n . 

L e t £ be the non-dimensional radius of the body, and n be the non-

dimensional condensate thickness. Then, 

R = a £ and 8 - yr) 

where a and y are constants and have the dimensions of l e n g t h . 

L e t angle $ be a f u n c t i o n of £ 

i . e . 3 = X ( 0 » (and be denoted by X) 

Now ds - dR/Sin$ - ad£/SinX 

S u b s t i t u t i n g i n t o equation (3.1.21), i t becomes: 

R6 (Ro) Sin3 + gCos3) R ds (3.1.21) 

SinX Ey n (a?1*1 SinX + gCosX) a? o,d£ 

SinX n (w 'y £ SinX + CosX d5 a 
(3.1.31) 
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Su i t a b l e values of a and y a r e j 

a «= g/w2 and y- <o ̂ Â  
2 

Hence € = R/ct = Rw /g, the r a t i o of c e n t r i f u g a l a c c e l e r a t i o n to 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 u b s t i t u t i n g f o r o and y, equation (3.1.21) becomes: 

1 = ̂ S i n X - - ^ j^n 3(C 2SinX + CCosX)J (3.1.32) 
o r ' SiiiX = n £ V(? 2SinX + 5CosX) ~^ (3.1.32) 

Let s/SinX =*?(£) and (£2SinX +£CosX) = F(£) 

S u b s t i t u t i n g ^ and F, equation (3.1.32) becomes: 

7 = ^ <n 3F) 

= 4 T l 3 F n ' + T T 1 4 p ' w h e r e 4? 8 1 ' (3.1.33) 

L e t Z = n^. Then equation (3.1.33) becomes: 

Z + ? T " "3" * F (3.1.34) 

which has the s o l u t i o n : 

V3 

F 

Equation (3.1.35) i s the s o l u t i o n of equation (3.1.21) i n a non-

dimensionalised form. This form of the s o l u t i o n has the advantage t h a t 

only one i n t e g r a t i o n i s r e q u i r e d f o r any given body. There are only 

two f u n c t i o n s i n the equation, namely, F and JP, and these are e a s i l y 

determined when the geometry o f the body i s known. Equation (3.1.35) 

applies t o any axisymmetrical curved body, i n c l u d i n g cones, discs and 

c y l i n d e r s . 

S o l u t i o n i n terms of s 

When *S and F are s u b s t i t u t e d f o r , equation (3.1.35) becomes: 

a n d n - J - ( 3 ^ 3 5 ) 
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n 4 = t j (^ 2SinX + jCosX)^3 (g/SinX)dg 
(S 2SinX + SCosx7% (3.1.36) 

I t w i l l be' observed t h a t when SinX i s zero the integrand goes t o i n f i n i t y . 

I n a computer programme t o solve equation (3,1.36), A can be given a 

small s t a r t i n g value t o overcome the d i f f i c u l t y . I f , on the other hand, 

equation (3.1.36) i s expressed i n terms of the distance (s) , t h i s 

problem does n o t a r i s e . 

I f £ and X are f u n c t i o n s of s, i . e . £ = 3>(s), (and denoted by $) 

and X = i|j(s) = 3, (and denoted by i|>) then since Sin3 = dR/ds = ad5/ds, 

equation (3.1.36) becomes: 

4 4 f^iisit^ + 0Cosi|>)1/3 ds n = j - s j — - ta-
($*Sini|> + $Cosi|i) / d (3.1.37) 

Equations (3.1.36) and (3.1.37) give i d e n t i c a l r e s u l t s i n p r a c t i c e and 

e i t h e r can be used depending on the problem. I f the geometry of the body 

i s such t h a t angle 3 becomes zero a t some p o i n t , then equation (3.1.27) 

i s p r e f e r r e d . On the other hand, when t r e a t i n g a curved body as made up 

of s e r i e s of cones, angle 3 does not go to zero and equation (3.1.36) i s 

p r e f e r r e d , since % i s the same f o r e i t h e r cone a t the p o i n t of i n t e r 

s e c t i o n and allows the l i n k i n g of one cone t o the other more e a s i l y 

w i t h o u t i n t r o d u c i n g any d i s c o n t i n u i t i e s i n the growth of the f i l m . 

When dea l i n g w i t h the curved generator made up of series of cones, 

the i n t e g r a l p a r t of the equation (3.1.36) or (3.1.37) i s evaluated thus: 

/Z = /b + S? .... + Sz 

a a b y 

I f i t i s imagined t h a t each i n t e g r a l on the r i g h t hand side of the above 

equation represents the i n t e g r a t i o n f o r a s i n g l e t r u c ated cone, then 

apart from the leading cone, some d i f f i c u l t i e s a r i s e when i n t e g r a t i n g w i t h 

respect t o s as t o what the lower l i m i t s o f the i n t e g r a t i o n should be f o r 
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each cone. This d i f f i c u l t y does n o t a r i s e when the i n t e g r a t i o n i s w i t h 

respect t o £. 

The heat t r a n s f e r c o e f f i c i e n t s 

When the geometry of the body on which the condensation i s ta k i n g 

place i s known, equation (3.1.36) or (3.1.37) can be i n t e g r a t e d t o give 

Tl. 
-1 I 

Now & = yr\ = m A 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 i s then given by: 

or 

and the l o c a l Nusselt number by: 

,4 A or N U g £ V * A* j | = s/n (3.1.39a) 

From the p o i n t of view o f the heat exchanger designer, average heat 

t r a n s f e r c o e f f i c i e n t s are of more i n t e r e s t than 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 s . This i s u s u a l l y obtained by i n t e g r a t i n g 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 w i t h respect t o the distance from the s t a r t o f the 

condensate f i l m and d i v i d i n g the r e s u l t s by area per u n i t depth. This 

i s acceptable when d e a l i n g w i t h bodies such as c y l i n d e r s which have a 

constant diameter. When dealing w i t h a body whose diameter v a r i e s w i t h 

distance from the leading edge, i t becomes necessary to i n t e g r a t e w i t h 

respect t o the area. The average heat t r a n s f e r c o e f f i c i e n t i s thus based 

on area i n s t e a d of l e n g t h . 

Considering the general axisymmetrical body of f i g . 1, the surface 

area i s given by, 
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Area £ = 2ir /* Rds so 
The average heat t r a n s f e r c o e f f i c i e n t h over the distance so t o s i s given 

by: 

h = so* 
2-tr / S hRds 

s Kds 
> 

s 
2TT / S Rds so 

PC/COTM)! -̂ so (R/n)ds 
f* Rds so 

s 
/so (R/n) ds (3 .1 .40) 

k / S R ds so 

The average Nusselt number, up t o the p o i n t s, i s defined as Nu = hs/k s s 
j « I — L i ~ T s /so (R/n) ds , /1 \ and Nu * [u ''A* J = (3 .1 .41) 

/ S R d s so 

I t w i l l be observed t h a t equation (3 .1 .40) i s non-dimensional but equation 

(3 .1 .41 ) i s not and has the dimensions of len g t h . The equations (3 .1 .36) -

( 3 . 1 . 4 1 ) , as w i l l be appreciated, enable the behaviour of both the con

densate 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 s to be pre d i c t e d 

f o r a given body w i t h o u t reference t o any experimental evidence. I n 

p r a c t i c e , however, some experimental evidence might be necessary i n order 

t o evaluate "A" c o r r e c t l y since i t involves 0, the temperature drop across 

the condensate. 

3.2 A p p l i c a t i o n s of equation (3 .1 .35) 

As s t a t e d e a r l i e r , equation (3 .1 .35) i s the non-dimensional form of 

the governing equation of condensation on any r o t a t i n g exisymmetrical body. 

I t s a p p l i c a t i o n s are u n l i m i t e d as f a r as the choice of the generator i s 

concerned but i t i s l i m i t e d w i t h regard t o the speed o f r o t a t i o n . As 
2 

K " Rio /g, and both j?and F have ? as a m u l t i p l i e r , equation (3 .1 .35) 

become indeterminate when n so, This r e s u l t e d from the non-dimensionalisa-
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t i o n of equation (3.1.21). Therefore, f o r the c o n d i t i o n t h a t to=o one 

has to go back t o equation (3.1.23) and carry out the analysis from there. 

On the other hand, t h i s i s not necessary i f u i s given some small s t a r t 

i n g v alue. This i s the common procedure i n a case of t h i s k i n d , and the 

author has made use o f the procedure. The a p p l i c a t i o n s of equation 

(3,1.35) t o cones, discs and c y l i n d e r s are given i n Appendix C t o show 

p r i m a r i l y i t s v a l i d i t y and the ease of i t s a p p l i c a t i o n . I n the 

f o l l o w i n g s e c t i o n t h e r e f o r e , only the curved body w i t h a generator which 

forms a c i r c u l a r arc of 90° i s considered. 

3.2.1 A p p l i c a t i o n of equation (3.1.35) t o the c i r c u l a r curved body 

(experimental curved body) 

The c i r c u l a r curved body w i t h a generator which forms an arc of 90° 

i s of p a r t i c u l a r i n t e r e s t here because i t represents the experimental 

curved body. The a p p l i c a t i o n of the general equation (3.1.35) i n the 

form of equation (3.1.37) i s i l l u s t r a t e d using such a body. 

Consider the generator w i t h the constant radius of curvature R 
c 

shown below. 

/ / / > / / / /9 7 

R = R + R (1-Cos0) = [D - R Cos£T o c 1— c -1 

t = Ro)2/g = [D - RcCos&{ w2/g 

3 = s/R = iKs) 
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5 - [5 - R Cos (s/R ) ] t t / g • (a) 

Thus i n equation (3.1.37) 

* - Q> - R Cos (s/R J] u>2/g and \() = s/R 
0 0 c 

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

Li 
[Ds - R Sin(s/R c)] 

Is (R/n) ds (3.1.42) 

s /: (R/n) ds (3.1.43) and, Nu [u *A* ] = [Ds - R£ Sin(s/R cQ 

For the experimental curved body f i g . (9), R£ = 0.1346m and D = 0.2745m 

and when these are substituted i n t o the above equations the complete 

solutions of equations (3.1.37) - (3.1.43) are obtained. Figures 3, 4 and 

5 show respectively, the complete solution of equation (3.1.37), (3.1.38) 

and (3.1.42) for the experimental curved body. The figures also show the 

solutions for the same body when the curvature term, as outlined i n equa

t i o n (3.1.23), i s excluded i n the solutions of the above mentioned equa

tions. The graphs show the predicted non-dimensional f i l m thickness, 

l o c a l and average heat transfer coefficients plotted against distance 

along the surface of the generator. However, before these results are 

discussed, an outline of the method of solution w i l l be given. 

3.2.2 The integration routine 

The integration of the numerator of equation (3.1.35) can be straight 

forward depending on the complexity of the generator and whether curva

ture and gravity are neglected. I n the study of the experimental curved 

body, a s t r a i g h t forward integration was not possible and numerical 

integration had to be employed. 

A computer programme was developed for use on an IBM 360/67 d i g i t a l 

computer to carry out the numerical integration. The integration routine 



- 49 -

u t i l i z e d the Simpson's V3 r u l e , as outlined by McCormick and Salvadori 

(80). I n the above mentioned computer programme, which was wr i t t e n i n 
1/ 

FORTRAN IV, the term"^F 3 i n equation (3.1.35) was represented by a 

single function f(x) -"/F^3. A FUNCTION SUBPROGRAMS evaluated the 

function £{x) and a DO LOOP carried out the "Simpson" summation. 

The programme was simple but powerful and was capable of integra

t i n g many mathematical functions. I f n is the even number of str i p s 

and H the width of a s t r i p , then the error i n the Simpson's V3 rule 
4 

applied to multiples of n~2 s t r i p s as i n this case, i s of the order H . 

Hence, the smaller the width of the s t r i p s , the more accurate the f i n a l 

r e s u l t . For many known mathematical functions which were used as a test 
-2 

f o r the programme, s t r i p width of the order 10 of one unit (of the 

dimensions of the l i m i t s of the integration) was s u f f i c i e n t to produce 

a very high degree of accuracy. However, for the results presented i n 
-4 

th i s work, s t r i p width of the order 10 was used. 
3.2.3 Discussion of the predicted results 

After the computer programme had been carefully tested and the con

fidence i n i t s use established, the programme was applied to equations 

(3.1.37), (3.1.38) and (3.1.42), using the data from the experimental 

curved body. Fig. 3 shows the predicted behaviour of the f i l m of con-

densate as given by equation (3.1.37). The figure also shows the solu

t i o n f o r the same body when the curvature term i n the equation i s neg

lected. This implies that the generator i s made up of a series of cones. 

For the results presented here, the experimental curved body was assumed 

to be made up of 450 truncated cones. This corresponds to a 3 value of 

0.2° which approaches the smallest s t a r t i n g value when equation (3.1.36) 

i s used. The need to use equation (3.1,36) instead of equation (3.1.37) 
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i n such a case has been given. Different numbers of truncated cones were 

considered and the choice of the 450 cones was a compromise between 

accuracy and the use of computer time. The improvement i n the value of n 

at 1000 rev/min when 450 cones are used instead of 18 cones i s only 

3..5 percent but the computer time required is now 25 times greater. 

A range of speeds, varying from 0.1 rev/min to one m i l l i o n rev/min 

were considered i n the analysis. The solutions at some of these speeds 

are presented i n f i g . 3. The speed of 0.1 rev/min was used instead of 

zero rev/min f o r reasons stated e a r l i e r , namely that equation (3.1.36) 

or (3.1.37) becomes indeterminate when the speed of rotation i s zero. 

Looking at the solution that includes the curvature term, i t w i l l 

be observed that for speeds up to 100 rev/min, the f i l m of condensate 

starts at the leading edge of the generator and grows i n thickness with 

distance. For speeds between 100 rev/min and 1000 rev/min, the f i l m 

grows to some maximum thickness and then thins out. The higher the 

speed of r o t a t i o n , the shorter the distance required for the f i l m to 

grow to the maximum thickness. At speeds above 3000 rev/min, the maxi

mum thickness i s attained almost instantaneously at the leading edge of 

the generator and the thinning takes place a l l the way down. 

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

which i s reproduced here f o r convenience 

3 d6 4
 m A - {6 4Sing(2Rh) 2Sing + gCosg)/R + 64(Rh)2Cosg - gSing)/R r} (3.1.23) 

4 (Raising + gCosg) 

The numerator of equation (3.1.23) was shown (section 3.1.4) to be: 
4 o A - 6 (a x + b p when u>=o and g*90 
4 o and A - 6 ( a 2 + b 2) when u»o and g^90 

where "a" and "b" are as defined i n equations (3.1.25) and (3.1,26). 
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From equation (3.1.25) 

a x - |5sin (20)] /2R 
and bj^ - - (gSing)/R c 

Now since Sin3^Sin(2fB) and the geometry of the experimental curved body 

is such that R>RC at any point on the generator, i t follows that at very 

low speeds, |b^|>|a^|. Hence, A - 8 4(a^ + b^) w i l l always be positive 
4 

under such circumstances and the slope d6 /ds w i l l always be positive as 
observed. Also i n equation (3.1.23) the denominator i s given by gCosg 

o dS 4 

when u^o. Thus when $-*90 , 00. This behaviour i s exhibited by the 

curve f o r the 0.1 rev/min i n addition to the positive slope outlined above. 

Considering the case where u»o and the effects of gravity are neg

l i g i b l e , the numerator becomes: 

A = S 4 ( a 2 + b 2) 
where a 2 = u 2 [|-Cos(23)] 

2 
and b 2 = (Rco Cos3)/Rc 

As 3 l i e s between 0° and 90°, both a 2 and b 2 w i l l be positive i n such a 

case, and for large values of w, A-S4 (a 2+b 2) w i l l be negative and hence 

the slope d<S4/ds w i l l be negative. Such a behaviour i s exhibited by the 

curve labelled " l i m i t i n g case". The term " l i m i t i n g case" as used here 

implies the solution of equation (3.1.35) for which the non-dimensional 

f i l m thickness n i s not affected by further increases i n the rotati o n a l 

speed. The l i m i t i n g case was attained at speeds of 3000 rev/min and over. 

Thus between zero rev/min and 3000 rev/min, the slope changes from 

positive to negative. The family of curves in f i g . 3 when the f i r s t 

0.015m i s neglected show that the slope remains positive up to 100 rev/ 

min and thereafter begin to change. The effects of the centrifugal f i e l d 

can be said to begin to show prominence after 100 rev/min. 
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Without exception, the curves representing the solution with the 

curvature term s t a r t with a positive gradient, although this may be 

d i f f i c u l t to see i n the case of the curve representing the l i m i t i n g 

case. Depending on the speed of r o t a t i o n , the gradient of some of the 

curves l a t e r change to negative. This i s to be expected because the 

leading edge of the generator forms a v e r t i c a l cylinder and for the 

f i r s t 0.003m i t could be treated as such. I t has been shown that for 

such a case, 

! - f 0.1.»> 

and 6 ̂  i . e . ŝ  

I t can therefore be seen that at the leading edge, the slope d64/ds 

w i l l always be posi t i v e . 

The relationship 8^s^ was further exploited as one of the methods 

by which the computer programme could be tested. A p l o t of log n against 

log s - not included - confirmed the relationship n^s^ at the leading 

edge. 

I n equation (3.1.23) when u>>o>g, the numerator, as before i s : 

A - 6 4 (a + b) 
o 

and a = Sin$(2Ro) Sin3 + gCos3)/R 

b - (Roi2Cos3 - gSin3)/R 
c 

4 
A - 6 (a + b) w i l l either be positive or negative depending on "a" 

or "b", hence the change of slope by some of the curves. 

I t should be noted that the rate of change of the slope i s governed 
4 

by 6 (a + b) which i s a function of w and f j , hence the point at which the 

slope changes sign, and the rate at which the slope changes, w i l l vary. 

This can be observed i n f i g . 3. 
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The family of curves representing the solution without the curvature 

term exhibit s i m i l a r characteristics, i n many ways, to those discussed 

above. Nevertheless, there are some outstanding differences when the two 

families of curves are compared. 

I t was shown e a r l i e r that at low speeds of rot a t i o n , the growth of 

the f i l m i s assisted by the curvature e f f e c t . The comparison of the 

curves at 50 rev/min ant 0.1 rev/min shows this very clearly. The growth 

of the f i l m , on the otherhand, i s retarded by the curvature effe c t at high 

speeds and this also can be observed when the rest of the curves are com

pared. I t could be estimated from f i g . 6 which shows the deviations i n 

heat transfer c o e f f i c i e n t s when the two solutions are compared, that for 

the above experimental curved body, the t r a n s i t i o n from the assisting 

e f f e c t to the retarding e f f e c t takes place at 70 rev/min. 

Turning to equation (3.1.23) once more, i t should be noticed that the 
4 4 numerator A - 6 (a + b) becomes A - 6 (a) since b-K> when B̂ **10 and the rate 

of change of the slope d6^/ds becomes less i n comparison. I t i s evident 

that for speeds greater than 70 rev/min, the curves representing the solu

t i o n with the curvature term w i l l l i e beneath the corresponding curves 

for the solution without the curvature term. I n other words, the solu

t i o n without the curvature term predicts a thicker f i l m of condensate 

and hence lower heat transfer coefficients compared with the solution 

with the curvature term. 

I t should also be evident that the difference between A - 6 (a + b) 
4 4 

and A - 6 (a) i s S (b) which represents the curvature ef f e c t . Thus the 

difference between the corresponding curves i n f i g . 3 represent the 

curvature effect at the given speed of ro t a t i o n . The examination of 

f i g . 3 shows that the importance of the curvature effects i n the analysis 
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of the condensation on r o t a t i n g bodies cannot be over stressed. Comparing 

the two l i m i t i n g cases i n f i g . 3, i t can be seen that the analysis without 

the curvature term can over-estimate the local f i l m thickness by up to 

71 percent. This i s reflected i n the local heat transfer coefficients, 

f i g . 4 and hence i n the average heat transfer coefficients shown i n f i g . 5. 

Fig. 4 shows the solution of equation (3.1.38a). I t shows the pre

dicted behaviour of the local heat transfer coefficients for both cases of 

with and without curvature. These curves are the inverse of the curves 

shown i n f i g , 3 and no further comment i s necessary. 

Sparrow and Hartnett (69) have shown that for cones rot a t i n g at very 

high speeds, n = 0.841/^in^3). Equation (3.1.28) confirms t h i s . Thus 

for a given cone n i s constant and the heat transfer coefficient i s 

independent of the distance s. This i s not the case here and f i g 4 shows 

that the loc a l heat transfer c o e f f i c i e n t h, is dependent on s even at 

high speeds. 

The average heat transfer coefficients ( f i g . 5), t e l l a similar 

story. F i g . 5 represents the solution of equation (3.1.42). Both graphs 

show that at low ro t a t i o n a l speeds, when gravity is the dominant f i e l d , 

the heat transfer coefficients decrease with s. The situation i s rever

sed when gravity becomes less important and the centrifugal f i e l d more 

dominant. 

The e f f e c t of curvature on the local and average heat transfer co

e f f i c i e n t s can easily be observed from f i g . 4 and f i g . 5 respectively. 

Fig. 6 i l l u s t r a t e s the v a r i a t i o n of the effects with respect to the 

ro t a t i o n a l speed. Expressing the maximum percentage deviation as 
(XI—X2) 

— • 100, where XI i s the predicted heat transfer c o e f f i c i e n t when 

the curvature term i s included and X2 the predicted heat transfer co

e f f i c i e n t when the curvature term i s excluded, f i g . 6 shows that the 
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loc a l heat transfer coefficients could be under-estimated by 43 percent 

f o r speeds of 3000 rev/min and over. The average heat transfer coeffic

ients show a s l i g h t l y lesser percentage. Nevertheless, the under-estima-

t i o n of the average heat transfer coefficient by 37.5 percent i s something 

that could be avoided. As pointed out e a r l i e r and i l l u s t r a t e d by f i g . 6, 

the curvature effects are speed dependent and the above percentages decrease 

w i t h the speed. Fig. 6 shows that at 70 rev/min, the curvature effects 

are zero and below 70 rev/min, the solution with the curvature term tends 

to under-estimate the heat transfer coefficients. For speeds below 50 rev/ 

min, f i g . 6 becomes less meaningful because the solution with the curvature 

term implies no drainage at the disc end of the generator, and the f i l m 

should, therefore, grow to i n f i n i t y . This, therefore, distorts the per

centage deviation as presented here, p a r t i c u l a r l y the local values. 



4.0 APPARATUS 
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4.0 INTRODUCTION 
The present work i s the f i n a l stage of the research started by 

Hoyle and his colleagues at the Imperial College of Science and 

Technology and la t e r continued at Durham. This means that the 

basic equipment was available at the start of the present work and 

any experimental studies had to take t h i s i n t o consideration. 

The basic r i g at Durham ( f i g . 7), was designed and b u i l t j o i n t l y 

by Robson (75) and Howe (71). Robson was interested i n the f l u i d 

mechanics of the f i l m of condensate while Howe was concerned with 

the heat transfer properties. Each designer paid particular 

a t t e n t i o n to the overall design from his own point of view and 

t h e i r combined e f f o r t produced a large and versatile apparatus. Both 

Robson and Howe have given a comprehensive account of the design, 

manufacture and i n s t a l l a t i o n of the equipment i n t h e i r work. 

4.1 Specification of the basic r i g 

A f t er a careful study, Robson and Howe drew up the following 

s p e c i f i c a t i o n i n 1966 to form the basic requirements of the apparatus: 

1) Steam pressure; variable up to 13.8 bar. 

2) Steam condition; dry saturated. 

3) Base diameter of the experimental body; 0.61m. (2 f t ' . ) . 

4) Speed of rot a t i o n ; variable and up to 2000 rev/min. 

5) The outside surface temperature of the experimental body 

should be capable of controlled variation. 

6) The condensate forming on the i n t e r i o r surface of the 

pressure vessel should not dri p onto the condensing surface. 

7) The condensing surface should be capable of being viewed 

both tangentially and normally while under t e s t . 

8) Windows i n the pressure vessel should be capable of 

withstanding the working steam pressure and temperature, and 

allow the condensing surface to be photographed,. 
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9) The polar axis of the experimental body should be v e r t i c a l . 

10) The experimental body should be capable of being rotated 

with the minimum vibra t i o n . 

11*) The steam supply should be free from non-condensable 

gases. 

The condensing elements were made as large as possible to reduce 

scale effects. This was necessary i f the test results were to be 

used to calculate the thermal stresses i n turbine rotors. A base 

diameter of 0.61m. gave a large condensing surface even when cones 

of largeapex angle are used. 

4.2 General arrangement and operation of the basic r i g . 

Pig. 7., modified from Howe (71), shows the main features and 

the general view of the complete assembly of the apparatus. Item 

numbers are assigned to the important parts of the apparatus and 

these w i l l be referred to i n the following section. 

The experimental body (iterm 7) which comprises a cover, the 

curved body and a c y l i n d r i c a l base i s mounted on the 0.58m. diameter 

base plate which i s coupled to the main shaft (item 19) by the screw 

on flange. The main shaft had to be hollow to create a passage for 

cooling water flowing i n t o and out of the experimental body. A pair 

of high precision tapered roller-bearings (item 13), mounted back to 

back, supported the main shaft. The thrust from the bearings was 

equally dist r i b u t e d to brackets welded to the four legs supporting 

the pressure vessel. A double-row spherical seating ball-bearings 

(item 11), mounted i n a s l i d i n g housing, acted as a locating bearing 

at the upper position. 

Rotation t o the main shaft, and hence the base plate and the 

experimental body, was applied through the timing belt and the driving 

pulley (item 12). Power was supplied by a 11.5 6.W. d.c. motor with 
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a 200 per cent overload s t a r t i n g torque. The power to the motor 
was provided by a control u n i t , comprising a 400 - 440V, 3 phase, 
50 Hz. t h y r i s t o r b r i d g e . r e c t i f i e r f o r armature supply, together with 
a single phase bridge r e c t i f i e r f o r f i e l d supply. 

The.upper part of the main shaft with the attached base p]ate 

and the experimental body was enclosed i n a pressure vessel. The 

pressure vessel had provisions f o r a pressure gauge, a thermometer 

pocket (item 16), a blow-off valve (item 17) and a s t u f f i n g box 

gland (item 5) t o accommodate the hollow steel shaft (item 18) 

which carried the thermocouple wires to the s l i p - r i n g unit (item 6). 

A t o t a l of 7 ports of two d i f f e r e n t sizes were provided. Five of 

these ports had a diameter of 0.3m. (item 3) and the rest 0.24m. 

diameter (item 4 ) . The ports were covered with armour-plate glass. 

The armour-plate glass was strong enough t o stand the design 

temperature and pressure, and also clear enough to allow viewing 

and the photographing of the condensing surface. 

The steam to the condensing surface was supplied by an English 

E l e c t r i c automatically regulating o i l f i r e d package boiler u n i t . 

The b o i l e r was capable of 1400 kg/hr of steam with dryness fractio n 

0.99 at 15 bar. The steam supply to the pressure vessel was 

controlled by a reducing valve which could produce reduced pressures 

over the range 0.05 to 0.8 of the supply pressure. T h r o t t l i n g the 

steam down to the desired pressure caused a certain degree of 

superheat. The steam was therefore passed through a de-superheater 

before entry in t o the pressure vessel. 

The steam entered the pressure vessel vja the steam i n l e t 

(item 25) and the steam d i s t r i b u t o r (item 9). The condensate was 

removed through a drain i n the base of the pressure vessel via the 

condensate drain (item 26) to a condenser. 
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The cooling water to the inside of the condensing surface was 
supplied via an i n l e t manifold which divided the water in t o f i v e 
independent supplies (item 15). The five water supplies were 
connected to separate passages inside a 0.05m. diameter stationary 
pipe which conducted them to the experimental body along the central 
hole i n the main shaft (item 19). Each of the water supplies 
•terminated i n one of the four ( o r i g i n a l l y f i v e i n Howe's work) water
t i g h t chambers of the sprayer head (item 8). Water was carried 
from these chambers to the inner surface of the body by a number of 
0.005m. bore tubes. The f i v e independent supplies allowed the 
flow i n each chamber to be adjusted during operation so that the 
inside surface temperature of the condensing body could be maintained 
as constant as possible. 

At the base of the experimental body, the cooling water was 

collected by four stationary 0.025m. diameter scoops and carried 

i n t o the annular passage between the stationary central i n l e t pipe 

and the bore of the r o t a t i n g shaft. A sealed perspex box (item 14), 

mounted over two 0.064m diameter holes i n the shaft, collected the 

cooling water discharged from the annular passage. 

A good sealing arrangement was required i f the leaking of steam 

was t o be avoided. A mechanical seal (item 10), which ran i n a 

housing and could be pressurized by water to pressures i n excess of 

the vessel pressure, offered the best solution. Dry asbestos 

packing and P.T.F.E. tape were used to pack the gland (item 5), which 

sealed the small shaft. 

4.3 The experimental body 

The experimental body ( f i g . 8) comprised a cover, the curved 

body and a c y l i n d r i c a l base. I t i s a manganese bronze and 

manufactured t o B.S. 1400 H.T.B.I specification. 
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Pig. 9 shows the de t a i l s of the curved body. 

The cover which had a base diameter of 0.2794m. was conical i n 
o 

shape. I t had a cone angle of 174 and a wall thickness of 

0.0178m. The conical shape was essential to ensure that any 

condensate on the cover drained o f f . Condensation on the cover was 

inevitable at the beginning of a t e s t . The cover performed three 

main functions: 

( i ) coupled the hollow shaft (item 18), which carried the 

thermocouples to the s l i p - r i n g unit (item 6), to the 

curved body. 
i 

( i i ) ensured that no steam leaked into the inside of the 

experimental body or water out of the experimental body to 

contaminate the steam, 

( i i i ) carried thermocouples to measure the steam temperature inside 

the pressure vessel. This was essential i n order to correct 

for the effects of rotation on the s l i p - r i n g u n i t . 

A diaphragm made of 0.0032m. t h i c k brass plate and 0.2794m.,.. 

diameter with 0.0064m. thi c k asbestos j o i n t on one side (the water 

side) separated the curved body and the cover. The diaphragm prevented 

cooling water from reaching the cover. I t was essential that the cover 

did not condense any steam af t e r the warm through period since t h i s 

would affect the resul t s . The diaphragm was very effective i n t h i s 

respect. 

The c y l i n d r i c a l base had an outside diameter of 0.6096m., a wall 

thickness of 0.0254m. and an overall height of 0.1905m. I t s function 

was to extend the base plate i n such a way that the curved body would 

clear the scoops. I t also enabled the author to estimate without 

d i f f i c u l t y , the approximate maximum stresses i n the experimental body. 

The author assumed that the maximum stresses would occur i n the 

c y l i n d r i c a l base and t h i s allowed the use of standard equations for 
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the stresses i n ro t a t i n g cylinders. The approximate calculations, 

which neglect thermal stresses, gave a minimum safety factor of over 

2.0 at 3000 rev/min and t h i s safety margin gave a measure of 

confidence i n the design. 

Two small pieces, 0.007m. square by 0.12m. long, were removed 

from opposite sides of the c y l i n d r i c a l base and used to determine the 

thermal conductivity of the body material. The strength and the 

general appearance of the c y l i n d r i c a l base were not affected by the 

removal of the material. 

Dividing the experimental body i n t o the three main parts as 

above f a c i l i t a t e d the manufacture. Of the three main parts, the 

one of interest here i s the curved body. I t i s the body under study 

and w i l l be examined more closely. 

4.3.1 The ro t a t i n g curved body 

The experimental curved body, f i g . 9, represents a generator 

w i t h a constant radius of curvature. I t has a radius of curvature 

of 0.1346m. and a thickness of 0.0178m. I t has an external leading 

edge ( c y l i n d r i c a l ) diameter of 0.2794m. and a base or disc diameter of 

0.6096m. w i t h a working length of 0.2115m. The material i s a high 

t e n s i l e brass B.S. 1400 H.T.B.I. 

The choice of the manganese bronze H.T.B.I as the working material 

was mainly f o r i t s cheapness compared with aluminium bronze. The 

use of ste e l , other than stainless steel, could not be contemplated 

because of corrosion. Stainless steel on the otherhand was too 

expensive t o be considered. Manganese bronze has corrosion 

resistance and strength characteristics comparable with aluminium 

bronze, but has a higher thermal conductivity. 

The choice of the generator was influenced by both practical 

and the o r e t i c a l considerations. From the theoretical point of view, 

any generator other than the one with a 90° arc of a c i r c l e could have 
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i 

been chosen. However, the c i r c u l a r arc offered the ease of 
manufacture. In addition, the ci r c u l a r arc was easier t o check 
dimensionally. Such checks were carried out by mounting the 
body on a lathe and the surfaces traversed with a clock guage. In 
a l l cases, the measurements were wi t h i n the specified l i m i t s of 
± 5 x 10 \». 

The choice of the radius of curvature was governed by: 

( i ) The ex i s t i n g apparatus, p a r t i c u l a r l y the base plate 

( i i ) A reasonable working length, 

( i i i ) The theory which suggests a high value of the r a t i o of 

r a d i i R/Rc 

The base plate diameter of 0.58m. was intended to give the base 

diameter of the experimental body a value of 0.6096m. and t h i s 

f i x e d the disc diameter of the experimental curved body. 

To eliminate scale effects and the errors associated with small 

measurements, a working length of about 0.2m. was considered appropriate. 

One of the objectives of the present work i s to examine the 

importance of curvature on the condensation of vapours on a rotating 

body. In section 3.1.4, i t was shown that the magnitude of the 

curvature effects i s governed by the r a t i o of the r a d i i R/Rc. A 

small value of Rc would have been desirable but t h i s would have given a 

smaller working length. The choice of Rc = 0.1346m. was a compromise 

between the theory, the working length and the r e s t r i c t i o n on size set 

by the existing apparatus. The Rc of 0.1346m. gave a working length 

of 0.2115m. and a working R/Rc r a t i o of 1.075 : 1 to 2,08 : 1. 

These were considered adequate t o meet the requirements. 

4.3.2 Thermocouples 

Copper-constantan thermocouples were used. The conductors 

had a diameter of 0.000315m. each. Each conductor was insulated 

w i t h paper glass and varnished before being braided together with a 
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twin f l a t g l a s s paper between them and f u r t h e r v a r n i s h e d . 

The j u n c t i o n s o f t h e thermocouples were made by f i r s t removing 

t h e unwanted i n s u l a t i o n . The conductors were then t w i s t e d together 

such t h a t t h e f i n i s h e d product resembled a c l o s e d h e l i c a l s p r i n g . 

The j u n c t i o n so formed was dipped i n a molten high m e l t i n g point 

s o l d e r . T h i s ensured a complete e l e t r i c a l contact between 

conductors. T h i s method of c o n s t r u c t i o n was p r e f e r r e d to spot 

* w e l d i n g because one could make the j u n c t i o n longer than r e q u i r e d and 

then cut o f f t h e excess when the couple was bonded onto p l a c e . T h i s 

was n e c e s s a r y i n order to ensure t h a t the j u n c t i o n s were not b u r i e d 

f a r beneath or protruded above t h e s u r f a c e o f the body. 

The number of thermocouples t h a t could be used was d i c t a t e d 

by the c a p a c i t y o f t h e s l i p - r i n g u n i t s a v a i l a b l e . Two s l i p - r i n g 
i 

u n i t s were a v a i l a b l e . The two could handle a t o t a l of 23 

thermocouples. One of the s l i p - r i n g u n i t s handled 17 thermocouples 

and t h e other, t h e remaining s i x . 

A t o t a l of 21 out of the 23 thermocouples allowed by the s l i p - r i n g 

u n i t s were used on the experimental curved body. The remaining two 

were used t o measure t h e steam temperature i n the p r e s s u r e v e s s e l . 

A t o t a l of 24 thermocouples were required, the 24th thermocouple being 

used t o measure the steam temperature i n the p r e s s u r e v e s s e l d i r e c t l y , 

w ithout p a s s i n g through any of the s l i p - r i n g u n i t s . By measuring the 

steam temperature through each of the s l i p - r i n g u n i t s and comparing 

w i t h the d i r e c t reading, the e f f e c t s of r o t a t i o n on the s l i p - r i n g 

u n i t s could be estimated and c o r r e c t e d f o r . 

A f t e r manufacture, the j u n c t i o n s of the thermocouples were 

i n s u l a t e d by immersing them i n B o s t i k 1160, d r i e d f o r an hour at 

27°C and f i n a l l y cured f o r 20 minutes at 141°C i n an oven. The same 
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bonding agent, B o s t i k 1160, was used to bond the thermocouples onto 

th e experimental curved body. To read l o c a l temperatures, i t was 

n e c e s s a r y t h a t the thermocouple j u n c t i o n s did not make e l e c t r i c a l 

c o n t a c t w i t h one another through t h e experimental body. I n s u l a t i n g 

t h e j u n c t i o n s before being bonded onto the experimental body ensured 

t h a t . 

I t i s shown l a t e r ( S e c t i o n 7) t h a t the o v e r a l l accuracy and 

r e l i a b i l i t y of the experimental r e s u l t s depend on the a c c u r a t e 

measurement of t h e f l u i d film.and t h e body i n t e r f a c i a l temperatures. 

I n view o f t h i s each thermocouple had to be c a l i b r a t e d . The 

c a l i b r a t i o n r i g c o n s i s t e d o f : 

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

the range 0° - 200°C i n s t e p s of 0.1°C. 

( i i ) A t h e r m o s t a t i c a l l y c o n t r o l l e d c a l i b r a t i n g o i l bath w i t h 
o „ o 

a range of 0 - 200 C and f i t t e d w i t h s t i r r e r assembly 

and c o n t a c t thermometer 

( i i i ) A ZEREF type 136 thermocouple i c e point r e f e r e n c e 

( i v ) CROPICO type SP2/P/B/CT, 24 p o s i t i o n s , double pole 

thermocouple s e l e c t o r s w i t c h 

( v ) SOLARTRON type LM 1420 - 2 d i g i t a l voltmeter 

The s k e t c h below shows t h e diagramaldc arrangement of the c a l i b r a t i n g 

r i g . 

SLIP-RING SELECTOR DIGITAL 
UNIT SWITCH VOLTMETER 

N.P.L. 
THERMOMETER 

OIL BATII 

HOT JUNCTION 
OF THERMO
COUPLES 

I READ-OUT IN 
MILLIVOLTS 

COMMON 
REF. 

TEMP. 
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On the experimental r i g , the curved body f i g . 9, r e p l a c e d the 

o i l bath, otherwise t h e r e was no change i n the above s e t up. I t 

could be_ s a i d t h a t the c a l i b r a t i o n was not f o r the thermocouples alone , 

but t h e i n s t r u m e n t a t i o n as a whole. The c a l i b r a t i o n covered the 
o o 

range O - 200 C. By t h e use of t h e X4 s c a l e of the D i g i t a l voltmeter, 

v a r i a t i o n s i n temperature of 0.05°C could be measured. T h i s order of 

a c c u r a c y was considered more than adequate to meet the experimental 

requirements. The hot ends of the thermocouples were soaked i n 10 

per cent s o l u t i o n of Decon 90 f o r s e v e r a l hours to remove the o i l 

b e f o r e use. 

4.3.3 I n s t r u m e n t a t i o n and Dynamic b a l a n c i n g of the r o t a t i n g body 

Of the 21 thermocouples used on the curved .body, 14 were used 

on the condensing s u r f a c e t o measure th e condensate and the body w a l l 

i n t e r f a c i a l temperatures. The remaining 7 were used t o measure the 

c o o l i n g water and the body w a l l i n t e r f a c i a l temperatures. Grooves 

of 0.0013m. deep, 0.001m. wide and 0.051m. long were run on both 

s u r f a c e s to house the thermocouples. P i g . 10(a) shows the d i s t r i b u t i o n 

of t h e grooves and f i g . 10(b) t h e d e t a i l s of a groove w i t h a thermocouple 

i n p o s i t i o n . , 

The grooves were equi-spaced c i r c u m f e r e n t i a l l y but a t d i f f e r e n t 

d i s t a n c e s from the l e a d i n g edge of the body. For i d e n t i f i c a t i o n 

purposes, t h e body was d i v i d e d i n t o two d i a m e t r i c a l l y opposite h a l v e s , 

f r o n t and back. The l e t t e r F r e f e r s to the f r o n t w h i l e B r e f e r s to 

t h e back. The l e t t e r I r e f e r s to the i n s i d e . The 7 i n s i d e 

thermocouples were a l s o equi-spaced but covered only one h a l f of the 

c i r c u m f e r e n c e . They covered the f r o n t p a r t of the body such t h a t 

I F and I I had the same angu l a r p o s i t i o n when observed from the c e n t r e 

of c u r v a t u r e of the generator. The same was t r u e f o r 2F and 21 and 
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so on. The grooves on the i n s i d e however, faced the opposite d i r e c t i o n 

to those at t h e f r o n t outer s u r f a c e . T h i s was n e c e s s a r y i n order 

to avoid two grooves (one i n s i d e and one o u t s i d e ) f a c i n g each other 

and hence reduce the t h i c k n e s s of the body w a l l c o n s i d e r a b l y at 

t h a t p o i n t . 

From the theory, a knowledge was gained as to the general behaviour 

of the f i l m o f condensate. The angular p o s i t i o n s of the grooves, w i t h 

r e s p e c t to t h e c e n t r e of c u r v a t u r e of t h e generator, were chosen such 

t h a t enough inf o r m a t i o n could be obtained where i t was needed, namely, 

at the s t a r t of the f i l m . 

I t can be observed i n f i g . 10(b) t h a t , t h e thermocouples were 

bonded i n t o p l a c e w i t h the manufacturer's i n s u l a t i o n s t i l l on the 

conductors except a t the j u n c t i o n s . T h i s provided a complete e l e c t r i c a l 

i n s u l a t i o n of the thermocouples a g a i n s t the generator body; and a l s o 

the i n s u l a t i o n of each conductor a g a i n s t the other so t h a t the j u n c t i o n s 

c o u l d not be s h o r t c i r c u i t e d . The l e a d s of the thermocouples were 

c a r r i e d through 0.0014m. diameter h o l e s to the i n s i d e of the body. 

A l l t h e l e a d s were t w i s t e d together and bonded onto the i n s i d e w a l l 

t o s e c u r e them a g a i n s t the c o o l i n g water spray tubes, f i g . 7. 

Before t h e thermocouples could be bonded onto the curved body, 

the grooves had to be prepared to r e c e i v e the bonding cement. By 

t h e use of a broken hacksaw blade, the grooves were d o v e t a i l e d a t the 

base t o o f f e r a g r e a t e r r e s i s t a n c e to any c e n t r i f u g a l f o r c e a c t i n g 

to d i s l o d g e the cement from the grooves. A preparation of 1 part 

Ammonium Pe r s u l p h a t e to 4 p a r t s of water by weight was used to e t c h 

t h e grooves and the surrounding a r e a s . The s o l u t i o n a t 20°C was a p p l i e d , 

f o r 30 seconds and then washed o f f w i t h c l e a n cold water. The grooves 

were f i n a l l y r i n s e d w i t h d i s t i l l e d water and d r i e d i n a i r stream at 20°C. 
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The thermocouples were bonded onto the curved body as shown i n 

f i g . 1 0 ( b ) . The cement ( B o s t i k 1160) was cured by dr y i n g f o r one 

hour a t 27°C, followed by 20 minutes a t 141°C. Surplus cement 

and t h e excess thermocouple j u n c t i o n s were removed a f t e r the c u r i n g . 

The s u r f a c e of the curved body was rubbed down w i t h d i f f e r e n t grades 

of wet and dry carborundum paper, down to the f i n e s t grade, to r e s t o r e 

t h e contour of t h e curved body. The experimental body was then assembled 

as shown i n f i g . 8 before being dynamically balanced. 

The base p l a t e , t h e s h a f t f l a n g e and the d r i v i n g p u l l e y were 

a t t a c h e d to t h e main s h a f t , f i g . 7, to make a sub-assembly of the 

r o t a t i n g p a r t s . T h i s sub-assembly was dynamically balanced by the 

d e s i g n e r s of the b a s i c r i g , Howe and Robson. The dynamic b a l a n c i n g 

mentioned above t h e r e f o r e a p p l i e d t o the experimental body only. 

For b a l a n c i n g purposes only, the loose ends of the thermocouple 

l e a d s were c o i l e d and secured between the cover p l a t e and the diaphragm. 

E x i s t i n g s p e c i a l j i g s were adapted t o support the experimental body 

between the two bearings of t h e b a l a n c i n g machine. The balan c i n g 

was c a r r i e d out f o r speeds up to 1500 rev/min by B r i t i s h E l e c t r i c a l 

R e p a i r s L t d . of K i l l i n g w o r t h . The balanced experimental body was 

f i n a l l y rubbed down w i t h a very f i n e wet and dry carborundum paper 

b e f o r e being coupled t o t h e balanced sub-assembly t o form t h e complete 

assembly of the r o t a t i n g p a r t s . 

4.3.4 The general i n s t r u m e n t a t i o n 

The measurement of an a n a l y t i c a l l y u s e f u l condensate flow 

r a t e was r u l e d out because under the experimental s e t up, such 

measurements would have r e q u i r e d no condensation t o take p l a c e on the 

c y l i n d r i c a l base of the experimental body and a l s o no condensation 

by t h e p r e s s u r e v e s s e l . T h i s was p r a c t i c a l l y i m p o s s i b l e . However, 

t h i s was not an o b s t a c l e because the only measurements r e q u i r e d f o r 
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t h e experimental a n a l y s i s were those of the speed of r o t a t i o n , the 

s a t u r a t i o n temperature of the steam, t h e c o o l i n g water-body and 

condensate-body i n t e r f a c i a l temperatures. 

The steam p r e s s u r e i n t h e p r e s s u r e v e s s e l was measured w i t h a 

Budenberg standard t e s t guage. I t had a range of 0 - 5 bar gauge 

i n s t e p s of 0.01 bar. The gauge was connected to the end of an 

e x t e n s i o n pipe from t h e p r e s s u r e v e s s e l to h e l p keep the gauge a t 
« o the c a l i b r a t i o n temperature of 20 C. 

The speed of r o t a t i o n was measured w i t h a hand tachometer a p p l i e d 

to the end of t h e motor s h a f t . The high p r e c i s i o n hand tachometer used, 

recorded an average v a l u e speed over a period of s e v e r a l seconds. 

The temperature measurements were recorded w i t h the same 

instruments and the same s e t up as d e s c r i b e d f o r the c a l i b r a t i o n . 

Although each of t h e instruments i n the set up was h i g h l y a c c u r a t e f o r 

t h e normal o p e r a t i o n s f o r which i t was designed, the accuracy of the 

i n d i v i d u a l instrument was unimportant as long as i t was c o n s i s t e n t . 

The c a l i b r a t i o n o f the thermocouples, and hence the instruments, 

e l i m i n a t e d any i n a c c u r a c y of the i n d i v i d u a l instrument. 

The steam temperature i n s i d e the p r e s s u r e v e s s e l was measured 

w i t h one s t a t i o n a r y thermocouple and two r o t a t i n g ones. The two 

r o t a t i n g thermocouples were a t t a c h e d to the cover of the experimental 

body such t h a t the hot j u n c t i o n s were about 0.025m. above the cover. 

T h i s meant t h a t the two r o t a t i n g thermocouples measured the s t a g n a t i o n 

temperature. However, a simple c a l c u l a t i o n indicated t h a t the 

c o n t r i b u t i o n to the a c t u a l steam temperature, as a r e s u l t of the 

r o t a t i o n , was n e g l i g i b l e . The l e a d s of the two thermocouples were 

passed through the hollow s h a f t to t h e s l i p - r i n g u n i t s . As s t a t e d 

before, i t was n e c e s s a r y to measure the steam temperature through 

the s l i p - r i n g u n i t s so t h a t t h e e f f e c t s of r o t a t i o n on the s l i p - r i n g s 
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cou l d be determined. 

F i n a l l y , no attempt was made to measure the dryness f r a c t i o n of 

the steam and the c o n c e n t r a t i o n o f non-condensable gases. Howe (71) 

had shown t h a t i f the op e r a t i n g procedure f o r xhe b o i l e r was adhered 

to , dryness f r a c t i o n of 0.96 t o 0.99 and the co n c e n t r a t i o n of non-

condensables of l e s s than 0.06 per cent were always achieved. 

Furthermore, i f the p r e s s u r e v e s s e l was adequately vented during the 

s t a r t i n g procedure, t h e non-condensables did not a t t a i n s i g n i f i c a n t 

l e v e l s d u r i n g the t e s t p e r i o d of 30 minutes. These procedures were 

s t r i c t l y adherred t o . 

4,4 Photography 

The formation and drainage of the f i l m of condensate on the 

condensing s u r f a c e of the curved body was s t u d i e d w i t h the a i d of 

s t i l l photographs taken through a window i n the p r e s s u r e v e s s e l . 

A l a r g e format (0.1016m. x 0.127m.) p l a t e camera was used to 

t a k e t h e s t i l l photographs. I l l u m i n a t i o n was provided by a Hadland 

2|J<s f l a s h u n i t which could provide a 50J f l a s h every 30 seconds. 

A s p e c i a l (0.1016m. x 0.127m.) POLAROID p l a t e h o l d e r was adapted 

f o r use w i t h t h e camera. T h i s enabled i n s t a n t photographs t o be 

taken t o determine t h e c o r r e c t focus and exposure before photographs 

f o r t h e d e t a i l study were taken. 



5.0 COMMISSIONING TESTS 

6.0 TEST PROCEDURE 
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5.0 COMMISSIONING TESTS 

P r e l i m i n a r y t e s t runs were c a r r i e d out a f t e r the apparatus had 

been assembled. The experimental body was ro t a t e d a t 50 rev/min 

and steam was admitted i n t o t h e p r e s s u r e v e s s e l at 1.5 bar a b s o l u t e . 

The thermocouples were checked f o r f u n c t i o n i n g . The f a i l u r e of 

a thermocouple to f u n c t i o n c o r r e c t l y was u s u a l l y the r e s u l t of 

"dry j o i n t " and t h i s was immediately c o r r e c t e d . The c o o l i n g 

<water flow r a t e was a d j u s t e d such t h a t the c o o l j n g water-body 

i n t e r f a c i a l termperatures were as uniform as p o s s i b l e . The running 

time was i n c r e a s e d from 30 minutes t o 2 hours over one week. The 

apparatus was checked f o r l e a k s and any form of f a i l u r e d uring these 

r u n s . Apart from few l e a k s which were observed at the beginning of 

t h e t e s t s , and which were put r i g h t immediately, the apparatus 

fu n c t i o n e d as expected. 

5.1 The production of f i l m w i s e condensation 

Dropwise condensation was observed during the f i r s t week of 

t e s t s . I t was presumed t h a t the condensing s u r f a c e was contaminated 

and t h a t t h e a c t i o n o f the steam would c l e a n the s u r f a c e a f t e r a 

few more runs. T h i s however, d i d not happen. A f t e r 20 hours of 

running, t h e condensing s u r f a c e was soaked w i t h a s o l u t i o n of 5 

percent LIQUINOX and 95 percent water by volume f o r a p e r i o d of 

24 hours. LIQUINOX i s the t r a d e name of a soap concentrate widely 

used f o r c l e a n i n g and degreasing commercially. Access t o the 

condensing s u r f a c e was gained by removing one of the 0.3m. diameter 

g l a s s windows. The soaking d i d not have any s i g n i f i c a n t e f f e c t 

and the dropwise condensation p e r s i s t e d . 

P i t t i n g o f the cement bonding Che thermocouples onto the 

condensing s u r f a c e was observed. I t was assumed at the time t h a t 

t h e LTQU1N0X had a t t a c k e d the cement. The LIQUINOX was r e p l a c e d 

w i t h DECON 75, another detergent. 
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The p i t t e d s u r f a c e of t h e cement was r e p a i r e d by applying more 

B o s t i k 1160 and c u r i n g as d e s c r i b e d before w h i l e the experimental 

body was s t i l l i n the p r e s s u r e v e s s e l . The excess cement was removed 

a f t e r c u r i n g and the condensing s u r f a c e cleaned w i t h G r i t 600 wet 

and dry paper and 5 percent s o l u t i o n of Decon 75 i n d i s t i l l e d water. 

Signs o f a s t a b l e f i l m of condensate were observed a f t e r 35 

hours of running. I t was a l s o observed, t h a t t h e area covered by 

t h e s t a b l e f i l m of condensate i n c r e a s e d when t h e steam p r e s s u r e 

was i n c r e a s e d t o about 9.0 bar a b s o l u t e and the t e s t s u s t a i n e d a t 

t h a t p r e s s u r e f o r a t l e a s t one hour. The b e l i e f was t h a t the 

com p a r a t i v e l y high temperatures - a s s o c i a t e d w i t h the higher 

p r e s s u r e s - coupled w i t h the c l e a n s i n g a c t i o n of the steam, e l i m i n a t e d 

to some extent, Che i m p u r i t i e s i n t h e c a s t i n g which promoted the 

dropwise condensation. I n a d d i t i o n , the high temperature steam 

favoured t h e formation of a s t a b l e f i l m of oxide on the condensing 

s u r f a c e which improved the w e t t a b i l i t y of the s u r f a c e c o n s i d e r a b l y . 

F u r t h e r p i t t i n g of the cement was observed. T h i s disproved 

t h e assumption t h a t the Li q u i n o x had attacked the cement. The 

manufacturers a t t r i b u t e d t h i s f a i l u r e of the cement to the s t r a i n a t 

t h e cement-metal i n t e r f a c e on the grooves and not t o ero s i o n by e i t h e r 

t h e steam or the condensate. Re-cementing was c a r r i e d out w h i l e the 

body remained i n the p r e s s u r e v e s s e l . The excess cement was not 

removed however u n t i l a f t e r s e v e r a l hours of running and a s t a b l e 

f i l m of condensate had been obtained for over 90 percent of the 

condensing s u r f a c e . S u b j e c t i n g the cement to t h e h e a t i n g and the 

c o o l i n g i n t h i s way, had a p r e - s t r e s s i n g e f f e c t on the cement and 

f u r t h e r p i t t i n g was not observed a f t e r the body had been f i n a l l y 

c l e a n e d . 
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Complete f i l m w i s e condensation was achieved a f t e r 50 hours of 
running. A run u s u a l l y l a s t e d between 2 and 3 hours. The 
condeiising s u r f a c e was g e n t l y rubbed down w i t h a very f i n e wet and 
dry paper and 5 - 1 0 percent s o l u t i o n of Decon 75 i n d i s t i l l e d 
water a f t e r each run. 

5.2 Performance of s l i p - r i n g u n i t s 

The s m a l l e r s l i p - r i n g u n i t , capable of c a r r y i n g 6 thermocouples, 

was mounted on the bigger s l i p - r i n g u n i t and the assembly was then 

coupled to the hollow s h a f t (item 1 8 ) . The d r i v e f o r the s l i p - r i n g 

u n i t s was s u p p l i e d by the hollow s h a f t through two "pin and f l a n g e " 

arrangement. 

F r i c t i o n between th e s i l v e r g raphite brushes and the s i l v e r 

r i n g s of t h e s l i p - r i n g u n i t s generated heat when the u n i t s were 

r o t a t e d . S i n c e c o p p e r - s i l v e r and constantan - s i l v e r connections 

were used a t t h e input and output t e r m i n a l s of the s l i p - r i n g u n i t s , 

i t followed from t h e "Law of Intermediate Metals" t h a t a secondary 

e.m.f. would be induced as a consequence of the temperature d i f f e r e n c e 

a c r o s s the corresponding input and output t e r m i n a l s r e s u l t i n g from 

t h e h e a t i n g by f r i c t i o n . 

To e l i m i n a t e the secondary e.m.f., p r o v i s i o n was made by the 

manufacturer of t h e s l i p - r i n g u n i t s t o remove the heat generated 

by the f r i c t i o n . T h i s comprised a i r c o o l i n g of the s l i p - r i n g 

u n i t s . 

Compressed a i r from the l a b o r a t o r y a i r l i n e was f i l t e r e d and 

used f o r the c o o l i n g . The p r o v i s i o n for the c o o l i n g on the s m a l l 

s l i p - r i n g u n i t was adequate and t h e t e s t runs showed t h a t the e f f e c t 

of r o t a t i o n on the s m a l l s l x p - r i n g u n i t was n e g l i g i b l e . Thus the 

comparison of the steam temperature as measured: 
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( i ) d i r e c t l y , and 

( i i ) through the s m a l l s l i p - r i n g u n i t a t v a r y i n g speeds 

of r o t a t i o n showed no s i g n i f i c a n t d i f f e r e n c e . 

The c o o l i n g on t h e bigger s l i p - r i n g u n i t however was inadequate. 

An a p p r e c i a b l e secondary e.m.f. was observed. To improve the 

c o o l i n g , t h e outer c a s i n g of the u n i t was removed and the cleaned 

compressed a i r blown a t the u n i t . T h i s improved the c i r c u l a t i o n 

of t h e a i r but not enough to e l i m i n a t e the secondary e.m.f. A 

maximum d i f f e r e n c e of 3.5°C was recorded f o r a r o t a t i o n a l speed of 

1000 rev/min when the comparison of steam termperatures was made. 

I t was observed t h a t t h e e f f e c t of r o t a t i o n on t h e bigger s l i p - r i n g 

u n i t was i n s i g n i f i c a n t f o r speeds up to 200 rev/min. T h e r e a f t e r , 

t h e e f f e c t was a f u n c t i o n of the speed of r o t a t i o n . 

5.3 Performance of thermocouples 

The c o n s i s t e n c y of the e.m.f. readings from the thermocouples 

on fche curved body was checked s e v e r a l times. The check u s u a l l y 

took p l a c e when the apparatus had been standing f o r s e v e r a l hours 

and had a t t a i n e d the ambient temperatures of the l a b o r a t o r y . The 
--+ o 

read i n g s o f e.m.f. were found to be c o n s i s t e n t to w i t h i n - 0.1 C. 

T h i s c o n s i s t e n c y was maintained even a t r o t a t i o n a l speeds of 1000 

rev/min when the e f f e c t s of r o t a t i o n on the s l i p - r i n g u n i t s had 

been c o r r e c t e d f o r . 

Of t h e 23 thermocouples t h a t passed through t h e s l i p - r i n g u n i t s , 

two s u f f e r e d damage. These were I B and 5B ( f i g . 1 0 ( a ) ) , both of which 

were on t h e condensing s u r f a c e . The thermocouple I B was damaged 

du r i n g t h e dynamic b a l a n c i n g o p e r a t i o n . The thermocouple 5B was 

observed, d u r i n g t h e s e t e s t s , to read e x c e s s i v e l y higher than the 

r e s t . There was no e x p l a n a t i o n f o r t h i s and the thermocouple 5B was 

r e j e c t e d . The l o s s of th e s e two thermocouples d i d not make any 
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s e r i o u s d i f f e r e n c e to t h e experimental r e s u l t s s i n c e the remaining 

12 thermocouples functioned as expected. I n a d d i t i o n , both came 

from t h e same group ( t h e "B" group) and t h i s meant t h a t the e n t i r e 

condensing s u r f a c e was s t i l l covered by the thermocouples of the 

" F " group. 

The f a i l u r e of another two thermocouples occurred a f t e r 30 hours 

of o p e r a t i o n . The cause of t h i s f a i l u r e was t r a c e d to be mechanical 

v i b r a t i o n s a c t i n g on t h e s o l d e r e d contacts of the input i n t o the 

s l i p - r i n g u n i t . R e - s o l d e r i n g r e s t o r e d the thermocouples. No 

f u r t h e r f a i l u r e s have s i n c e been observed. 
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6.0 TEST PROCEDURE 

A standard t e s t procedure evolved during the commissioning 

t e s t s and t h i s was followed throughout the experimental t e s t s . 

The procedure i s b r i e f l y o u t l i n e d below. 

6.1 Condensing s u r f a c e p r e p a r a t i o n 

E x p e r i e n c e from the commissioning t e s t s i n d i c a t e d t h a t f i l m w i s e 

condensation on the e n t i r e condensing s u r f a c e was p o s s i b l e i f the 

s u r f a c e was prepared immediately before a t e s t . 

The condensing s u r f a c e was very gently rubbed down w i t h a G r i t t 

600 wet and dry paper and a s o l u t i o n of Decon 75 i n d i s t i l l e d water. 

The s o l u t i o n of 15 - 20 percent by volume of Decon 75 was much stronger 

than recommended by t h e manufacturers, of t h e detergent. A f t e r 

rubbing down, the s u r f a c e was r i n s e d with d i s t i l l e d water w h i l e the 

w e t t a b i l i t y of the s u r f a c e was c r i t i c a l l y examined. I f t h e e n t i r e 

s u r f a c e was w e t t a b l e , the s u r f a c e was f i n a l l y r i n s e d w i t h some of the 

s o l u t i o n b e f o r e t h e g l a s s window, which was removed to allow a c c e s s 

to the body, was r e p l a c e d . I t was observed t h a t i f a break occurred 

i n the f i l m of condensate, the area occupied by the break i n c r e a s e d 

w i t h time. I t was n e c e s s a r y t h e r e f o r e to o b t a i n a f i l m without a 

break a t t h e s t a r t of a t e s t . R i n s i n g t h e condensing s u r f a c e w i t h 

t h e s o l u t i o n maintained the w e t t a b i l i t y of the s u r f a c e and promoted 

the f i l m formation on the e n t i r e s u r f a c e . 

6.2 S t a r t i n g procedure 

The procedure adopted f o r s t a r t i n g the r i g i s o u t l i n e d below. 

The sequence evolved as a consequence of the commissioning t e s t s . 

I t assumes t h a t instruments such as the D i g i t a l voltmeter and the 

Z e r e f i c e point r e f e r e n c e which required a t l e a s t 3 hours warming 

up have a t t a i n e d t h e i r working temperatures. 
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( i ) The b o i l e r was f l a s h e d to r a i s e steam at 15 bar. 
( i i ) The experimental body c o o l i n g water stop and d r a i n v a l v e s 

were opened. 

( i i i ) The mechanical s e a l was p r e s s u r i s e d to 2 bar above the 

intended o p e r a t i n g p r e s s u r e a l t e r s t a r t i n g the water pump. 
3 

The flow of water was then adjustod to 0.5 m /h. 

( i v ) A supply of c o o l i n g a i r was d e l i v e r e d to the s l i p - r i n g 

u n i t s from the Aerox f i l t e r , 

( v ) The steam blow-off v a l v e was opened, 

( v i ) Steam was admitted to the pressure v e s s e l a t a p r e s s u r e 

s l i g h t l y above 1.0 bar absolute, u s i n g the p r e s s u r e reducing 

v a l v e . The steam p r e s s u r e was i n c r e a s e d to 1.2 bar absolute, 

( v i i ) Cooling water was s u p p l i e d to the i n n e r s u r f a c e of the 

experimental body by opening the main v a l v e a t the 

d i s t r i b u t i o n manifold, 

( v i i i ) The experimental body was r o t a t e d a t 50 rev/mm a f t e r the 

motor-control u n i t had been switched on. 

( i x ) The c o o l i n g water to the experimental body was a d j u s t e d 

such t h a t t h e c o o l i n g water-body i n t e r f a c i a l temperatures 

were as uniform as p o s s i b l e , 

( x ) Examination of the p r e s s u r e chamber through one of the 

windows showed a m i s t y atmosphere. The blow-off v a l v e 

was c l o s e d when the m i s t c l e a r e d . T h i s u s u a l l y took 

5 - 1 0 minutes. 

( x i ) The steam p r e s s u r e i n the pressure v e s s e l was a d j u s t e d to 

the d e s i r e d value, 

( x i i ) The condensate so f a r produced was drained before the system 

was connected to the condenser. 



- 77 -

( x i i i ) The r o t a t i o n a l speed was g r a d u a l l y brought up to the 

r e q u i r e d v a l u e . 

( x i v ) The thermocouple readings was c o n s t a n t l y checked f o r the 

steady s t a t e running c o n d i t i o n s , 

( x v ) The steam blow-off v a l v e was opened f o r 30 seconds w h i l e 

observing the e.m.f. readings from the thermocouples 

to check f o r the presence of non-condensables. 

( x v i ) F i v e minutes was allowed a f t e r operation (xv) before 

readings were taken. 

The s t a r t i n g and warming through procedure o u t l i n e d above u s u a l l y 

occupied 15 to 20 minutes. I f the apparatus had been standing f o r 

more than 48 hours, t h i s p e r i o d was exceeded. 

6.3 T e s t runs 

A t e s t run u s u a l l y l a s t e d 10 - 15 minutes. The parameters 

t h a t c o n s t i t u t e d t h e t e s t c o n d i t i o n s were: 

( a ) steam p r e s s u r e and temperature 

(b) speed of r o t a t i o n 

( c ) t h e temperature r e a d i n g from the i n n e r and outer s u r f a c e s 

of the curved body and from the p r e s s u r e chamber. 

For each p r e s s u r e and speed s e t t i n g , at l e a s t 3 complete r e s u l t s 

were taken. The average of t h e r e s u l t s was used f o r the experimental 

a n a l y s i s . I n p r a c t i c e i t was found that the r e s u l t s were c o n s i s t e n t 

once a steady s t a t e had been reached and the averaging of r e s u l t s 

proved l a r g e l y unnecessary. 

The condensing s u r f a c e of the body was i l l u m i n a t e d w i t h 

s t r o b o s c o p i c l i g h t to check t h a t the condensate remained f i l m w i s e . 

The t e s t was abandoned i f the a r e a s supporting dropwise condensation 

occupied more than 5 percent of the condensing s u r f a c e . 
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7.0 EXPERIMENTAL RESULTS 

Over 300 r e s u l t s were recorded. These results were divided 

into two sets so that t h e i r repeatability could be checked. A 

further set of r e s u l t s was planned but as the f i r s t two sets were i n 

close agreement, t h i s was not considered necessary. 

In t h i s section, the r e s u l t s are analysed and compared with the 

t h e o r e t i c a l predictions. A photographic study of the mode of drainage 

'of the film of condensate i s also presented. F i n a l l y , the end effects 

the e f f e c t s of bolt holes at the leading edge - on the heat transfer 

rate are discussed. 

The experimental analysis i s based on a thin wall theory. The 

j u s t i f i c a t i o n for t h i s i s outlined i n Appendix B. 

In the theoretical analysis (section 3.2.1), both l o c a l and 

average heat transfer c o e f f i c i e n t s were considered. In t h i s section, 

only l o c a l values are considered. I t w i l l be shown that the end 

e f f e c t s influenced the experimental results, p a r t i c u l a r l y at the 

leading edge, and the average heat transfer coefficients which 

required the numerical integration of the l o c a l values would have 

been grossly i n error. 

7.1 Mathematical analysis of the experimental results 

Let the sketch below represent a working section of the 

experimental curved body. 

sat 

So 

6) 
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Consider the element of area dA at the outer face (condensing surface) 
o 

and dA* at the mean radius R . Let dQ be the energy crossing the m m 

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

unit area per unit time). The other symbols are as defined i n the 

sketch or i n the numenclature. 

From the "thin-wall theory", 

dQ = dX • q = d& . a = k .dfi . (T - T )/B (7.1.1) 
o o m T i i w m o 1 

Also dQ = h.dA* . (T - T ) = h'dft • 6 (7.1.2) o sat o o 

From equations (7.1.1) and (7.1.2) 

h-dA" • a = k . dA" . o /B 
o ° w m °w 

(7.1.3) 
and h = k o dS _w . . m 

B 6 dS 
o 

From previous analysis (or appendix B), 

fi = 2rr [DRg - R 2 Sin B] (7.1.4) 
O C" c 

2 

Simi l a r l y , lm = 2n [DRgP - R g Sin B] (7.1.5) 

From (7.1.4) d&- /dB = 2rr [DR - R 2 Cos ft] (7.1.6) 
O C C 

From (7.1.5) a^/dft = 2 T T [ D & A ~ R,2 Cos g] (7.1.7) 
From (7.1.6) and (7.1.7),, 

dS = R (D - R Cos B) 
m a a _ . . d̂ T R (D - R Cos B) o c c 

dA = R R / r l , o N m _a m (7.1.8) 
dS R R o c o 

Substituting equation (7.1.8) into (7.1.3) 

h = k 6 R R w w a m 
B a R R (7.1.9) 

c o 

For the experimental curved body, B, R and R are constant and 
C 3 

R /BR = 59.957. Hence the l o c a l heat transfer coefficient h. a c 
i s given by: 
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h = 59.957 k . ft . R . 
w °w m (7.1.9) 

R 
o 

_1 l 

Multiplying both sides of equation (7.1.9) by [(jj A / k ] , equation 

(7.1.9) becomes: 

to A 

~k 
59.957 k . ft R " 4 . 4 / ™ , 

_w • _w • _m • u) A* (7.1.10) k 0 R 
o 

The comparison of equations (3.1.38a) and (7.1.10) show that the 

L.H.S. are i d e n t i c a l . Thus the comparison of the R.H.S. of equations 

(7.1'. 10 and 3.1.38) i s a direct comparison of the experimental results 

and the r e s u l t s predicted by the laminar theory. 

Looking at the R.H.S. of equation (7.1.10), the unknowns are: 
- l 4 

k /k. 9 /Q, R /R and co ZA . The thermal conductivity of the w ' w ° m o 
body material k^, was experimentally determined. The procedure i s 

outlined i n Appendix A. The thermal conductivity of the material 

was expressed by the equation, 

k = 190.4 w T + 273 w 
T + 776.6 

+ 7.5 W_ 
mK 

where T « (T + T.)/2, the arithmetic mean temperature of the body w o I 

w a l l s . 

The thermal conductivity and the other properties of the 

condensate were determined from the "U.K. Steam Tables i n S.I. Units 

1970" published by Edward Arnold. The ratio of thermal conductivities 

k /k was thus determined, w 

The r a t i o of the temperature differences was determined from the 

experimental measurements. Fig. 11 shows ty p i c a l temperature 

distr i b u t i o n s at the condensate-wall interface and wall-cooling water 

interface from which the r a t i o of temperature differences was 

determined. 

The r a t i o of the r a d i i R /R was determined from the geometry 
m a 
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of the body and the speed of rotat ion was measured experimentally. 

The constant A, was determined from the f l u i d properties of the 

condensate once the Drew reference temperature T = T ^ - 0.759 

was known. The Drew reference temperature was determined from 

the experimental temperature distribution. The R.H.S. of equation 

(7.1.10) was thus completely determined. 

From equation (7.1.10), the experimental l o c a l Nusselt 

number was obtained i n the form 

Nu = hs = 59.957 jw . ŵ . j n . s (7.1.11) 
k k & R 

° o 

o r NUgCuf^A = 59.957 jw . j v . j n . uT^As (7.1.11a) 
k 6 R 

o 

The reader may compare equations (7.1.11a) and (3.1.39a). 

7.1.1 Computer programme for experimental analysis. 

A computer programme was developed to carry out the 

experimental a n a l y s i s . The programme provided solutions for equations 

(7.1.9), (7.1.10), (7.1.11), (7.1.11a), (3.1.38), (3.1.38a), (3.1.39) 

and (3.1.39a). The f l u i d properties of the condensate, namely thermal 

conductivity, kinematic v i s c o s i t y , s p e c i f i c heat at constant pressure 

and Prandtl number, together with the s p e c i f i c enthalpy of condensation 

and t h e i r corresponding temperatures were stored in the computer. 

Each f l u i d property was evaluated by a separate sub-programme for a 

given temperature. A quadratic interpolation procedure, employing 

the Aitken-Neville interpolation subroutine, was employed in the 

evaluations. Each sub-programme was checked for the accurate 

reproduction of the stored data before being incorporated in the 

main programme. 
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Experimental data of the temperature dxstrxbutions and t h e i r 
corresponding positions on the body were . Similarly stored before 
use. 

From the other input to the computer, namely pressure, 

speed of rotation and saturation temperature, the programme f i r s t 

evaluated the Drew reference temperature before proceeding to evaluate 

the f l u i d properties. The arithmetic mean temperature of the body 

wa l l , T , was evaluated and the thermal conductivity of the wall ' w 
material determined. The solutions of the above equations were 

then car r i e d out. 

7.2 Typical temperature distribution 

I t could be observed from equation (7.1.10) that the accuracy 

and r e l i a b i l i t y of the experimental results depend on the accurate 

measurement of the thermal conductivity of the body material and the 

r a t i o of the temperature differences. 

F i g . 11 shows a t y p i c a l temperature distribution for both the 

outside and inside faces of the curved body. They represent the 

condensate-wall and wall-cooling water i n t e r f a c i a l temperatures. 

The r e s u l t s represent the two extreme cases of pressure considered, 

and also rotational speeds of 50 and 1000 rev/min. With the exception 

of the r e s u l t s for no rotation, any other result presented here l i e s 

with-in these bands of extremities . 

I t can be observed from Fig. 11 that no information was obtained 

at the leading edge. The thermocouple IB (Section 5.3), which should 

have provided the information was damaged during the dynamic balancing. 
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However, i t i s not d i f f i c u l t to observe that on the condensate side, 

the i n t e r f a c i a l temperature was highest at the leading edge, and 

gradually decreased away from the leading edge. For rotational 

speeds of 100 rev/min and over, the pattern of distribution was 

s i m i l a r . The temperature decreased for about 0.05m. of the distance 

from the leading edge and then remained constant. For speeds 

50 rev/min and below, the temperature rapidly decreased for the f i r s t 

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

for the rest of the working distance. I t can bo said therefore that 

at low speeds of rotation, a x i a l conduction existed along the entire 

working length, and along the f i r s t 0.05m. at higher speeds of 

rotation. 

The above behaviour can be explained by the fact that the water 

spray and colle c t o r unit - f i g . 7 (item 8) - did not rotate with 

the experimental body. The effect of the higher speeds of rotation 

of the body was equivalent to increased flow rate and better 

d i s t r i b u t i o n of the cooling water. The existence of the temperature 

gradient promoting the a x i a l conduction, before and after the f i r s t 

0.05m. of the working length, can be attributed to the inadequate 

supply and dist r i b u t i o n of the cooling water. 

A comparison of the temperature gradients, 0.05m. after the 

leading edge, for 50 rev/min at 6.0 bar and 1.5 bar indicate that 

the temperature gradient at 6.0 bar i s 3 times greater than that 

at 1.5 bar. This confirms the assertion that inadequate cooling 

promoted the a x i a l conduction because, a greater amount of energy 

had to be transferred at 6.0 bar than at 1.5 bar and the i n a b i l i t y 

to do so resulted i n the greater a x i a l conduction rate. 
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The corresponding inner surface temperatures on the other hand 

were approximately constant. I t was observed however, that for 

rotational speeds 500 rev/min and over, the cooling water-wall 

i n t e r f a c i a J temperature increased with distance from the leading 

edge. The increase i n temperature continued for the f i r s t 0.04m. 

of the working length and remained constant. This suggested some 

interference i n the energy transfer process at the leading edge. 

"It w i l l be shown l a t e r that t h i s was due to the end effects . 

The assumption of one dimensional flow of energy in both the 

theoretical and experimental analysis i s s t i l l j u s t i f i e d although 

i t i s not exactly true. Consider the-tempera cure distribution for 

the 50 rev/min at 6.0 bar, which i s the worst case. Jf the f i r s t 

0.05m. from the leading edge i s neglected for t h j s analysis, then as 
-5 

the film thickness i s of the order of 5 x 10 m., i t w i l l be appreciated 

from f i g . 11 that dT/dy >> dT/ds. The overall effect however i s a 

sl i g h t under-estimation of the heat flux in tne Y-direction. 

7.3 Comparison of experimental and theoretical results 

The aim of the experimental work was to test the theory outlined 

in section 3. The discussion which follows compares the theoretical 

and experimental r e s u l t s and points out where any discrepancies occur 

and the possible cause of the discrepancies. 

F i g . 12(a-g) show the solution of equation (7.1.10) compared 

with the solution of equation (3.1.38a). I t should be remembered 

that the solution of equation (3.1.38a) was obtained purely from the 

geometry of the body while that of equation (7.1.10) was obtained 

from the experimental measurements. Hence the solution of equation 

(7.1.10) i s referred to as "EXPERIMENTAL" i n the above presentations. 

The theoretical solution without curvature term i s also included for 

comparison. However, unless otherwise stated, the words "theory" or 
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" t h e o r e t i c a l " w i l l imply the solution with the curvature term included 

i n t h i s section. 

The presentation covers the range 1.5 to 6.0 bar absolute and 

50 to 1000 rev/min. The experimental results show a considerable 

deviation from the mean at 50 and 100 rev/min and again at 500 and 

1000 rev/min. The worst case of the deviation occurred at 50 rev/min 
+ 

and 1000 rev/min. At 50 rev/min, the deviation i s -5 per cent 

of the mean. At 1000 rev/min the deviation i s - 6.7 per cent of 

the mean i f the re s u l t s up to 0.05m. from the loading edge are 

neglected. Some degree of deviation from the mean was expected 

p a r t i c u l a r l y at rotational speeds below 100 rev/min due to the inadequate 

and poor d i s t r i b u t i o n of the cooling water. The deviation at higher 

speeds of rotation was not expected. However, i t can be observed from 

Fig. 11 that at 1000 rev/min, the temperature difference across the 

film of condensate was 7° - 9°C. Thus a deviation of - 1°C from the 

true value could r e s u l t i n a deviation up to - 14.2 per cent, which 
+ 

i s far i n excess of the maximum deviation of - 6.7 per cent measured. 

As the re s u l t s outlined by Fig. 12 (a-g) represent 300 individual 

r e s u l t s recorded over a period of 6 weeks, the author can claim the 
+ 

repeatability of the overall r e s u l t s to within - 7 per cent. 

The comparison of the overall experimental results and the 

theo r e t i c a l r e s u l t s show a remarkable agreement pa r t i c u l a r l y at high 

rotational speeds. F i g . 12(g) shows the comparison at 1000 re^/min. 

Here i t can be observed that for the f i r s t 0.05m. from the leading 

edge, the experimental r e s u l t s deviate considerably from the 

predicted r e s u l t s . Thereafter, the remarkable agreement cannot be 

over-stressed. 

F i g . 12 (a-g) show the variation of local heat transfer coefficient 

with distance along the surface of the curved body at the indicated 

rotational speed. The increase i n the local heat transfer coefficient 
at the leading edge wa3 believed to be the consequence of the detachment 
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of drops as predicted by Howe (71). Examination of a l l the results 

showed that higher l o c a l heat transfer coefficients were obtained 

at the leading edge even at speeds where the detachment of drops 

was not possible. I t was concluded that the end effects were 

responsible for the behaviour. This was l a t e r shown to be the case 

(section 7.5). 

I t i s noticeable i n f i g . 12 (a-g) that the degree of agreement 

between the t h e o r e t i c a l and experimental results diminish as the 

speed of rotation i s decreased. In addition, the degree of agreement 

vary with distance along the surface for a given rotational speed. 

However, a pattern of behaviour can be established i f the analysis i s 

confined to a fixed point along the surface of the generator. The 

author has chosen to examine the pattern of behaviour at a point 

0.130m. from the leading edge. This point i s chosen because i t can 

be assumed to be free of the end e f f e c t s . 

Fig..15 curve (A) shows the percentage deviation of the 

experimental (non-dimensional heat transfer c o e f f i c i e n t ) r e s u l t s 

from the laminar theory. I t shows how the experimental r e s u l t s 

deviate from the theory with speed. I t shows also that i n a l l cases 

considered, the laminar theory under-estimated the heat transfer 

c o e f f i c i e n t . At 50 rev/min, the theory under-estimated the l o c a l 

heat tran s f e r coefficient by 42 per cent and 5.5 per cent at 1000 

rev/min. Curve (B) shows the comparison when curvature i s neglected. 

The comparison shows that the solution without the curvature term 

under-estimated the l o c a l heat transfer coefficient by 58 per cern; 

at 1000 rev/min compared with 5.5 per cent when curvature was 

included. 
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Pig. 13 (a-h) represent the solutions of equations (3.1.38) 

and (7.1.9), and show the comparison between the actual experimental 

and theoretical l o c a l heat transfer coefficients. These results 

are different from those of f i g . 12 (a-g) in the sense that they 
, 2 o 

are actual values W/m C, and that l o c a l values of the experimental 

temperature d i s t r i b u t i o n were used to evaluate the theoretical as 

well as the experimental r e s u l t s . Thus, the theoretical values 

shown i n f i g . 13 (a-h) take into account the a x i a l conduction 

which,was neglected i n the previous case. The agreement here i s 

even better and both th e o r e t i c a l and experimental curves show 

si m i l a r p r o f i l e s . Pig. 15 curve (c) shows that the percentage 

deviation of experimental r e s u l t s from the laminar theory i s 39 per 

cent at 50 rev/min and 5.5 per cent at 1000 rev/min. 

The comparison of curve (A) and curve (B) indicate that the 

assumption of no a x i a l conduction was j u s t i f i e d because at 50 rev/min 

where the effect was considered very high, the difference between the 

two r e s u l t s i s only 3 per cent. This difference reduced to zero at 

800 rev/min. 

Pig. 13 shows the theoretical heat transfer coefficient for the 

indicated rotational speeds. These curves are extracted from Fig. 13 

(a-h) and allow the comparison of the heat transfer coefficients at 

the various speeds. F i g . 13 shows that the heat transfer coefficient 

i s a function of the rotational speed as well as distance from the 

leading edge. I t shows that the heat transfer coefficient increases 

with the speed of rotation and that there i s a unique curve for each 

rotational speed. For speeds of 100 rev/min and below, the heat 

transfer coefficient i s larger at the starting point of condensation 

and decreases with distance s. At 150 rev/man, the decrease continues 



- 88 -

u n t i l 0.08m. from the leading edge and then remain constant. For the 
higher speeds of rotation, the decrease continues to about 0.05m. and 
then increase very gradually again. This form of behaviour i s 
c h a r a c t e r i s t i c of the growth of the film as predicted th e o r e t i c a l l y . 

Fig. 14 (a-h) show the comparison between the theoretical and 

experimental l o c a l Nusselt numbers. They represent the solutions of 

equations (3.1.39) and (7.1.11). Fig. 14 shows the theoretical Nusselt 

number against distance for the various rotational speeds. I t can be 

observed here that the energy transfer rate near the leading edge was 

comparatively low. The a x i a l conduction and poor cooling rate at the 

leading edge tended to increase the wall temperature and thereby reduced 

the Nusselt number. For the zero rotational speed, the energy transfer 

rate increased with the distance s, from the leading edge to a maximum 

value and then rapidly decreased. This i s i n agreement with the 

predicted film growth which showed that the curvature effect assisted 

the growth of the film at low rotational speeds. Thus as the film 

thickness increases rapidly at the di s c end of the generator, the 

resistance to the energy flow increases and the energy transfer rate 

consequently decreases. 

The general trend of the comparison between experimental and 

theoretical r e s u l t s shows that the laminar theory under-estimates 

the heat transfer c o e f f i c i e n t s . This implies that the experimental 

film thickness was l e s s than predicted by the laminar theory. As i t 

was not possible to measure the experimental film thickness, t h i s could 

not be proved. Fig. 15 curve (c) shows that the deviation i s 44 per 

cent at zero rotational speed while i t i s only 5.5 per cent at 1000 

rev/min. Before any explanation i s attempted, the attention of the 

reader w i l l be drawn to the photographs plate (1-8). The photographs 

which show the behaviour of the film of condensate at 5.0 bar and 

rotational speeds of 0.0 to 1000 rev/min are discussed an d e t a i l i n 

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

Kapitza (24) has shown that the heat transfer in a f l u i d under 

undulatory conditions d i f f e r s from that under laminar ones. He 

showed a n a l y t i c a l l y that i f no turbulent heat transfer i s assumed, then 

the heat transfer under the undulatory conditions w i l l be under-estimated 

by 21 per cent by the laminar theory. Leonard and E s t r i n (25) and 

F r i s k and Davis (81) have published work on heat transfer through wavy 

films and have shown that waves enhance the heat transfer rate. Leonard 

and E s t r i n (25) found that the wave shape s i g n i f i c a n t l y influenced the 

heat t r a n s f e r rate, and that for low Reynolds numbers where wave 

amplitudes were small, predictions corresponded to the Nusselt smooth 

laminar film model. F r i s k and Davis (81) carried out an experimental 

investigation into the enhancement of heat transfer by waves. They 

studied four regimes of flow: 

( i ) smooth l i q u i d film flow 

( i i ) two-dimensional wavy flow 

( i i i ) three-dimensional wavy flow 

( i v ) roll-wave flow. 

Their findings show that roll-waves appear to be quite turbulent and 

that three-dimensional and roll-waves can increase the Nusselt numbers 

by more than 100 per cent compared with smooth film flow. Of the 

four cases studied, roll-waves produced the highest enhancement 

e f f e c t . 

In the theoretical analysis (section 3), the Nusselt smooth laminar 
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film model was assumed. The photographic evidence of the behaviour of 
the film of condensate shows that the laminar model was not achieved. 
Between zero and 300 rev/mm where the roll-waves persisted, the 
heat transfer coefficient was under-estimated by between 44 per 
cent and 20 per cent as indicated by curve ( c ) of f i g . 15. This 
value of 20 to 44 per cent agrees with the findings of Kapitza (24) 
and F r i s k and Davis (81). The fact that the greatest deviation 
from the laminar theory occurred at the zero rotational speed i s not 
surprising since from the above photographs and the temperature 
d i s t r i b u t i o n s curves i t could be recognised that the film was 
thickest at zero rotational speed. The thicker the film the greater 
the deviation from the laminar model and the greater the turbulent 
e f f e c t s associated with the roll-waves which enhance the heat transfer. 

At speeds above 300 rev/min, the roll-waves were observed to give 

way to ridges. From the photographic observations and the temperature 

d i s t r i b u t i o n curves, i t can be observed that not only had the r o l l -

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

was decreasing with the higher rotational speeds. Between 300 and 

1000 rev/min, the laminar theory under-estimated the heat transfer 

c o e f f i c i e n t by between 20 per cent and 5.5 per cent. I t can be said 

that as the roll-waves disappeared and the fjlm became thinner with 

increasing speed, conditions approximated more to the laminar state and 

a better agreement between laminar theory and experimental r e s u l t s 

was possible. 

The comparison of plate (7) and plate (8) which are of the same 

sc a l e shows that the amplitude of the ridges at 500 rev/min were 

greater than those at 1000 rev/min. At 1000 rev/min, the amplitudes 

are r e l a t i v e l y small and the film could approximate to a smooth one. 

From the findings of Leonard and E s t r i n (25), the under-estimation of 

the heat transfer c o e f f i c i e n t by only 5.5 por cent should not be 

sur p r i s i n g . 
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In section (2.5.3), i t was reported that Howe (71) measured heat 

transfer c o e f f i c i e n t s of 1.2 to 1.9 times the value predicted by the 

laminar model. Both theoretical and experimental evidence, including 

photographic studies, show that Howe dealt with comparatively thicker 

films of condensate than the author. Thus, the measurement of heat 

transfer c o e f f i c i e n t s of 1.2 to 1.9 times the laminar value by Howe, 

and 1.055 to 1.44 times the laminar value as reported here, goes to 

confirm what has been said so far, namely that roll-waves enhance heat 

tranfer and that the degree of enhancement depends on the thickness 

of the film. 

I t can therefore be concluded that the experimental results have 

confirmed the t h e o r e t i c a l predictions and that the under-estimation of 

the heat transfer c o e f f i c i e n t of up to 44 per cent by the laminar 

theory was to be expected. The comparison oF curves (A) and (B) of 

f i g . 15 confirm the t h e o r e t i c a l findings, that for the condensation on 

a rotating body the curvature term i s important. 

the experimental r e s u l t s a f t e r the comparison with the theory. I t 

has been explained however, that the theory i s i n very good agreement 

with the experimental r e s u l t s . I t i s therefore unnecessary to provide 

new equations. The designer whose interest l i e s i n the heat transfer 

co e f f i c i e n t should use the laminar theory i n conjunction with a correction 

factor. The "laminar equations" such as equation (3.1.38a) can be used 

i n the form: 

7.3.1 Heat transfer coefficient 

The main aim i n t h i s section i s to provide an equation for 

h (B A 
k 

M • 1 (7.3.1) 

where M i s a correction factor. For the curved body used in THIS work, 

M i s given by curve (c) of f i g . 15. 



- 92 -

The error i n such an analysis is governed by the errors associated 

with the experimental determination of the heat transfer coefficient h, 

given by equation (7.1.9) 

h = k . a . R R . B, w °w m a (7.1.9) 
B fi R R o c 

From the measurements made of the experimental curved body 

afte r manufacture, i t was established that a l l the dimensions were 
+ -5 

within - 5 x 10 m. For such high accuracies, the errors associated 

with the geometric part of equation (7.1.9) can be neglected. 

By d i f f e r e n t i a t i n g equation (7.1.9) and taking the modulus of 

the errors, 

Ah = Ak w + A0 w + A9 
~h k ~ e~~ 6 

w w 
From appendix A, Ak /k = - 0.03 ' w w 

As stated before, the thermocouples were calibrated such that 
o 

temperature differences of 0.05 C could be detected. For t h i s 
analysis however, i t w i l l be assumed that the temperatures could be 

+ o 

read to - 0.1 C. From f i g . 11, the minimum temperature difference 

across the film occurred at 1000 rev/min and 1.5 bar. For the 

temperature difference of 9 = 7°, A8/0 = - 0.029 
Similarly, A9 /6 = - 0,004 J ' w w 

Hence Ah/h = - 6.3 per cent. 

Thus, there i s a possible inherent error of 6.3 per cent associated with 

the heat transfer coefficient measurements. I t w i l l be pointed out 

that the drawing of a graph reduces the effects of random errors i n 

individual readings but not consistent systematic error such as above. 

This method of analysis gives very pessimistic assessments of the 

experimental errors. 
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I f both sides of equation (7.1.9) are m u l t i p l i e d by 

[yj A / k j , then as A contains 9, the err o r w i l l increase. 

From above, £6/46 = - 0.007 

The hand tachometer could be read t o 0.2 per cent. Hence 2^/^ - ~ 0.004 

Thus i n the expression, 

0) A 59.957 j w . ?w • J£ • (7.1.10) 
k 6 R 

o 
' t h e r e i s a pos s i b l e inherent e r r o r of 7.4 per cent. The designer 

can use equation (7.3.1) i n t h e l i g h t of t h i s p e s s i m i s t i c e r r o r assessment. 

7.4 Photographic study 

The photographic study was c a r r i e d out w i t h two main o b j e c t i v e s : 

( i ) t o study the behaviour of the condensate, 

( i i ) t o observe t h e mode o f drainage of the condensate. 

The photographs, p l a t e ( 1 - 8 ) , show i n f u l l s i z e the behaviour 

o f the f i l m o f condensate as i t drained along the condensing surface 

a t t h e i n d i c a t e d r o t a t i o n a l speed. 

A l l the photographs were taken under the same conditions and at 

a pressure o f 5.0 bar absolute. To avoid the m i s t i n g of the glass 

window through which the photographs were taken, and hence avoid the 

b l u r r i n g of t h e photographs, the steam pressure i n s i d e the pressure 

vessel was ra i s e d above 5.0 bar absolute, sustained f o r about 5 minutes, 

before being reduced t o t h e 5.0 bar absolute. This procedure was 

repeated f o r a l l t h e photographs. 

I t must be pointed out t h a t no attempt was made, when these 

photographs were taken, t o prepare the condensing surface so as t o 

achieve a complete f i l m w i s e condensation as the t e s t procedure 

i n d i c a t e s . The b e l i e f was t h a t the breaks i n the f i l m o f condensate 

would give d e t a i l t o the photographs. Plate 3 o f f e r s a good example 

of t h i s . Even under t h i s adverse conditions, the t o t a l area occupied 

by dropwise condensation i s less than 1.1 per cent of the e n t i r e 

condensing surface area. 
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On p l a t e s ( 1 - 6 ) , p a t t e r n s of roll-waves are v i s i b l e on the f i l m 

over the lower t w o - t h i r d s o f the working surface. On p l a t e s (1-2), which 

represent zero and 50 rev/mm i t can be observed t h a t the waves do not 

have a r e g u l a r p a t t e r n and no meaningful measurements could be made 

of them. Plates (3-5) reveal a l o t more i n f o r m a t i o n and i t can be 

observed from these photographs t h a t the main waves appear t o be 

preceded by up t o s i x smaller r i p p l e s . The separation of the main 

waves i s i r r e g u l a r but have an approximate wave length of 0.010m. 

t o 0.020m. For r o t a t i o n a l speeds below 100 rev/min, the photographs 

i n d i c a t e t h a t the drainage o f the f i l m of condensate was along the 

path of t h e generator. For r o t a t i o n a l speeds above 100 rev/min, 

the drainage path changed and became i n c l i n e d t o the path of the 

generator. Measurements o f the i n c l i n a t i o n s i n d i c a t e t h a t they do 

not f o l l o w a d e f i n i t e p a t t e r n . At 100 rev/min, the i n c l i n a t i o n 

was 7° w h i l e at 150 and 200 rev/min, i t was 3 8°, At 300 rev/min 

( p l a t e 6 ) , where the roll-waves were g i v i n g way t o the ridges, the 
o 

angle of i n c l i n a t i o n was 11 . This angle of i n c l i n a t i o n was maintained 

at 500 and 1000 rev/min. P l a t e (7-8) show t h a t at 500 and 1000 rev/min 

the roll-waves have given way completely to the ridges. At 1000 rev/min, 

the amplitude o f the ridges are comparatively smaller and i t can be 

observed t h a t the ridges become s l i g h t l y i r r e g u l a r i n shape and tend 

t o j o i n up w i t h neighbouring r i d g e s . The comparison of the break 

i n t h e f i l m of condensate a t 100 rev/min ( p l a t e 3) and at 1000 rev/min 

( p l a t e 8 ) , gives some idea of the r e l a t i v e thicknesses of the f i l m . 

The distance between ridges was also i r r e g u l a r and vary between 0.002m. 

and 0.003m. 
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I t i s i n t e r e s t i n g t o note t h a t these observations are i n 
agreement w i t h those o f Howe (71), Robson (75) and Holgate ( 7 6 ) . 
I n a d d i t i o n t o the s i m i l a r observations as above, Howe (71) observed 
the formation and the detachment of drops from has 10° and 20° cones. 
Howe d i d not however, observe any drop detachment on h i s 60° cone. 
Howe r e l a t e d h i s observations o f the drop detachment t o the r a t i o o f 
c e n t r i f u g a l t o 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 and pre d i c t e d t h a t drop 
detachment should occur at the sh a f t end of a body w i t h a curved 
generator, as reported i n s e c t i o n (2.5.4). 

The photographic study so f a r has not i n d i c a t e d the detachment 

o f drops. P l a t e 9 shows the experimental body r o t a t i n g at 100 rev/min. 

The f i l m o f condensate w i t h i t s associated roll-waves can be seen t o 

d r a i n along the generator and down the c y l i n d r i c a l base. There was 

no detachment of drops oven where the f i l m had broken and given way 

t o t h e dropwise condensation. P l a t e 10 shows the body r o t a t i n g at 

150 rev/min. The f i l m o f condensate could be seen t o d r a i n along 

the generator s t i l l but drops had began t o be thrown o f f the disc 

end. A c a r e f u l examination also shows t h a t drops were beginning t o be 

detached from the c y l i n d r i c a l base. Plate 11 shows the body r o t a t i n g 

at 1000 rev/min. Here again t h e detachment of drops was confined t o 

the disc end and the c y l i n d r i c a l base. I t i s e v i d e n t l y c l e a r t h a t 

the drainage o f the condensate was along the generator, and t h a t the 

growth of the f i l m was not i n f l u e n c e d by the detachment of drops at any 

p o i n t on the body or at any r o t a t i o n a l speed. The above evidence d i d 

not only take away the substance from Howe's (71) p r e d i c t i o n , but also 

destroyed t h e idea t h a t t h e high heat t r a n s f e r c o e f f i c i e n t s observed at 

th e l e a d i n g edge could be the e f f e c t s of t h e detachment o f drops at 

tho l e a d i n g edge. 
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While t h e above f i n d i n g s confirmed the b e l i e f t h a t the end 

e f f e c t s were responsible f o r t h e h i g h heat t r a n s f e r c o e f f i c i e n t s 

at the leading edge, i t also c a l l e d f o r an explanation of the behaviour. 

For such an explanation, a c a r e f u l re-examination o f the question of 

drop detachment and of Howe's c r i t e r i o n were necessary. 

Howds (71) p r e d i c t i o n s were based purely on t h e r a t i o of 

c e n t r i f u g a l t o g r a v i t a t i o n a l accelerations and d i d not i n v o l v e the 

f i l m t h i c k n e s s . A c a r e f u l study of the problem i n d i c a t e d t h a t the 

c r i t e r i o n t o p r e d i c t the onset of the detachment of drops should 

not only i n v o l v e the r a t i o o f the c e n t r i f u g a l t o 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 but must also be a f u n c t i o n o f the f i l m thickness. 

The use of the non-dimensional f i l m thickness ^, whose s o l u t i o n 

i n v o l v e s the r a t i o o f c e n t r i f u g a l t o g r a v i t a t i o n a l a ccelerations as w e l l 

as the geometry of the condensing surfaces, f o r such a c r i t e r i o n was 

considered one step b e t t e r and more s a t i s f a c t o r y . 

F i g . 16 shows the s o l u t i o n o f equation (3.1.35) i n the form 

o f equation (3.1.37) f o r t h e 10° and 20° cones used by Howe and 

l a t e r by Smith ( 7 7 ) . I t also shows the l i m i t i n g values of 

f o r the 10°, 20°, 25° and 60° cones and the l i m i t i n g value f o r the 

experimental curved body. The l i m i t i n g case f o r a given body i s 

of course the asymptote t o which the f i l m o f condensate grows. 
4 2 

For cones the asymptote i s given by ̂  = 1/(2 Sin a). The p o s i t i o n 

along the surface o f the generator o f a given body at which the growing 

f i l m i s close t o t h e asymptote i s a fu n c t i o n of the r o t a t i o n a l speed. 

I n f i g . 16, the f i l m a t 800 rev/min on the 10° cone w i l l almost 

reach the asymptote before the one at 600 rev/min. I f i t i s assumed 

t h a t some minimum f o r c e i s re q u i r e d t o overcome molecular and surface 
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t e n s i o n forces before the detachment of drops i s possible, then the 

onset of the detachment of drops w i l l vary w i t h r o t a t i o n a l speed and 

the distance from t h e l e a d i n g edge. Thus, experimental evidence o f 

the detachment of drops from a body or bodies at d i f f e r e n t speeds 

should enable a c r i t e r i o n t o be established. The experimental 

evidence of drop detachment obtained from Howe (71) and Smith (77) 

and presented on f i g . 16, p o i n t t o = 1.8 as the c r i t i c a l value. 

Thus ^ should be equal t o or greater than 1.8 f o r the onset of 

drop detachment. 

I n terms of cones, ^ = 1.8 represent the l i m i t i n g case f o r the 

25° cone. This i s i n a remarkable agreement w i t h the f i n d i n g s of 

Gerstmann and G r i f f i t h (38) whose work on the s t a t i o n a r y i n c l i n e d 

p l a t e showed t h a t drop detachment from the underside of an i n c l i n e d 

p l a t e ceased when the angle o f i n c l i n a t i o n was greater than 13° 

( i . e . 26°cone), and a l l t h e condensate ran o f f the end of the t e s t 

surface. Thus, t h e r e i s a strong independent experimental evidence 

t o support the a s s e r t i o n , t h a t drops are detached when "[] i s equal t o 

or greater than 1.8. 

From f i g . 16, i t can be observed t h a t as the l i m i t i n g case 

value f o r a 60° cone i s ^ = 1.19, and t h a t f o r the experimental 

curved body i s less than u n i t y and decreasing, the formation and 

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

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

and the experimental evidence presented by the author confirms t h i s . 
4 2 

F i n a l l y , i t i s shown j n appendix C t h a t ^ = 4tu s/3g f o r a 
1 A 

r o t a t i n g c y l i n d e r , and '̂'-'W s . The value o f ^ w i l l be governed 

by w and s. I f & i s small, s w i l l have t o be l a r g e t o y i e l d f| = 1.8 

and v i c e versa. For a c y l i n d e r , the l i m i t i n g value of ^ =.oo , 

i . e . t h e f i l m w i l l grow t o an . i n f i n i t e thickness. I t can be 

appreciated t h a t drop detachment i s i n e v i t a b l e on a r o t a t i n g c y l i n d e r 
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but how f a r down the c y l i n d e r i t occurs i s governed by the speed of 

r o t a t i o n . 

•7.5 End e f f e c t s 

I t became apparent a f t e r the photographic study t h a t the higher 

heat t r a n s f e r c o e f f i c i e n t obtained at the leading edge was the r e s u l t 

of t h e end e f f e c t s . 

Fi g . 9 shows t h a t the cover of the experimental body was b o l t e d 

onto the curved body. The cover was located i n place by two 

dowels 0.013m. diameter and then b o l t e d down w i t h t en 5/16" B.S.F. 

b o l t s . The tapped holes on the curved body t o receive the above 

b o l t s had a minimum threaded depth of 0.013m. To achieve t h i s , the 

manufacturer d r i l l e d t o a depth of about 0.030m. before tapping t o 

the r i g h t depth. As the b o l t s could not t r a v e l the f u l l l e n g t h of 

the holes when the body was assembled, a i r was trapped i n s i d e these 

holes. The f i r s t 0.030m. from the leading edge of the curved body 

was t h e r e f o r e not homogenous and behaved d i f f e r e n t l y from the r e s t 

of t h e body. I t behaved s i m i l a r l y t o a very porous c a s t i n g w i t h 

t h e e f f e c t i v e thermal c o n d u c t i v i t y considerably reduced. The 

experimental a n a l y s i s used t h e expression f o r the thermal c o n d u c t i v i t y 

obtained f o r the homogenous body and t h i s was bound t o introduce e r r o r s 

i n t h e s o l u t i o n at the le a d i n g edge. 

To confirm the above a s s e r t i o n experimentally, the ten b o l t s 

were removed w h i l e t h e experimental curved body was s t i l l i n place 

i n s i d e the pressure vessel, and t h e excess holes f i l l e d w i t h lead 

p e l l e t s . F i g . 17 shows the comparison of r e s u l t s at 200 rev/min 

and 1000 rev/min of the cases w i t h and without the lead p e l l e t s . 

As shown i n f i g . 17, improvements i n the condensate-wall i n t e r f a c i a l 
o o 

temperatures of 1.5 C ^o 2 C were observed at the leading edge. 
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This confirmed what was expected. The decrease i n the 

thermal c o n d u c t i v i t y of the body m a t e r i a l at the leading edge meant 

a greater r e s i s t a n c e t o the energy flow at the leading edge. The 

e f f e c t o f t h i s was t h a t the condensate-wall i n t e r f a c i a l temperature 

increased at the leading edge. At 1000 rev/min, the c o o l i n g water 

flow r a t e , as f a r as the curved body was concerned, was at the maximum 

and the d i s t r i b u t i o n was b e t t e r , hence the drop i n the c o o l i n g 

w a t e r - w a l l i n t e r J a c i a l temperature at the leading edge i n d i c a t e t h a t 

a comparatively lower energy was crossing the boundary at the leading 

edge. 

Apart from the reduced thermal c o n d u c t i v i t y of the body m a t e r i a l 

at t h e l e a d i n g edge, there was t h e question of a x i a l conduction by 

the b o l t s . This would have the e f f e c t of r a i s i n g the w a l l temperature 

a t t h e l e a d i n g edge and producing s i m i l a r e f f e c t s . 

The complete e r a d i c a t i o n of t h e end e f f e c t s would have been 

d i f f i c u l t i n a case l i k e t h i s , though i t s magnitude could have 

been reduced. Nevertheless, the o v e r a l l e f f e c t i s small. 
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8.0 CONCLUSIONS 

The f o l l o w i n g i s a summary of the main p o i n t s of t h i s r e p o r t . 

The condensation of a vapour onto a general curved body r o t a t i n g 

w i t h the axis of symmetry v e r t i c a l was analysed. The theory developed 

f o r the process used the laminar f i l m model. Many other assumptions 

were made and these are l i s t e d i n section 3. The theory assumed t h a t 

the f i l m drainage was along the surface of the generator under the 

in 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 resolved 

along the surface. 

The general equation (3.1.21), which governed the r a t e of growth 

of t h e condensate f i l m , was developed and analysed. The analysis 

showed t h a t the equation represented a more general case than those 

derived by Nusselt ( 9 ) , Sparrow and Gregg (55) , Sparrow and Ha r t n e t t ( 6 9 ) 

and Howe ( 7 1 ) , a l l o f whose r e s u l t s could be obtained as sp e c i a l 

examples of the general r e s u l t . Above a l l , tho analysis o u t l i n e d 

the importance of the curvature term when d e a l i n g w i t h the condensation 

on r o t a t i n g bodies. I t was shown t h a t the curvature e f f e c t assisted 

the growth of the f i l m a t low r o t a t i o n a l speeds but the reverse was the 

case at higher speeds. 

Equation (3.1.21) was non-dimensionalised and solved t o y i e l d 

which a p p l i e s t o any axisymmetric body and requires only one i t e g r a t i o n 

f o r any given case. Equation (3.1.35) was applied t o the experimental 

curved body by: 

( i ) c o nsidering the generator as a smooth continous curve 

( i i ) c onsidering the generator as made up o f 450 truncated cones. 

473 F 
(3.1.35) 
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« 

The r e s u l t s showed t h a t the analysis without the curvature terra 

could over-estimate the f i l m thickness by up t o 71 per cent. This was 

r e f l e c t e d 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 . I t was shown t h a t 

w i t h o u t the curvature term, 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 could 

be under-estimated by 43 per cent f o r speeds of 3000 rev/min and over. 

The e f f e c t on the average heat t r a n s f e r c o e f f i c i e n t was s l i g h t l y 

l e s s a t 37.5 per cent. 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 

was expressed i n the form: 

= 1 (3.1.38a) 

and t h e Nusselt number based on distance as: Nu g [® A ] = s/fj 

(3.1.39a) 

The experimental r e s u l t s have shown t h a t some of th e assumptions 

made were f a r from expected. Due t o u n s a t i s f a c t o r y c o o l i n g at r o t a t i o n a l 

speeds below 100 rev/min, a x i a l conduction could not be avoided. I n 

a d d i t i o n , due t o t h e inhomogeneity of the body m a t e r i a l at t h e leading 

edge, and also the use o f b o l t s t o secure the cover p l a t e t o the 

curved body, a x i a l conduction a t the leading edge was i n e v i t a b l e at 

a l l speeds o f r o t a t i o n . The assumption o f no a x i a l conduction could 

not f u l l y be r e a l i z e d . 

The photographic evidence has shown t h a t the assumption of plane 

laminar f l o w along the generator was never found during the experiments. 

The flow was dominated by roll-waves and ridges. The comparison of 

t h e t h e o r e t i c a l and the experimental r e s u l t s have shown t h a t the laminar 

theory under-estimated the heat t r a n s f e r c o e f f i c i e n t s i n a l l the t e s t s 

c a r r i e d out. I t was explained t h a t t h i s was t o be expected because 

roll-waves have been shown by Kapitza (24), F r i s k and Davis (81) 

and Leonard and E s t r i n (25) t o enhance heat t r a n s f e r . I t became cle a r 

from the discussion t h a t there i s no d e f i n i t e r u l e governing the degree 
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of enhancement. Kapitza (24) p r e d i c t e d 21 per cent w h i l e F r i s k 

and Davis (81) observed over 100 per cent increases i n the heat 

t r a n s f e r r a t e . Howe (71) also observed 20 t o 90 per cent increases 

i n heat t r a n s f e r r a t e on h i s cones and the author 20 t o 44 per cent 

i n the^roll-waves region but 5.5 t o 44 per cent over the e n t i r e range 

covered by t h e experiment. I t i s t h e author's b e l i e f t h a t the degree 

of enhancement i s l i n k e d t o the turbulence associated w i t h the r o l l -

waves and w i l l t h e r e f o r e be a f u n c t i o n of the f i l m thickness. This 

i s something that could be looked i n t o i n the f u t u r e . 

Despite the f a c t t h a t the assumptions about the laminar model 

and a x i a l conduction were not i u l l y r e a l i z e d , the comparison of the 

t h e o r e t i c a l and experimental curves leave one i n no doubt t h a t the 

agreement between the theory and t h e experimental work i s good. The 

author t h e r e f o r e strongLy recommends tho t h e o r e t i c a l p r e d i c t i o n s 

presented i n t h i s r e p o r t f o r the analysis of the condensation.on 

r o t a t i n g bodies. I t should however be borne i n mind t h a t because o f 

surface waves and the departure from the simple laminar flow, the 

t h e o r y w i l l always under-estimate the heat t r a n s f e r c o e f f i c i e n t . 

The degree o f the under-estimation v / i l l depend on the f i l m thickness and 

hence the geometry and the speed of r o t a t i o n . The knowledge a v a i l a b l e 

a t t h e moment makes i t d i f f i c u l t t o l a y down any r u l e s t h a t w i l l 

c o r r e c t f o r the d e v i a t i o n s . The experimentalist i s advised t o determine 

th e order and the magnitude of the d e v i a t i o n f o r a given case. The 

t h e o r e t i c a l p r e d i c t i o n s presented here should o f f e r the basis or 

p l a t f o r m from which t o work. 

For the experimental curved body studied here, 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 i s expressed by: 

= M . 1 (7.3.1) n 
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where M i s a c o r r e c t i o n f a c t o r and has no dimensions or u n i t s . 

M has the value of 1.055 t o 1.440 f o r the above case depending on 

the r o t a t i o n a l speed, and i t i s obtained from curve ( c ) of f i g . 15. 

The f l u i d p r o p e r t i e s o f t h e condensate i n the constant A namely, v, c, k 

and Pr, are evaluated at the Drew reference temperature of T = T - 0.750, 
* sat ' 

and the enthalpy of condensation h a t the s a t u r a t i o n temperature T 
£g sat. 

I t should be c l e a r t h a t the task o f the experimentalist i s simply 

t o determine the c o r r e c t value of M f o r a given case i n order t o use 

the t h e o r e t i c a l r e l a t i o n s h i p s presented here. Where t h i s cannot be 

done, The M. values presented here should o f f e r a guide l i n e . 

The assumption o f f i l m drainage along the generator, together w i t h 

the r e s t o f the assumptions were j u s t i f i e d . The photographic evidence 

has shown t h a t c o n t r a r y t o Howe's (71) p r e d i c t i o n s , drop detachment 

was not observed and t h a t the drainage was along the generator. I n 

th e l i g h t of the experimental evidence, the c r i t e r i o n f o r the onset of 

th e detachment of drops were re-appraised. A new c r i t e r i o n based 

on the non-dimensional condensate f i l m thickness has been proposed. 

The c r i t e r i o n s t a t e s t h a t the non-dimensional condensate f i l m thickness 

^, must be equal t o or g r e a t e r than 1.8 f o r the detachment of drops 

t o be p o s s i b l e . The c r i t e r i o n i s based on the experimental evidence of 

Howe (7 1 ) , Smith ( 7 7 ) , Gerstmann and G r i f f i t h (38) and t h a t of t h e author. 

However, i t can only be a p r o p o s i t i o n u n t i l f u r t h e r experimental 

evidence, p r e f e r r a b l y from other e x p e r i m e n t a l i s t s , become a v a i l a b l e 

t o e s t a b l i s h or disprove i t . 
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APPENDIX A 

Thermal c o n d u c t i v i t y o f body m a t e r i a l 

The thermal c o n d u c t i v i t y o f the body m a t e r i a l was determined both 

d i r e c t l y and from the measurements o f the 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 Rodgers (82) gave a c o r r e l a t i o n between the 

thermal 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 several binary copper a l l o y s . 

I n 1935, Smith and Palmer (83) extended the study t o include commercial 

copper a l l o y s . More r e c e n t l y (1973), Koh and F o r t i n i (84) f u r t h e r 

extended the study t o cover porous m e t a l l i c m a t e r i a l s . 

I n 1965, Powell (85) reviewod the published data f o r the c o r r e l a t i o n 

o f thermal 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 both s o l i d and l i q u i d 

phases of a wide range o f m a t e r i a l s . Powell gave the equation f o r the 

thermal c o n d u c t i v i t y o f copper a l l o y s as: 

k = C a T + C 0 A l w 1 2 

where cr = e l e c t r i c a l c o n d u c t i v i t y of the m a t e r i a l w i t h u n i t s (1/Qn) 

T = absolute temperature K 

C = 2.39 x 10~ 8 W fi/K2 

C. = 7.5 W/mK 

By measuring the e l e c t r i c a l r e sistance ( r ) o f a conductor of length (<£), 

c r o s s - s e c t i o n a l area (a) and a t a temperature T, equation A l can be 

solved by s u b s t i t u t i n g cr = ^ / a r . 

F i g . A l shows the diagrammatic arrangement of the apparatus used 

t o measure the e l e c t r i c a l r e sistance o f a specimen of the body m a t e r i a l . 

The specimen was removed from the c y l i n d r i c a l base of the experimental 

Dody and machined t o 0.0014m. diameter and 0.10m. long. The temperature 

o f the specimen was v a r i e d by the o i l bath. A current of 1.0 Amps, was 

passed through t h e specimen and the voltage drop across i t measured. 

Prom the readings tho r e s i s t a n c e was estimated. 
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The by-pass c i r c u i t was necessary t o e l i m i n a t e d r i f t i n g i n the voltage 

readings due t o the change i n re s i s t a n c e of the c i r c u i t r y as a r e s u l t 

o f e l e c t r i c a l h e a t i n g . F i g . A3 shows a p l o t of the thermal c o n d u c t i v i t y 

against temperature as obtained w i t h the above apparatus. 

To check the above r e s u l t s , an experiment was devised t o measure 

the thermal c o n d u c t i v i t y d i r e c t l y . F i g . A2 shows the d e t a i l s of the 

mam pa r t s o f t h e apparatus employed. A t e s t specimen, also removed from 

the c y l i n d r i c a l base, was machined t o 0.007m. diameter and 0.145m. long. 

I t was heated e l e c t r i c a l l y a t one end and cooled at the other end by 

water. The temperature d i s t r i b u t i o n across the specimen which was w e l l 

i n s u l a t e d was determined. The thermal c o n d u c t i v i t y o f the m a t e r i a l was 

determined from the Four i e r r a t e equation: 

Q = -k a (dT/dx) w 
where "Q" i s the energy flow r a t e , "a" the c r o s s - s e c t i o n a l area of 

the specimen and dT/dx the temperature gradient. The r e s u l t s o f these 

t e s t s are also shown i n f i g . A3 and i t can be observed t h a t they confirm 

the r e s u l t s from the e l e c t r i c a l method. A comparison between the thermal 

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 of copper a l l o y s w i t h composition close t o 

t h a t o f the body m a t e r i a l (H.T.B.l), showed t h a t equation A l p r e d i c t e d the 

thermal c o n d u c t i v i t y t o w i t h i n -3 per cent o f the measured value. 

From f i g . A3, the thermal c o n d u c t i v i t y of the body m a t e r i a l was 

derived as: 

H = 190.4 
*w 

T + 273 w 
T + 776.6 w 

+ 7.5 
m C 

where T i s the m a t e r i a l temperature i n degrees centigrade (°C). w 
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APPENDIX B 

Comparison o f t h i n - w a l l and t h i c k - w a l l theories 

Consider the element db o f the w a l l o f the curved body at p o s i t i o n b 

from t h e i n n e r surface. The surface area o f t h e element i s given by: 

A = 2^ J R ds 

R = D - f"R - b ] Cos (s/(R - b ) ) 

and % = 2TT £ Ds - [ R r - b ] 2 Sin ( s / ( R r - b ) ) | 

Now consider the case when T. and T are constant ( i . e . no a x i a l conduction). 
1 o 

From Fou r i e r ' s equation, 

Q/A* = -k dT/db w 

2rr £DS - [ R r - b ] 2 Sin ( s / ( R r -b))J 
- k dT 

W i b 

db = r 

Ds - [ R r - b ] Sin ( s / ( R r - t>)) "J- Jj. 
dT 

Q = 2TT k w ( T Q - T.) 
db 

Ds - [R - b ] 2 Sin ( s / ( R r - b ) ) 

( B l ) 



- 114 -

Equation ( B l ) i s t h e conduction equation f o r the curved body shown. 

At the l e a d i n g edge, the body approximates t o a t h i c k - w a l l 

c y l i n d e r . 

s/(R - b) i s small and Sin (s/(R - b ) ) = s/(R - b) r r r 
I f the s u b s t i t u t i o n i s made and equation ( B l ) i s i n t e g r a t e d the s o l u t i o n 

becomes 

2ns k w ( T Q - T x ) (B2) 
O where R = R + B 

- o 1 
In (R /R.) o 1 

Equation (B2) i s e a s i l y recognised as the conduction equation f o r a 

t h i c k - w a l l c y l i n d e r . I f (sAR^ - b ) ) = TT/2, equation ( B l } y i e l d s 

t h e s o l u t i o n : 
2 

Q = 
- D k (T - T.) 
T r w o 1 

I n 
R r ^ 2 R c ~ T r D ̂  
R (2R - TTD) L o r 

(B3) 

For the experimental curved body, D = 0.2794,m. 

R = 0.1346m. and R = 0.1524m. 
c r 

S u b s t i t u t i n g i n t o equation (B3), 

Q = 14.980 k (T - T.) (B4) w o 1 
I f t he t h i n - w a l l theory i s assumed and the analysis i s based on the 

area a t t h e mean radius (R = R. + B/2). then 
m I ' 

Q = k H (T - T.)/B w m o i 

S = 0.2666 m 2 and l/B = 56.2 m 

Hence Q = 14.983 k (T - T.) (B5) 
w o i 

The comparison o f equation (B4) and equation (B5) show t h a t the t h i n -

w a l l theory could be used w i t h o u t any s i g n i f i c a n t loss i n accuracy. 
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Appendix C 

A p p l i c a t i o n s of equation (3.1.35) 

To show the v a l i d i t y of equation (3.1.35) and the ease of i t s 

a p p l i c a t i o n s , the above equation i s a p p l i e d to the c y l i n d e r , the 

disc and the cone. The two forms of equation (3.1.35) namely, 

equation (3.1.36) and equation (3.1.37) are i l l u s t r a t e d by applying 

equation (3.1.36) t o the d i s c w h i l e equation (3.1.37) i s applied t o 

the c y l i n d e r and the cone. 

The c y l i n d e r 

•R • 

P = 0 

-4 

Equation (3.1.37) i s given by 
s 2 V 

/ $ ( * Sini|i + OCOST^) ' 3 ds 
— 2 ^ 
($ Sinip + $Cosi|>) ' 3 

3a 

For the c y l i n d e r , 3 = 0 = 

Hence 

K = Rw /g = constant 
8 . , / $' 3ds 4 4 o 

" 3oT 

4 4 
n = 3 a " s 

/ 2 
M 8 

3 g 

6^ = 1^ = 4As/3g (CI) 

Equation (CI) should be recognised as equation (3.1.24a) which was 

shown to be the Nusselt (9) expression f o r the condensation on a 

v e r t i c a l w a l l . 
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The d i s c 

•*"*// t * / / t / t ////////// 

* t * * , * , J * * 

Equation (3.1.36) i s given by: 

4 4 f l 0 (5/SinX) (£2SinX + CCosX)^3 d? — ™_ 
(5 SinX + £CosX) / 3 

For t h e s o l i d d i s c , angle 3 i s constant and £ 0 " 0 

6 - ir/2 - X; £ = Ru>2/g 

4 4 o Hence n = - j ^ 

n* - 1/2 

and 6 4 = w~2A/2 (C2) 

Equation (C2) compares w i t h equation (3.1.27) which was shown t o be 

the Sparrow and Gregg (55) s o l u t i o n f o r the condensation on a r o t a t i n g 

d i s c . 

The Cone 

For the cone, the angle 6 i s constant. 

From equation (3,1.37) 

/ *(* Sinty + $Cosip) / 3 ds 4 4 
n - 3 ^ ($ 2SiniJ> + * C o 8 * ) ^ 3 
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Here 3 = = constant 

For a truncated cone, 

£ = Rw2/g = ( u 2 / g ) ( R o + s.Sinip) - $ 

For a s o l i d cone, R i s zero. 
* o 

I t should be appreciated t h a t even though i|i and <S> are known, equation 

(3.1.37) i s best solved by numerical i n t e g r a t i o n . However, i f equation 

(3.1.37) i s r e - w r i t t e n as: 
A 4 *o ^ C*Sini/j + Costy)^* ds 

n = 1« m— 

$ '3 ($sini|> + CosifO ' 3 

and $ i s assumed l a r g e , i . e . h i g h r o t a t i o n a l speeds, the s o l u t i o n becomes, 

4 j / Q (R Q + s.Sing) '3 ds 
n " 3 S i n 3 (R Q + s.Sing) C /3 

For a s o l i d cone t h i s becomes, 

n 4 - l / ( 2 S i n 2 3 ) 

and 6 4 = to 2A/(2Sin 23) (C3) 

Equation (C3) i s i n agreement w i t h equation (3.1.28) which i s recognised 

as the Sparrow and H a r t n e t t (69) s o l u t i o n f o r the condensation on r o t a t 

i n g cones when g r a v i t y was neglected. 
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F u l l scale photograph at 0.0 rev/min PLATE 1 
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PLATE 2 F u l l scale photograph at 50 rev/min 
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PLATE 3 F u l l scale photograph at 100 -rev/min. 
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PLATE 4 F u l l scale photograph at 150'rev/min 



PLATE 5 F u l l scale photograph at 200 rev/min. 
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PLATE 6 F u l l scale photograph at 300 rev/min. 



PLATE 7 F u l l scale photograph at 500 rev/min 
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PLATE 8 F u l l scale photograph at 1000 rev/min. 
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PLATE 9 Curved body at 100 rev/min. No drops 



Curved body at 150 rev/min. PLATE 10 Drops at base 
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PLATE 11 Curved body a t 1000 r e v / Drops at base m m 


