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ABSTRACT 

As r o t a t i n g machines become l a r g e r , an i n c r e a s i n g number o f p l a i n j o u r n a l 

bearings operate i n the t u r b u l e n t regime. The a d d i t i o n o f s m a l l amounts o f 

h igh molecular weight polymers to the l u b r i c a n t o f f e r s an a t t r a c t i v e method 

o f c o u n t e r a c t i n g the increased power l o s s . This e f f e c t has p r e v i o u s l y been 

i n v e s t i g a t e d f o r t u r b u l e n t f l o w i n p i p e s . 

Experiments are descr ibed on the o p e r a t i o n o f a f o u r - i n c h d iameter bea r ing 

l u b r i c a t e d w i t h a ve ry d i l u t e , aqueous s o l u t i o n o f po ly ( e thy l ene o x i d e ) . 

I t i s shown t h a t the f i l m ex t en t i n l a r g e clearance bearings i s v e r y 

dependent on the o p e r a t i n g parameters. A numer ica l ana ly s i s based on the 

Reynolds equa t ion i n d i c a t e s t h a t a minimum d i s s i p a t i o n p r i n c i p l e can be used 

t o e x p l a i n the delay i n the f o r m a t i o n o f a f u l l w i d t h f i l m . 

The t r a n s i t i o n t o tu rbu lence occurred a t a Reynolds number o f 2000* 

There was l i t t l e evidence o f T a y l o r v o r t i c e s . The bear ing f r i c t i o n was 

s i g n i f i c a n t l y a f f e c t e d by the angular momentum o f the leakage f l o w . 

Very low concen t ra t ions o f polymer were f o u n d to be e f f e c t i v e i n reduc ing 

the f r i c t i o n . T y p i c a l l y , 0.005$ by weight caus ing a r e d u c t i o n o f 45$ a t a 

Reynolds number o f 3500. The b e a r i n g was a l so s i g n i f i c a n t l y s t a b i l i s e d aga ins t 

w h i r l i n g , a l though the pressure d i s t r i b u t i o n was unchanged. 

The polymer became i n e f f e c t i v e a f t e r approximate ly twenty passes th rough 

the b e a r i n g . The degradat ion caused by shear ing w i l l probably be the f a c t o r 

l i m i t i n g commercial e x p l o i t a t i o n o f f r i c t i o n r e d u c t i o n i n t u r b u l e n t b e a r i n g s . 



NOTATION 

c mean r a d i a l c learance 

d p ipe diameter 

D bear ing diameter 

e e c c e n t r i c i t y 

F f r i c t i o n f o r c e 

h f i l m th ickness 

k sur face roughness f a c t o r 

L a x i a l bea r ing w i d t h 

m mass f l o w r a t e o f l u b r i c a n t 

M = p h ^ 2 

N s h a f t speed ( r e v s / s ) 

p pressure 

P mean bear ing pressure = W/LD 

Q volume f l o w r a t e 

R bea r ing r ad ius 

T f r i c t i o n torque 

u v e l o c i t y i n p ipe f l o w ; v e l o c i t y i n d i r e c t i o n r o t a t i o n 

U sur face v e l o c i t y 

V mean v e l o c i t y i n p ipe f l o w 

W b e a r i n g l o a d 

x d i s tance round bea r ing i n d i r e c t i o n o f r o t a t i o n 

r 
y d i s tance across b » e a i n g normal t o d i r e c t i o n o f mot ion 

d i s tance f r o m p ipe w a l l 

z d i s tance f r o m b e a r i n g sur face through f i l m th i ckness 
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a angle i n y-space a f t e r m i n . f i l m th ickness f o r f i l m breakdown 

a* angle a f t e r m i n . f i l m th ickness f o r f i l m breakdown 

/S angle a f t e r max. f i l m th ickness f o r f i l m f o r m a t i o n 

y angle round b e a r i n g f r o m max. f i l m th ickness acco rd ing t o Sommerfeld 
t r a n s f o r m a t i on 

€ e c c e n t r i c i t y r a t i o = e/c 

r) l u b r i c a n t v i s c o s i t y 

8 angle round bea r ing f r o m max, f i l m th ickness i n d i r e c t i o n o f r o t a t i o n 

6^ angle a t s t a r t o f f i l m 

0£ angle a t breakdown o f f i l m = ir + a' 

v l u b r i c a n t k inemat i c v i s c o s i t y = r\/p 

p l u b r i c a n t d e n s i t y 

r shear s t r e s s : r w a l l shear s t r e s s 
' w 

4> l u b r i c a n t o u t l e t temperature 

<ji a t t i t u d e ang le , between l i n e o f centres and l o a d d i r e c t i o n 

a s h a f t speed ( r a d i a n s / s ) 

f = 2T^/V p f r i c t i o n f a c t o r p ipe f l o w 

F* = Fc/nULR 

FC = F R / W C 

h* = h/c 

i f = p * h , 3 / 2 

p* = pc2/6UR7j 

Q* = 2Q/UcL 

Re = Reynolds number = Uc/ i ; bear ings 

= Vd/i> pipe f l o w 

2 2 

S = Sommerfeld number = Pc /NR 77 

T ° = T / N 2 D \ B 

w* = W c 2 / 6 U R % 

y* = y / L 



INTRODUCTION 

'To the machine des igner , a l l bear ings are necessary e v i l s 
c o n t r i b u t i n g n o t h i n g t o the produc t o f the machine; and 
any v i r t u e s they have are o n l y o f a negat ive o r d e r . 
T h e i r mer i t s c o n s i s t i n absorbing as l i t t l e power as 
p o s s i b l e , wear ing ou t as s l o w l y as p o s s i b l e , occupying as 
l i t t l e space as poss ib l e and c o s t i n g as l i t t l e as 
p o s s i b l e 1 . 

A bea r ing i s used to separate s u r f a c e s , so p r e v e n t i n g the t r a n s m i s s i o n o f 

undes i rab le f o r c e s . I n r o l l i n g - c o n t a c t bea r ings , the sur faces are mechanica l ly 

separated and the l u b r i c a n t o n l y improves the o p e r a t i o n . P l a i n bear ings must 

be l u b r i c a t e d because the f l u i d f i l m i s i n t r i n s i c a l l y i n v o l v e d w i t h the 

mechanism o f s epa ra t i on . 

H y d r o s t a t i c p l a i n bear ings can operate w i t h o u t r e l a t i v e mot ion o f the 

su r faces ; f l u i d i s supp l i ed a t h i g h pressure t o f o r c e the su r faces a p a r t . 

Hydrodynamic p l a i n bear ings are s e l f a c t i n g . High pressures are produced 

i n t e r n a l l y as a consequence o f r e l a t i v e mot ion o f the sur faces , wh ich must 

bound a converging wedge o f f l u i d . The most common geometry, the j o u r n a l 

b e a r i n g , can be b a s i c a l l y considered as a c i r c u l a r s h a f t passing t h rough a 

s l i g h t l y l a r g e r h o l e . Rad ia l loads f o r c e the s h a f t i n t o an eccen t r i c p o s i t i o n , 

so f o r m i n g a wedge o f f l u i d . There w i l l no t be any wear as l o n g as the hyd ro -

dynamic pressures are h i g h enough t o p revent c o n t a c t . Dur ing s topping and 

s t a r t i n g , o r when over loaded, the f i l m th ickness can be reduced t o the same 

order as the su r face roughness. Only then does the choice o f l u b r i c a n t and 

b e a r i n g m a t e r i a l become i m p o r t a n t . 

As l o n g as f u l l hydrodynamic o p e r a t i o n i s main ta ined the f r i c t i o n a l 

f o r c e s are v e r y s m a l l , b e i n g caused by the shearing o f the f l u i d . A w e l l 

designed bea r ing can c a r r y h i g h loads b e f o r e any con tac t occurs . The f r i c t i o n 

i s no rma l ly p r o p o r t i o n a l t o the speed b u t i s almost independent o f the l o a d 

M i c h e l l 

>Pior> 1 
m / r * " Missus 

4 APR J972 
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c a r r i e d . A t h i g h loads the : f r i c t i o n c o e f f i c i e n t can he as low as 0.0005. 

Hydrodynamic bear ings are most s u i t a b l e f o r surface v e l o c i t i e s above 1 m/s. 

Almost any f l u i d can be used a l t hough a mine ra l o i l , be ing an e x c e l l e n t 

boundary l u b r i c a n t , i s most common. However a i r , water and l i q u i d sodium have 

a l l been used; s p e c i a l p recau t ions such as h y d r o s t a t i c s epa ra t i on might be 

necessary a t low speeds. The design o f l i q u i d l u b r i c a t e d hydrodynamic bear ings 

i s no t c r i t i c a l and M i c h e l l s i d e a l can be approached. 

Both r o l l i n g con tac t and hydrodynamic bearings have a l o n g h i s t o r y o f 

a p p l i c a t i o n , b u t the l a t t e r was the f i r s t type t o be r i g o r o u s l y analysed. 

A t t e n t i o n was r e s t r i c t e d t o the f r i o t i o n a l p r o p e r t i e s o f m a t e r i a l and l u b r i c a n t s 

u n t i l i t was d iscovered t h a t ve ry low f r i c t i o n s were sometimes achieved, and 

t h a t t h i s cou ld be assoc ia ted w i t h h i g h i n t e r n a l pressures . 

I n 1886, Reynolds produced an ex tens ive ana lys i s o f the hydrodynamic 

phenomenon which p rov ided the bas is f o r a l l the work t h a t f o l l o w e d . He formed 

a d i f f e r e n t i a l equa t ion and produced a n a l y t i c a l s o l u t i o n s f o r c e r t a i n 

r e s t r i c t e d cases. Al though the equa t ion was o r i g i n a l l y developed f r o m f i r s t 

p r i n c i p l e s , i t can be d e r i v e d as a p a r t i c u l a r case o f the Navier-Stokes 

equa t ions . The Reynolds boundary c o n d i t i o n s are s t i l l g e n e r a l l y accepted 

a l though they have been d i s p u t e d . 

The bas ic Reynolds equa t ion assumes: incompress ible Newtonian f l u i d ; 

n e g l i g i b l e cu rva tu r e s : l aminar f l o w ; constant v i s c o s i t y and pressure th rough 

the f i l m ; n e g l i g i b l e body f o r c e s ; n e g l i g i b l e f l u i d i n e r t i a , and steady 

c o n d i t i o n s . These r e s t r i c t i o n s are o f t e n r e a l i s t i c bu t the e f f e c t s o f dynamic 

l o a d i n g , t u r b u l e n t f l o w and non-Newtonian l u b r i c a n t s have a l so been s t u d i e d 

since the o r i g i n a l work. 

Dur ing l aminar f l o w there i s no l a r g e scale m i x i n g between the l a y e r s o f 

* References are g iven i n a l p h a b e t i c a l order a t the end o f the t h e s i s . 



f l u i d and the sur face drag i s p r o p o r t i o n a l t o the mean f l o w v e l o c i t y . Viscous 

f o r c e s predominate and any o s c i l l a t i o n s are q u i c k l y damped o u t . A t h igher f l o w 

v e l o c i t i e s , i n e r t i a fo r ce s become r e l a t i v e l y g r ea t e r and a t a c r i t i c a l p o i n t 

are comparable w i t h the viscous f o r c e s . O s c i l l a t i o n s are then a m p l i f i e d , the 

f l o w becomes uns table and i n t e r m i x i n g occurs . 

I n w e l l e s t ab l i shed t u r b u l e n t f l o w , the i n e r t i a f o r c e s predominate and 

the v e l o c i t i e s i n the core o f the f l o w f l u c t u a t e randomly. The f r i c t i o n a l drag 

i s p r o p o r t i o n a l t o the square o f the mean v e l o c i t y . Near t o the w a l l t he re i s 

a t h i n l a y e r u n a f f e c t e d by the tu rbu lence c a l l e d the l amina r sub layer . I t s 

th ickness depends on the sur face roughness and the r e l a t i v e importance o f 

i n e r t i a f o r c e s . A non-dimensional group, the Reynolds number, i n d i c a t e s the 

r e l a t i v e importance o f the two f o r c e s and so can be used t o p r e d i c t the onset 

and ex t en t o f t u rbu l ence . 

A t h i g h values o f the Reynolds number the mean v e l o c i t y i s h i g h 

throughout the t u r b u l e n t core because o f v igorous i n t e r m i x i n g and the l aminar 

boundary l a y e r i s a c c o r d i n g l y v e r y t h i n . 

The viscous shear s t ress f o r a Newtonian f l u i d i s g iven by 

^du 
v i s e dy 

This i s the o n l y f o r c e i n v o l v e d i n l aminar f l o w . The v e l o c i t y has t o f a l l 

v e ry r a p i d l y across the laminar sublayer i n t u r b u l e n t f l o w and so the shear 

s t r e s s a t the w a l l i s h i g h . 

The t u r b u l e n t shear s t r e s s has an a d d i t i o n a l component T M due to l a r g e 

scale momentum exchanges, whereas the v iscous s t r e s s can be considered due t o 

momentum exchanges on a molecular s ca l e . 

T i s due t o the f l u x o f x-momentum f r o m the middle o f the f l o w towards 
T 

the boundary w a l l s . I t s magnitude i s g iven by p ( u ' v ' ) , where u ' v 1 i s the 
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mean o f the produc t o f the two f l u c t u a t i n g v e l o c i t y components; the f l o w 

v e l o c i t y i n the x d i r e c t i o n be ing u = u* + u . This s t ress i s non zero f o r the 

usual s i t u a t i o n where u ' and v 1 va ry randomly. 

A hydrodynamic j o u r n a l b e a r i n g i s one o f the few f l o w s i t u a t i o n s t h a t i s 

no rma l ly l amina r . However as r o t a t i n g machines become l a r g e r , an i n c r e a s i n g 

number o f bear ings operate i n the t u r b u l e n t regime. This s i t u a t i o n i s becoming 

p r e v a l e n t i n modern h i g h output t u r b o - a l t e r n a t o r s which use o i l - l u b r i c a t e d 

bear ings up t o 0.6m i n diameter . Some nuclear power p l an t s use l i q u i d sodium 

as a l u b r i c a n t , t h i s has a low v i s c o s i t y and so the bearings are o f t e n 

t u r b u l e n t . 

The t o t a l power l o s s i n the bear ings o f a l a rge power p l a n t has been 

es t ima ted as 0.5$ o f the t o t a l o u t p u t . The amount due t o t u r b u l e n t o p e r a t i o n 

can be as much as 2.5 MW; i t i s e v i d e n t l y impor tan t to know as much as poss ib l e 

about the design o f t u r b u l e n t bear ings and to reduce unnecessary l o s s e s . The 

increase i n f r i c t i o n accompanying tu rbu lence might be more acceptable i f the 

bea r ing l o a d c a p a c i t y increased p r o p o r t i o n a l l y . However on t h i s bas i s 

tu rbu lence i n bear ings has proved t o cause a r e d u c t i o n i n e f f i c i e n c y . 

One o f the most i n t e r e s t i n g recent d i s cove r i e s i n the f l u i d mechanics 

f i e l d i s the r e d u c t i o n i n the t u r b u l e n t drag t h a t can be caused by smal l 

a d d i t i o n s o f h i g h molecular weight polymers t o a f l u i d . T y p i c a l l y , a 0.005$ 

c o n c e n t r a t i o n can cause a r e d u c t i o n o f 50$. The phenomenon has been e x t e n s i v e l y 

i n v e s t i g a t e d i n pipe f l o w experiments and has been e x p l o i t e d i n severa l 

a p p l i c a t i o n s . However, the gradual r e d u c t i o n i n e f f e c t i v e n e s s as the polymer 

s o l u t i o n i s sheared g r e a t l y l i m i t s i t s use. 

The o b j e c t o f the p r o j e c t descr ibed i n t h i s r e p o r t was t o i n v e s t i g a t e the 

p o s s i b i l i t y o f r educ ing the losses i n t u r b u l e n t j o u r n a l bear ings by the 

a d d i t i o n o f a polymer t o the l u b r i c a n t . Reviews o f t u r b u l e n t b e a r i n g behaviour 

and polymer f r i c t i o n r e d u c t i o n are presented. Var ious problems encountered 
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th rough t e s t i n g a l a r g e scale e f f e c t on smal l scale apparatus are desc r ibed . 

F i n a l l y the e f f e c t s o f a h i g h molecular weight polymer on the f r i c t i o n , w h i r l 

s t a b i l i t y and l u b r i o a n t f l o w r a t e are discussed. 



TURBULENCE I N JOURNAL HEARINGS 

1. LARGE RELATIVE CLEARANCE: TRANSITION EFFECTS 

A. The conoent r ic case 

T a y l o r (1923, 1936) i n v e s t i g a t e d e x p e r i m e n t a l l y and t h e o r e t i c a l l y the 

s t a b i l i t y o f f l u i d between two c y l i n d e r s , one o f which was r o t a t i n g . The 

r e l a t i v e clearances (0.06 t o 0.34) were much grea ter than those f o r loaded 

j o u r n a l b e a r i n g s . The work i s r e l e v a n t because i t p rovides i n f o r m a t i o n about 

the t r a n s i t i o n r e g i o n , between laminar and t u r b u l e n t f l o w , which i s extended 

by us ing ve ry l a r g e c learances . T a y l o r ' s mathematical a n a l y s i s o f f l u i d 

s t a b i l i t y i s the o n l y example c l o s e l y agree ing w i t h exper imenta l r e s u l t s . 

Tay lo r p r e d i c t e d the onset and f o r m o f an i n s t a b i l i t y i n h i s exper imenta l 

apparatus, which cons i s ted o f two l o n g c y l i n d e r s cons t ra ined t o be c o n c e n t r i c . 

A h i g h l e n g t h t o gap r a t i o ensured t h a t end e f f e c t s were s m a l l . Dye was 

i n j e c t e d f r o m the w a l l o f the i n n e r c y l i n d e r and the f l o w observed th rough the 

t ransparen t o u t e r c y l i n d e r . 

W i t h the i n n e r c y l i n d e r r o t a t i n g , the f l o w was complete ly concen t r i c a t 

low speeds bu t broke down i n t o a secondary f l o w o f t o r o i d a l v o r t i c e s as the 

speed reached a c r i t i c a l va lue . These Tay lo r v o r t i c e s , as they are now c a l l e d , 

are shown i n F i g . l . They c o n s t i t u t e a steady secondary laminar f l o w and are 

not t o be confused w i t h t u rbu l ence . 

The onset o f the i n s t a b i l i t y was shown t o occur a t a c r i t i c a l value o f a 

non-dimensional group known as the T a y l o r number, Ta. 

Ta = LMpzL f o r C < C R 

A g e n e r a l l y accepted value o f the c r i t i c a l T a y l o r number i s 1708. 

At even h i g h e r speeds, the secondary f l o w became less s t ab le and f i n a l l y 

broke down i n t o turbulence a t a Reynolds number o f 2000. The Reynolds number 
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i s d e f i n e d b y : 

Re = 
27TRNC 

• • 
• • 
• • 

F i g . l . TAYLOR VORTICES 

W i t h the o u t e r c y l i n d e r r o t a t i n g , the f l o w was complete ly s tab le u n t i l i t 

aga in broke down i n t o tu rbu lence a t a Reynolds number o f about 2000. A f l o w 

system i s s t a b i l i s e d i f the produc t ( v e l o c i t y x r a d i u s ) increases w i t h the 

r a d i u s . 

T a y l o r per formed a second se r i e s o f experiments which showed t h a t the 

f r i c t i o n a l torque increased as l aminar f l o w broke down. Consider ing Torque a 

( s p e e d ) n , he found t h a t f o r l aminar f l o w n = 1 as expected. Dur ing t r a n s i t i o n 

n increased , reach ing a maximum o f about 1.8 when tu rbu lence was f u l l y 

e s t a b l i s h e d . The observed changes i n the f l o w were d i r e c t l y assoc ia ted w i t h 

the changes i n g r a d i e n t . 

R e l a t i n g T a y l o r ' s i n f o r m a t i o n t o j o u r n a l bear ings i . e . i nne r c y l i n d e r 

r o t a t i n g , v o r t i c e s w i l l o n l y appear i f the c r i t i c a l T a y l o r number i s reached 
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be fo re the onset o f t u r b u l e n c e . That I s : 

41.1 f < 2000 o r C

R > 

Journa l bear ings t y p i c a l l y have a clearance r a t i o o f about l/lOOO and so 

v o r t i c e s should f o r m a t He = 1300 and breakdown i n t o tu rbu lence a t He = 2000. 

This assumes the s h a f t and the bear ing t o be c o n c e n t r i c . 

B. The e c c e n t r i c case 

Castle and Mobbs (1967, 1970) have i n v e s t i g a t e d the e f f e c t o f 

e c c e n t r i c i t y on the f o r m a t i o n o f Tay lor v o r t i c e s . This i s o b v i o u s l y more 

r e l e v a n t t o j o u r n a l bea r ing o p e r a t i o n . T h e i r apparatus was s i m i l a r t o t h a t o f 

T a y l o r bu t enabled the i n n e r c y l i n d e r t o be d i s p l a c e d . The clearance r a t i o was 

a compromise between bea r ing p r a c t i c e and t h a t r e q u i r e d f o r obse rva t ion o f 

v o r t i c e s over a reasonable speed range. 

The main f i n d i n g s were : 

. . . The t r a n s i t i o n f r o m laminar t o t u r b u l e n t f l o w t o o k place i n s eve ra l 

d i s c r e t e steps r e p r e s e n t i n g d i f f e r e n t forms o f i n s t a b i l i t y . For example the 

v o r t i c e s d i d not extend comple te ly across the wide gap r e g i o n when f i r s t formed; 

bu t they suddenly jumped across a t a h igher speed. 

, . . Eccen t r i c o p e r a t i o n increased the c r i t i c a l T a y l o r number, t y p i c a l l y by a 

f a c t o r o f 3 f o r an e c c e n t r i c i t y r a t i o o f 0.7. 

. . . The onset o f the second i n s t a b i l i t y when the v o r t i c e s f i l l e d the clearance 

was associa ted w i t h a sudden increase i n the torque g r a d i e n t . 

These r e s u l t s are i n agreement w i t h those o f Cole (1957) who a l so found 

t h a t a x i a l f l o w can have a pronounced e f f e c t on the t r a n s i t i o n , i n c r e a s i n g the 

c r i t i c a l T a y l o r number. 

I f T a y l o r v o r t i c e s appeared i n j o u r n a l bear ings t h e y would be c l o s e l y 

f o l l o w e d by t u r b u l e n c e . The f a c t o r s adverse ly a f f e c t i n g the f o r m a t i o n o f 

s t ab l e secondary f l o w are as f o l l o w s : 
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1 . e c c e n t r i c i t y 

2 . a x i a l f l o w 

3. sma l l clearance r a t i o 

4 . tu rbu lence near l u b r i c a n t supply g roov ing 

5. an incomplete f i l m . 

Cole has observed v o r t i c e s i n a 1 8 0 ° bea r ing b u t they were ve ry i r r e g u l a r . 

Some s o r t o f c i r c u l a t i o n might p o s s i b l y occur i n the f u l l f i l m r e g i o n o f a 

complete j o u r n a l b e a r i n g . 
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2. JOURNAL BEARING CHARACTERISTICS 

A simple dimensional analysis i s possible f o r the journal bearing. For 

laminar flow, the viscous forces predominate and the important variables are: 

L, R, N, F, W, c, 77. A relationship can be produced using the Pi theorem. 

Where S i s the Sommerfeld number, defined by 

s 2 L _ f M 
2LRNnVR2,/ 

The e c c e n t r i c i t y r a t i o i s closely dependent on the value of S which indicates 

the degree of loading. According to t h i s simple analysis, the f r i c t i o n 

c o e fficient f o r a p a r t i c u l a r bearing w i l l depend only on the Sommerfeld number. 

When a bearing becomes turbulent, the i n e r t i a forces are important and 

f l u i d density must be considered. The modified non-dimensional relationship i s : 

( s ) - • • [ » . * . * . * 3 

Where Re i s the Reynolds number as defined by Taylor 

_ 27rNRc Re = — — v 

For turbulent operation, the f r i c t i o n characteristics of a bearing cannot 

be shown on a simple p l o t of two parameters because both Re and S must be 

considered. At constant S, the f r i c t i o n c o efficient i s constant f o r laminar 

flow but w i l l become dependent on Re a f t e r the t r a n s i t i o n , either to 

turbulence at Re = 2000 or t o Taylor vortices. 

F r i c t i o n measurements are often most conveniently taken f o r constant loads. 

This method i s satisfactory f o r laminar bearings but constant Sommerfeld 

number i s more useful f o r turbulent bearings. Cross-plotting between results 



lh 

at d i f f e r e n t loads can sometimes be used to compare results at constant S values. 

I f the ecce n t r i c i t y r a t i o can be accurately measured then i t can be used as an 

alternative method of analysis. 

For a concentric and completely f u l l laminar bearing, the f r i c t i o n torque i s 

given by the simple Petroff formula (which assumes a small clearance r a t i o and 

constant v i s c o s i t y ) : 

m5 2 T 

_ T?ND 7T L 
2c 

This equation can be r e w r i t t e n i n terms of a non-dimensional torque T* and 

the Reynolds number. 

Al t e r n a t i v e l y an expression can be derived involving the Sommerfeld number. 

P R 2ir 2 

i ' c = s 

A concentric bearing can not develop i n t e r n a l pressures and so carry a 

load. Because f l u i d s can normally withstand only small negative pressures, 

there w i l l be a caVitated region i n the diverging part of the f i l m . I n t h i s 

area the f l u i d breaks up i n t o filaments which contribute nothing to the load 

capacity although they increase the f r i c t i o n . 

The Petroff expression does not s t r i c t l y apply to a loaded bearing, but 

i t i s found to agree closely with experimental res u l t s . The error i n 

neglecting the ecc e n t r i c i t y , which increases the f r i c t i o n , i s o f f s e t by the 

reduced area of sheared f l u i d . An exact analysis i s possible taking into 

account the e c c e n t r i c i t y and the cav i t a t i o n , but there i s usually a 

considerable uncertainty i n both the value of the running clearance and i n 

the effective viscosity; therefore Petroff suffices. 
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The integrated pressure forces on the bearing and shaft act through the 

respective centres. This causes a difference i n the f r i c t i o n a l forces at the 

two surfaces; the shaft torque w i l l be greater by an amount We sin* to account 

fo r the o f f s e t . 

Experimental results f o r journal bearings operating i n both laminar and 

turbulent regimes are often plotted i n the form T* vs. Re. A log-log p l o t 

should show a gradient of -1 i n the laminar regime tending towards zero a f t e r 

the t r a n s i t i o n . Either constant Sommerfeld number or constant eccentricity i s 

the ideal t e s t condition but constant load i s often used. Apart from the 

d i f f i c u l t y of analysing the result s , there are certain p r a c t i c a l problems 

involved i n operating at constant load. A large shaft speed range has to be 

covered and so the e c c e n t r i c i t y varies greatly. A load which causes contact 

at low speeds i s often not high enough to suppress w h i r l at high speeds. Whirl 

i s a dynamic i n s t a b i l i t y caused by the mass of the shaft (or the mass of the 

bearing i f t h i s i s free) acting on the s t i f f n e s s of the l u b r i c a t i n g f i l m ; i t 

occurs only at low e c c e n t r i c i t y r a t i o s . 
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3. PREVIOUS EXPERIMENTAL INVESTIGATIONS 

The few previous experimental investigations of turbulent journal bearing 

behaviour show a variety of approaches i n arranging f o r the f i l m to have a high 

Reynolds number. The most r e a l i s t i c method i s to use a large diameter bearing 

with a normal clearance. An increased clearance r a t i o , low vis c o s i t y or high 

shaft speed i s more suitable f o r small scale laboratory apparatus. 

Unfortunately, results are often not d i r e c t l y comparable because of the 

differences between machines. I n pa r t i c u l a r the behaviour at the t r a n s i t i o n 

point i s affected. Some workers have a t t r i b u t e d t h e i r results to the 

appearance of Taylor vortices, others have noticed only a t r a n s i t i o n to 

turbulence. 

The Reynolds number usually used i s based on the mean clearance and an 

assumed mean lubricant viscosity. The actual value of Re w i l l vary round the 

f i l m and so turbulence w i l l develop gradually rather than suddenly encompass 

a l l of the f i l m . The mean Re value i s j u s t i f i a b l e because the f r i c t i o n a l torque 

i s a summation of the shear force over the whole bearing area. 

Three very d i f f e r e n t investigations are closely considered because they 

i l l u s t r a t e the behaviour of turbulent bearings and so provide a basis f o r 

the discussion of experimental results. The following table gives d e t a i l s of 

the apparatus. The mean Reynolds number, specified above, i s used f o r a l l 

the quoted r e s u l t s . 



DETAILS OF EXPERIMENTAL APPARATUS 

WILCOCK SMITH and FULLER HU&GINS 

0 . 2 0 3 0 . 1 0 2 0 . 0 7 6 0 . 6 1 Bearing Diameter (m) 
0 . 5 1 1 0 . 7 5 Width/Diamete r 

1 . 7 , 2 . 5 , 4 . 4 3 . 8 2 . 9 3 2 and 0 . 8 * clearance r a t i o x 1 0 ^ 
150 1 . 1 5 1200 power (kw) 
333 124 60 max speed ( r / s ) 

8570 4000 9000 max Re 
1 0 . 3 f o r a l l tests 4 . 6 2 1 . 4 max mean pressure (bar) 
white metal/steel bronze/st. steel white metal/steel bearing/shaft material 

OIL WATER OIL Lubricant 
grooves + 9 0 ° to load hole opp. load 0 

grooves + 90 to load o i l feed 
T, N, Q, e, temps, round 

bearing 
T, N, Q, e pressures round 
bearing. I n and Out temp. 

T, N, Q, e. I n and Out temp. parameters measured 

ou t l e t temp. ( I n + 0 u t ) / 2 Outlet temp. Mean temp, f o r visc o s i t y 

Bearing loaded through 
hydrostatic 

Bearing loaded through 
hydrostatic 

shaft loaded through pads Loading method 

Direct Direct Heat Balance F r i c t i o n measurement 

* E l l i p t i c a l bearing. 
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A. Wilcock ( 1 9 5 0 ) 

The f i r s t investigation into the characteristics of loaded journal 

bearings operating i n the turbulent regime was carried out by Wilcock i n the 

United States. His most int e r e s t i n g results are shown on Pig.2 i n the form of 

a log-log p l o t of T* vs. Re. 

As expected, Wilcock found that the torque was d i r e c t l y proportional to 

the Reynolds number at low speeds. Most of his results were taken with the 

bearings supplied at both the leading and t r a i l i n g i n l e t grooves. These showed 

a def i n i t e t r a n s i t i o n at about the speed predicted by Taylor f o r vortex 

formation. One set of r e s u l t s , unfortunately from a d i f f e r e n t bearing, were 

taken with only the leading groove supplied. This showed a t r a n s i t i o n at 

nearly twice the Taylor c r i t i c a l value although at less than the Reynolds 

number for f u l l turbulence. 

I n both cases the gradient of the curve changed from - 1 to nearly zero 

when turbulence was f u l l y established. However, the t r a n s i t i o n i s more gradual 

than that observed by Castle and Mobbs ( 1967 ) and Wilcock's suggestion that i t 

represents the appearance of vortices i s questionable. An i r r e g u l a r secondary 

flow might account f o r the behaviour but the t r a n s i t i o n would be expected at a 

Reynolds number greater than that predicted by Taylor f o r concentric flow. 

The increased t r a n s i t i o n a l Re value when only the leading groove i s 

supplied i s consistent with a shortening of the f i l m . This would decrease the 

r e a l Re and perhaps f u r t h e r s t a b i l i s e the f i l m against vortex formation. I t 

must be concluded, i n the l i g h t of Castle's and Mobbs' work, that the f r i c t i o n 

measurements are more r e a l i s t i c a l l y explained by the gradual growth of 

turbulence. 

The t r a n s i t i o n from laminar flow was also indicated by increased f i l m 

temperatures, by a lowering of the flowrate and by a decrease i n the 

eccentricity r a t i o . These parameters did not show the t r a n s i t i o n as d i s t i n c t l y 

as the increase i n torque. 



13 

Wilcock also p l o t t e d his results as f r i c t i o n c o e f f i c i e n t vs. Sommerfeld 

number. Fig.3 shows that the f r i c t i o n c o e f f i c i e n t was increased by turbulence. 

Both methods used i n the presentation of the results ignore the significance 

of one of the important factors and so neither are suitable f o r general 

comparisons. 

B. Smith and Fuller ( 1 9 5 6 ) 

The apparatus used f o r t h i s work was very similar to that of the 

present project, however the results are d i f f e r e n t . 

Smith and Fuller investigated both the f r i c t i o n a l losses i n a small water 

lubricated bearing and the change i n load capacity accompanying turbulence. 

The f r i c t i o n results f o r an unloaded bearing are shown i n Fig.2. The 

bearing was l i g h t l y loaded at high speeds to suppress w h i r l and the results 

were extrapolated to zero load. This procedure i s fundamentally more 

acceptable than that used by Wilcock but the information gained has l i t t l e 

application to a p r a c t i c a l s i t u a t i o n . The paper does not state i f the bearing 

weight and the effe c t of the supply pressure were accounted f o r . 

The experimental points follow the Petroff l i n e very closely u n t i l almost 

exactly the predicted Re f o r concentric Taylor vortices. A f t e r a well defined 

t r a n s i t i o n region the results can be represented by: 

T* = 0 . 6 0 5 Re" 0 , 4 3 

Lubrication with water offers several experimental advantages over 

mineral o i l s because of the reduced vi s c o s i t y and much smaller change with 

temperature. Power losses and f i l m temperatures are reduced, and the 

calculated mean viscos i t y more accurately represents the true s i t u a t i o n . 

However the results of Smith and F u l l e r are surprising because of the w e l l 

defined t r a n s i t i o n , which suggests that Taylor vortices can be formed i n a 
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bearing at low loads. No details of the lubricant supply are given but 

considering the position of the feed hole, the large clearance and the early 

t r a n s i t i o n , a high pressure was probably used to almost f i l l the bearing. The 

large a x i a l flow would be expected to s t a b i l i s e the bearing. 

Fig . 4 shows the effe c t of e c c e n t r i c i t y on the bearing f r i c t i o n . For a 

laminar f i l m the f r i c t i o n increases s l i g h t l y at high e c c e n t r i c i t y r a t i o s but 

f a l l s s l i g h t l y when the bearing i s turbulent. This i n t e r e s t i n g e f f e c t i s 

probably a consequence of the lowering of the mean Reynolds number causing more 

of the f i l m to become laminar. 

Measurements round the bearing showed that the pressure p r o f i l e was of a 

similar shape f o r both laminar and turbulent operation. The actual loads 

carried at certain eccentricity r a t i o s were compared with laminar theory. The 

values closely agreed before t r a n s i t i o n but the experimental load f o r a 

turbulent f i l m was higher than predicted. However the increase i n load capacity 

was not as great as the increase i n f r i c t i o n . On t h i s basis a turbulent 

l u b r i c a t i o n f i l m i s less e f f i c i e n t than a laminar f i l m . This r e s u l t corresponds 

to the trend towards higher f r i c t i o n c oefficients shown on Fig.3 f o r other 

investigations. 

Considering the increases i n the t r a n s i t i o n a l Reynolds number observed 

since t h i s work i t would be i n t e r e s t i n g to have d e t a i l s of the lubricant 

flowrate and feed pressure. The significance of the results could then be 

evaluated. 

C. Huggins ( 1 9 6 6 ) 

This work i s i n t e r e s t i n g because i t involves tests on a large turbo

generator bearing. 

The r i g was designed around a fix e d bearing because t h i s arrangement i s 

dynamically more r e a l i s t i c than the f i x e d shaft usually chosen f o r 
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experimental apparatus. However t h i s method excludes dir e c t f r i c t i o n 

measurement and Huggins resorted to a heat balance calculation, which i s obviously 

not as satisfactory and throws a certain amount of doubt onto the res u l t s . 

As can be seen i n Pig.2 , there i s a change i n the T*/Re gradient at about 

Re = 2000 . There does not appear to be a Taylor vortex condition. One 

interesting aspect of t h i s p l o t i s that the pr e - t r a n s i t i o n results l i e on a l i n e 

of slope - 0 . 5 6 not - 1 as expected. This effect i s also noticeable i n the 

Sommerfeld p l o t shown on Fig.3* 

A l o t of results were manipulated so that the v a r i a t i o n of the f r i c t i o n 

c o e f f i c i e n t with Reynolds number could be shown at constant Sommerfeld number. 

Fig.5 shows that i n e r t i a forces are important even before the t r a n s i t i o n , 

causing a dependency on Re. Huggins f e l t restrained from using the term 

laminar f o r the pre - t r a n s i t i o n region c a l l i n g i t quasi-laminar. The o i l 

grooving was p a r t i c u l a r l y generous i n t h i s case; i t i s probablg that the flow 

i n these areas became turbulent at very low speeds. The sudden t r a n s i t i o n 

would then occur when the remainder of the f i l m became-, turbulent. 

I t i s d i f f i c u l t to draw any satisfactory conclusions about the 

fundamental behaviour of turbulent bearings from t h i s work but i t indicates 

the effects encountered i n a p r a c t i c a l s i t u a t i o n . 
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TURBULENT FRICTION SEDUCTION BY HIGH MOLECULAR WEIGHT POLYMERS 

1. PREVIOUS INVESTIGATIONS 

The phenomenon of reducing f r i c t i o n a l losses i n turbulent flows by the 

addition of polymers was f i r s t described by Toms (1948) and i s generally known 

by his name. The effec t i s surprising because of the large reductions caused 

by low concentrations and because the polymer s l i g h t l y increases the bulk 

visco s i t y of the f l u i d . The actual reduction depends on many factors, but i s 

t y p i c a l l y 50% with 0.001$ to 0.01$ by weight of added polymer. The f l u i d 

remains essentially Newtonian i n the laminar regime. Molecular weights of about 

one m i l l i o n or above are necessary. 

I t i s important to note that only the Toms eff e c t described above w i l l be 

considered. Some investigators have measured s l i g h t drag reductions using 

polymers which cause noticeable shear thinning or viscoelastic effects; however 

high concentrations are necessary and the laminar behaviour i s affected. I t 

has been found that large additions of wood pulp or glass fibres can cause a 

drag reduction i n turbulent flow. Although these phenomena might involve the 

same basic mechanism as the true Toms ef f e c t , they can be d i f f e r e n t i a t e d from 

i t by smaller f r i c t i o n reductions, higher concentrations and modified laminar 

behaviour. 

The solutions that e x h i b i t the Toms effect are not s i g n i f i c a n t l y 

viscoelastic as normally measured, but t h i s does not exclude v i s c o e l a s t i c i t y 

as a possible cause. I n f a c t i t i s certain that the production and dissipation 

of turbulent energy are affected by the polymer. 

A large number of investigations have followed Toms' report. 

Unfortunately much of the information i s c o n f l i c t i n g but some generally 

accepted facts w i l l be presented before detailed results are discussed. 
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1. F r i c t i o n reduction begins at a c r i t i c a l value of the wall shear 

stress which depends on the polymer type, concentration and 

molecular weight. 

2. The greatest reduction i s caused by l i n e a r polymers with few side 

branches and f l e x i b l e linkages. The base f l u i d should be a good 

solvent f o r the polymer. 

3. The polymer must be present near the wall f o r f r i c t i o n reduction 

and the concentration i n t h i s region i s important. 

4. The polymer increases the thickness of the laminar sublayer 

without appreciably a f f e c t i n g the flow i n the turbulent core. 

5 . A l l polymers become less e f f e c t i v e at reducing f r i c t i o n a f t e r 

some time. This degradation i s probably caused by a reduction 

i n the average molecular weight by mechanical fracture of the polymer 

chain. 

6 . Laminar to turbulent t r a n s i t i o n i s not delayed and the f r i c t i o n 

i s always greater than the extrapolated laminar value. 

A pipe flow system i s probably the simplest way to investigate turbulent 

drag reduction. Pressure drop measurements can easily be made accurately and 

a great.deal of information i s known about t h i s type of flow. Not 

surprisingly, almost a l l of the previous investigations used t h i s method and 

most of these used water as the solvent. 

Most of the important features of polymer drag reduction were presented 

i n Toms 1 paper. However he used a rather unusual solution (polymethyl 

methacrylate i n monochlorobenzene) and some of his results are d i f f i c u l t to 

i n t e r p r e t . Two l a t e r pipe flow studies w i l l be used to i l l u s t r a t e the main 

features of the e f f e c t . Figs. 6 and 7 show the results i n the usual f r i c t i o n 

factor against Reynolds number form. 
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Prom White's results (1966) i t can be seen that the polymer does not a f f e c t 

laminar flow and that there i s a s t r i k i n g l y sharp change i n the f r i c t i o n when 

drag reduction begins. The onset of the reduction i s highly dependent on the 

pipe diameter, and was shown by White to correspond to the concept of a c r i t i c a l 

w a ll shear stress. Taken with some of his other results he has shown that t h i s 

c r i t i c a l value varies only s l i g h t l y with concentration. Assuming that Blasius* 
-0.25 

law i s v a l i d f o r t h i s Reynolds number range i . e . fa Re ° then f o r a 
8/7 

p a r t i c u l a r l y polymer ^QNSET ° ^ " h^ s e xP r e a s ;*- o n agrees closely with White's 
results. 

The diameter effe c t caused some confusion during the early investigations, 

p a r t i c u l a r l y those using a small diameter pipe f o r which the results were 

interpreted as an extension of laminar flow. The p r a c t i c a l usefulness of the 

Toms effect i n pipe flow systems i s severely l i m i t e d by the dependence on pipe 

diameter. Although the flow i n large diameter pipe l i n e s , such as those used 

f o r o i l transportation, i s usually turbulent, the w a l l shear stress can be 

below the c r i t i c a l onset value. 

The results of Goren and Norbury (1967) on Pig.7 again show that the 

f r i c t i o n i s unaffected u n t i l a c r i t i c a l point. The s l i g h t dependence of the 

onset on concentration can be seen, as well as a c r i t i c a l concentration which 

causes the maximum reduction. For the poly(ethylene oxide) used the optimum 

concentration was about 10 parts per m i l l i o n by weight. White found that f o r 

Guar Gum, the drag reduction increased up to the highest concentration used 

(480 p.p.m.). The greater f r i c t i o n reductions were produced by PEO and i t 

can be concluded that t h i s i s a more effective additive than Guar gum. 

PEO i s commercially available i n well defined molecular weight ranges, 

readily dissolves i n water and i s non-toxic. I t has been widely used f o r pipe 

flow investigations p a r t i c u l a r l y i n the grade available from Union Carbide 

Ltd. known as Polyox WSR 301, which has a molecular weight of 4 x 10^. 

Polyox has proved to be an extremely e f f e c t i v e drag reducer and seems to 



embody a l l the desirable molecular characteristics. Unfortunately i t also 

degrades very quickly. Guar Gum, a natural l y occurring mixture of polymers, i s 

much more stable although not as effective i n reducing f r i c t i o n . I t i s perhaps 

inevitable that degradation rate and effectiveness go together because of 

co n f l i c t i n g molecular requirements. 

Before considering the results of various other workers, i t i s worthwhile 

to note some of the factors that can produce c o n f l i c t i n g data. The most 

important are the effective polymer concentration and the molecular weight. 

Both wall i n j e c t i o n and premixed solution have been used and the method chosen 

w i l l obviously a f f e c t the concentration u n t i l w e l l downstream of polymer entry. 

Uncertainties i n the molecular weight might be due to shearing during the 

mixing process or o r i g i n a l errors. These problems, p a r t i c u l a r l y variations i n 

mixing method, have caused poor r e p e a t i b i l i t y . The molecular characteristics 

have not been completely specified i n many cases, hindering attempts to 

correlate the observed effects with these properties. Forced t r a n s i t i o n has been 

used i n a number of pipe flow investigations t o ensure a consistent 

t r a n s i t i o n a l Reynolds number. 

Wells and Spangler (1967) carried out a c l a s s i c a l l y simple experiment to 

show that the polymer only affects flow near to the boundary. They injected 

a concentrated solution at the centre of a pipe and at the w a l l . Only i n the 

l a t t e r case did f r i c t i o n reduction begin immediately. I t took a f i n i t e time 

f o r the polymer to diffuse from the centre to the w a l l and then the f r i c t i o n 

began to f a l l . 

Various investigators have noticed continued f r i c t i o n reduction a f t e r 

the polymer supply has stopped. This l e d to a wal l adsorption theory, but t h i s 

i s generally discredited. The carry-over e f f e c t i s probably due to the long 

residence times of polymer near to the walls. 
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Gadd (1965, 1966, I967) has carried out a series of experiments to 

investigate the p o s s i b i l i t y of v i s c o e l a s t i c i t y accounting f o r the Toms e f f e c t . 

A PEO solution w i l l usually form a thread on a rod withdrawn from i t , whereas 

water breaks up i n t o drops to minimise the surface energy. This behaviour i s 

explicable i n terms of a normal stress difference which i s a characteristic of 

a viscoelastic f l u i d . Crudely t h i s means that the pressure i s not the same i n 

a l l directions. There are therefore good reasons to investigate the 

rheological properties i f drag reducing solutions. 

A viscoelastic explanation of the Toms ef f e c t i s possible and various 

rheological models have been suggested. I t would seem however that these are 

more applicable to concentrated solutions and recently a molecular, rather than 

continuum explanation i s usually put forward. 

Gadd found that although freshly prepared Polyox solutions showed 

measurable v i s c o e l a s t i c i t y , solutions that had been standing f o r some time did 

not. The f r i c t i o n reducing properties were not affected by ageing. He also 

found that various other polymers that reduce turbulent drag neither have 

measurable normal stress differences nor form threads; Guar Gum i s an example of 

t h i s type. He suggests that the difference between freshly prepared and aged 

PEO solutions i s that aggregations of molecules are formed during preparation 

and l a t e r break up to give a homogeneous solution. 

Gadd carried out experiments on flows without s o l i d boundaries, mainly 

j e t s of polymer solution i n t o water. He found that freshly prepared solutions 

of Polyox behaved d i f f e r e n t l y than water, but that aged solutions were 

indistinguishable. The aged solutions do not form threads. 

I t has been suggested that the methods used f o r the detection of visco

e l a s t i c effects are not sensitive enough. Elaia and Rubin (1966) investigated 

the e f f e c t of polymers on the formation of Taylor vortices, showing that t h i s 

i n s t a b i l i t y i s very sensitive to viscoelastic properties. They found that the 
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flow was stab i l i s e d by the polymers, but only s i g n i f i c a n t l y at high 

concentrations. 

In his l a t e r reports Gadd puts forward sublayer thickening as the primary 

mechanism of drag reduction and suggests that any viscoelastic effects are a 

secondary phenomenon. He points out that the thickening might possibly be 

explained i n terms of a normal stress difference; thus molecular and continuum 

explanations are not e n t i r e l y incompatible. 

Several workers have measured the velocity v a r i a t i o n across the flow i n 

pipes. The t y p i c a l results of Wells as presented by Lumley (1967^ i n his 

general review of drag reduction are reproduced i n Fig.8. There are .various 

problems i n c a l i b r a t i n g either a p i t o t tube or a hot-wire instrument f o r 

polymer solutions but, p a r t i c u l a r l y f o r low concentrations, the p r o f i l e i s 

probably close to the r e a l s i t u a t i o n . 

The results are presented i n the normal way; the thickening of the laminar 

sublayer i s immediately apparent. The slope of the curve f o r the turbulent 

core i s not affected, but the region near to the wall i s extended. A t y p i c a l 

e f f e c t on the actual flow v e l o c i t i e s i s shown diagrammatically i n Pig.9» I t 

can be seen that the flow i s increased f o r the same wal l stress correspondingly 

to increased f r i c t i o n f o r the same flow. The polymer affects only the region 

where turbulent energy production and dissipation are of the same order, 

although the concentration i s constant across the test section (Goren and 

Norbury, 1967). 

Virk et a l (1967, 197l) carried out an investigation of the flow of 

polymer solutions i n both rough and smooth pipes, paying p a r t i c u l a r attention 

to the correlation between measurable polymer characteristics and the observed 

eff e c t s . They found that the f r i c t i o n reduction increased with molecular 

weight and proposed a universal correlation. The results f o r rough pipes are 

p a r t i c u l a r l y i n t e r e s t i n g because of the p o s s i b i l i t y of investigating the 
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effec t at the wall from simple f r i c t i o n measurements; they are shown i n Fig.10. 

Virk (1971) found that there i s a l i m i t i n g value f o r the drag reduction 

which i s independent of polymer type, concentration or molecular weight. The 

asymptotic value i s always less than f o r extrapolated laminar flow and can be 

represented by: 

f = 0.42 He" 0 , 5 5 

Fig.10 i s produced on the basis of this maximum possible reduction and 

shows a remarkable s i m i l a r i t y between the solvent and the solution. The pipe 

remains hydraulically smooth u n t i l a higher Be f o r the polymer solution, 

supporting the concept of a thickened sublayer. The increase i s by a factor 

of about 2.5, which closely corresponds to that from v e l o c i t y measurements. 

Virk found that the onset shear stress varied l i t t l e w i t h concentration. 
2 

The c r i t i c a l value f o r Polyox WSR301 i s about 0.5 N/m . 

The results of Me r r i l et a l (1966) are p a r t i c u l a r l y applicable to journal 

bearings because a co-axial cylinder apparatus was used. A dir e c t comparison 

with pipe flow results i s complicated by end e f f e c t s . Merril calculated the 

c r i t i c a l concentration at which polymer molecules begin to a f f e c t each other; 

the value f o r Polyox WSB301 i s given as WO p.p.m. At concentrations below 

t h i s the additive hardly increases the bulk vi s c o s i t y . Although the additions 

of polymer necessary f o r f r i c t i o n reduction are a small proportion of the 

t o t a l weight, most of the solvent i s affected. The results of part of Merril's 

work are presented i n F i g . l l ; the effect of varying concentration of WSR501 at 

about four times t r a n s i t i o n a l speed i s shown. 

Unfortunately i t i s d i f f i c u l t to determine the best concentration of 

Polyox WSR 301 from the published r e s u l t s . Some workers have found that there 

i s an optimum concentration. Me r r i l found 3 p«p.m» gave the most reduction 

whereas Goren and Norbury, using i n j e c t i o n from the pipe walls, specified 10 

p.p.m. Both the investigations of Squire et a l (1967), and Giles and P e t i t 
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(1967) used a pipe flow apparatus with a premixed solution. They found that 

the optimum concentration was about 25 p.p.m., but 300 p.p.m. caused the same 

reduction. 

Virk's result was very d i f f e r e n t from a l l the others, showing increased 

reduction up to the highest concentration (500 p.p.m.) used. 

The differences between the results are unexplained, but must be due to 

differences i n apparatus or i n solution preparation. There does not seem to be 

any published quantitative information on polymer degradation rate. I t i s 

probable, however, that the reduction i s effectiveness begins immediately. 

The measured optimum concentration might therefore be higher than s t r i c t l y 

required at each point so that the degradation effect i s minimised. I f t h i s 

hypothesis i s true then the rate of shearing and the method of solution 

preparation would a f f e c t the optimum concentration. 
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2. THE MECHANISM OF FRICTION REDUCTION 

A d e f i n i t i v e explanation of the Toms ef f e c t has not yet been put forward. 

Several fundamentally d i f f e r e n t theories have been suggested since the o r i g i n a l 

observations were published. I t i s now generally accepted that thickening of 

the viscous sublayer i s the primary consequence of the addition of polymer. 

Relations between the onset and degree of f r i c t i o n reduction and the 

molecular characteristics have been developed but they are essentially empirical* 

Thus the correlations cannot be extended with certainty beyond the experimental 

range. The effective use of the phenomenon w i l l be greatly aided by an 

understanding of the basic mechanism. 

The Toms phenomenon occurs only i n turbulent flows; i t has been shown not 

to be an extension of laminar flow. I n turbulent flows energy i s extracted from 

the mean flow to maintain the turbulence. The turbulent energy i s dissipated 

i n t o heat and acoustical energy. The ef f e c t of the polymer i s to reduce the 

loss of energy but i t i s not known i f the production or dissipation of the 

turbulent energy i s affected. The study of conditions close to the w a l l i s 

extremely d i f f i c u l t but advances i n t h i s direction can be expected to produce 

valuable information. One conclusion that can be drawn from the experimental 

observations i s that the core of the flow i s unaffected by the presence of 

polymer molecules. 

The region of influence of a polymer molecule i n a d i l u t e solution i s 

l i m i t e d to the space occupied. This l e d to a conclusion that the presence of 

the polymer becomes noticeable when the smallest scale of the flow becomes 

comparable to the polymer scale. 

Lumley (1967) proposed a mechanism based on the suppression of vortices 

which exi s t i n the sublayer by anisotropic vi s c o s i t y . The eruption of these 

vortices into the core i s recognised as fundamental i n producing turbulence. 

The polymer chains are normally tangled in t o b a l l s by thermal a g i t a t i o n and 



van der Waal's forces. Under the high shear conditions occurring at the edge 

of the sublayer the molecules w i l l be elongated and w i l l rotate. The elongated 

molecules, according to Lumley, hinder the transmission of energy across them. 

I n essence t h i s i s a continuum mechanism; the e f f e c t being achieved through the 

ove r a l l s o l i d - l i k e behaviour of the molecules. This excludes a i n t e r a c t i o n 

based on scales and so an i n t e r a c t i o n with the production of turbulence i s 

questionable. 

From a molecular viewpoint, the primary cause of the Toms eff e c t i s 

probably an i n t e r a c t i o n with the dissipation of energy. The polymer presumably 

i n h i b i t s the transfer of energy from large scale to more vigorous turbulence. 
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3. THE PRACTICAL USE Of FRICTION REDUCING- POLYMERS 

Polymers have been found that e x h i b i t turbulent drag reduction i n a 

variety of f l u i d s , including water and mineral o i l s ; but the e f f e c t has not been 

exploited to the extent t h a t might be expected. There are various problems 

hindering the p r a c t i c a l use of the Toms' e f f e c t , which i s obviously a t t r a c t i v e . 

Experiments have been carried out on both small scale and f u l l sized 

ships. Using Polyox injected from the sides of a minesweeper, Canham (1970) 

found that a power reduction of about 15% could be obtained.with a concentration 

of about 10 p.p.m. i n the boundary layer. This i s obviously wasteful although 

degradation effects are not important, and i t i s d i f f i c u l t to properly 

d i s t r i b u t e the polymer round the h u l l . The system was found to be too bulky 

and too expensive f o r continuous use i n commercial vessels, but i t might be 

useful f o r short bursts of speed from warships. I t has recently been discovered 

that some of the fastest f i s h secrete a f r i c t i o n reducing substance i n times of 

necessity, (Rosen and Cornford, 197l). I n t h i s way, as i n many others, Nature 

anticipated Modern Technology. 

The use of f r i c t i o n reduction i n transportation pipe lines i s hindered by 

the diameter effe c t and by the degradation of the polymer which occurs i f large 

distances are involved. One of the most successful applications i s i n f i r e 

f i g h t i n g systems. A large quantity of water has to be passed once at high 

flowrates through small diameter hoses - an ideal s i t u a t i o n f o r the use of 

Polyox. 

The l i m i t i n g factor i n most systems i s undoubtedly degradation. More 

stable polymers w i l l probably be developed i n the future, and a better under

standing of the basic mechanism might allow the design of f r i c t i o n reducing 

materials f o r specific applications. I t might be possible f o r molecules to 

recombine a f t e r shearing or f o r p a r t i c l e s rather than molecules to provide 

large f r i c t i o n reductions. 



The c r i t i c a l onset shear stress i n journal bearings occurs at a speed f a r 

below the t r a n s i t i o n to turbulence, thus the advantages of polymer addition 

should be available throughout the turbulent regime. The length corresponding 

to the diameter i n pipes i s the r a d i a l clearance which i s always small. 

However, before the present project i t was not obvious i f the high shearing 

rate would degrade the polymer too quickly f o r a s i g n i f i c a n t reduction i n 

f r i c t i o n . 



THE EXPERIMENTAL RI& 

The investigation was carried out on a p l a i n journal bearing machine 

designed by the author and b u i l t i n the University workshops. The test 

section of the shaft i s nearly 0.1m i n diameter and i s supported by a p l a i n 

slave bearing at either end. The operating ranges are from 10 to 170 r/s and 

from 0 to 5 kN load. The following parameters were measured: 

bearing f r i c t i o n torque 
shaft speed 
applied bearing load 
pressures at various points round the t e s t bearing 
lubricant flowrate, feed pressure and o u t l e t temperature. 

Figs. 12, 13, 14 and 15 show the machine. 

1. THE DRIVE SYSTEM 

The machine i s powered by an 11 kW, 25 r/s Induction motor. This drives 

a PYE TASC UNIT at 60 r/s by means of a TURNERS POLY-YEE b e l t . The TASC UNIT 

provides a maximum of 7*5 kW at variable speeds up to 53 r/s; i t i s essentially 

a type of magnetic clutch using the feedback from a tachogenerator to regulate 

the output speed. The output speed could not be closely maintained at low 

values because of hunting. The te s t shaft i s driven by means of a STEPHENS 

MIRACLO b e l t . This i s of nylon-reinforced leather construction; i t was chosen 

so that small diameter pulleys could be used and because i t slides o f f at a 

well determined point i n the event of a bearing seizure. 

The motor and TASC unit are carried on a steel channel platform which 

can be t i l t e d to tension.-1 the b e l t to the test shaft. The motor moves i n 

slots to tighten the other b e l t . The test head i s bolted tor;.the top of a 

framework which carries the motor platform underneath. 

Pig.14 shows the layout. 
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FIGURE 13 and FIGURE 14 - THE TEST RIG without b e l t guard 
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2. THE SHAFT AND THE SLAVE BEARINGS 

The shaft i s supported i n two p l a i n bearings, one on e i t h e r side of the t e s t 

bearing. This arrangement keeps the shaft deflection to a minimum over the 

t e s t section, although assembly i s more d i f f i c u l t . The pedestals are bolted to 

a substantial cast-iron base and located by dowels; both slave bearings were 
-2 

bored through together when i n position. The bearings are both 6.25 x 10 m 

diameter with a diametral clearance of 1 x 10 m; they were designed to 

operate well within the laminar regime. The bronze bushes are l i n e d with 

white metal; the inner face of each locating the shaft i n the a x i a l direction. 

A driving pulley i s keyed to one end of the mild s t e e l shaft, i t i s s l i g h t l y 

crowned to keep the f l a t b e l t i n position. 

A gear pump supplies mineral o i l v i a a 20 micron f i l t e r to each bearing. 
o 

There are two feed grooves at 90 from the v e r t i c a l to allow rotation i n either 

direction; both are supplied although only the leading groove i s s t r i c t l y 

necessary. The o i l drains into a pocket at each end of the bearing and then 

downwards through s l o t s into a compartment inside the pedestal. A suction 

pump returns the lubricant to the supply tank through tubes which are screwed 

into the bottom of each pedestal and pass through holes i n the base. 

Seals made of thin rubber are f i t t e d to both ends of the bearings, they 

are simply rings glued to the inside of the end oovers and turned outwards. 

In practice these seals were not completely adequate because, under c e r t a i n 

conditions, o i l b u i l t up i n the pockets and leaked out. I t was thought that 

the increased f r i c t i o n of more eff e c t i v e seals would heat the shaft too much 

and so the leakage was tolerated. 

During i n i t i a l t ests i t was found that the thrust faces acted as 

centrifugal pumps, flooding the drainage system at that end of the bearing and 

starving the other end. The bearings were successfully modified by cutting 

large r a d i a l grooves i n each face destroying the pumping action. 
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P l a i n slave bearings were chosen because the maximum speed and load are 

beyond that recommended for suitable r o l l i n g element bearings. I n retrospect 

a deep groove b a l l bearing and a r o l l e r bearing lubricated by o i l mist would 

probably be more suitable because high speeds were only required f o r short 

periods. This would have avoided the drainage sealing and s t a r t i n g d i f f i c u l t i e s 

of plain bearings. One advantage of the p l a i n bearings i s that the t e s t head 

can be dismantled very quickly for maintenance and modification. 

3. THE LOADING- SYSTEM 

The loading system had to be c a r e f u l l y designed to that i t would not 

interfere with the measurement of f r i c t i o n , which was of prime importance. 

F r i c t i o n c o e f f i c i e n t s as low as 0.001 are not unusual for p l a i n bearings, and 

i f the l i n e of action of the load just misses the bearing centre or i f the 

loading mechanism exerts a small force on the t e s t bearing then there w i l l be a 

torque produced of the same order as the bearing-shaft f r i c t i o n . The couple 

due to the geometrical errors of the system can be accounted for by taking 

f r i c t i o n readings for both directions of rotation. 

I t i s important to make the f r i c t i o n i n the loading system as small as 

possible i f r e l i a b l e r e s u l t s are to be obtained. The neatest and most 

effective way i s to use a hydrostatic bearing. This interposes a f i l m of 

pressurised f l u i d between the loading device and the t e s t bearing so that 

shear forces cannot be transmitted. The present design uses a hydrostatic 
••2 2 

bearing which i s 90 of a cylinder and has a projected area of 1.75 x 10 ra ; 

i t acts against a sh©e of 120° arc bolted to the t e s t bearing. The 

arrangement can be seen i n Fig.15. The channel section of the shoe enables 

pressure measurements to be taken i n that part of the bearing. 

The o i l i s pumped at high pressure through AMAL j e t o r i f i c e s into four 

symmetrical pockets, t h i s maintains a constant f i l m thickness over the whole 



hydrostatic bearing and so accurately f i x e s the load direction. I f the bearing 

t i l t s i t w i l l reduce the film thickness at some point; t h i s w i l l reduce the 

flow from the associated pocket and so decrease the pressure drop across that 

j e t . The pocket pressure w i l l r i s e and force the f i l m thickness to increase 

u n t i l equilibrium i s reached. The procedure w i l l be reversed i n the part of 

the bearing with increased f i l m thickness, so helping the return to the 

correct position. A cer t a i n degree of compensation could be obtained from the 

supply l i n e s alone, but the j e t s accentuate the effect and can e a s i l y be 

changed to give correct control. 

The t e s t bearing thus f l o a t s on a f i l m of o i l and i s automatically kept 

i n the position whereby the load acts through a v e r t i c a l l i n e through the 

bearing centre. As the load i s altered, with the supply pressure constant, the 

point of application moves along t h i s l i n e . 

The pocket pressure and s i z e , and the j e t c h a r a c t e r i s t i c s were chosen to 

give good compensation with a high s t i f f n e s s . The o i l i s f i l t e r e d and supplied 
6 2 

to the bearing at about 2 x 10 N/m . I t drains from the s i l l s of the hydro

s t a t i c bearing into a trough^ a suction pump returns the flow to the supply 

tank v i a a water cooled heat exchanger. A five micron f i l t e r i s needed as th i s 

type of bearing i s susceptible to j e t blockages and to g r i t being trapped 

between the surfaces. Taking readings i n both directions eliminated any 

effe c t s due to misalignment or asymmetrical flows. 

The loading ram s i t s on an I-beam bolted to the underside of the t e s t 

head base. A hand pump pressurises the ram and a needle valve locks i t i n 

position. A load c e i l i s located i n the bottom of the hydrostatic bearing; 

i t has a curved face which acts against the f l a t top of the ram. The c e l l i s 

a f u l l y temperature compensated s t r a i n gauge unit made by VTBROMETER SA; i t 

i s connected to a PEEKEL A.C. bridge from which the load can be read with an 

accuracy of 2$. A c e l l of 10 kN capacity was used for most of the 
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experimental t e s t s , but others of 25 kN and 50 kN capacity were available. 

Published papers by Neal (1967) and fiaimondi and Boyd (1957) were 

consulted during the design of the loading system. 

4. SPEED MEASUREMENT 

A disc with s i x notches i s attached to one end of the t e s t shaft. An 

electro-magnetic pickup i s positioned adjacent to t h i s disc such that voltages 

are induced by the notches moving past. The speed i s read off d i r e c t l y i n 

r/min on an electronic counter arranged to count the number of peaks over ten 

seconds. The lead had to be c a r e f u l l y screened to avoid pickup from the 

induction motor. 

5. TORQUE MEASUREMENT 

The t e s t bearing i s restrained from rotating by an arm projecting from i t 

and acting against a r i n g dynamometer. The ring i s made from Beryllium-Copper 

s t r i p , which has the advantages of high y i e l d s t r e s s , low Young's modulus and 

very low mechanical h y s t e r i s i s . Four small s t r a i n gauges are arranged i n a 

f u l l bridge c i r c u i t to give the best temperature compensation possible; they 

are connected to a PEEKEL A.C. bridge from which the f r i c t i o n can be read with 

a repeatable accuracy of about 2$. The f u l l range of f r i c t i o n a l force can be 

measured with small deflections of the ring; the whole device has proved to be 

very l i n e a r with no measurable h y s t e r i s i s . The ring and arm are connected i n 

such a way that both pushes and pu l l s can be measured, and the arm can be 

e a s i l y disconnected for zeroing. Another arm projects from the other side of 

the bearing, i t c a r r i e s a movable weight which i s used for i n i t i a l balancing. 

Any remaining out of balance force i s eliminated by taking f r i c t i o n readings 

for both directions of rotation. 

fas 
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The torque measuring device i s shown i n Fig.13. Great care was taken to 

ensure accurate f r i c t i o n measurements because these were p a r t i c u l a r l y important. 

The system was o r i g i n a l l y calibrated using balance weights and checked again 

using a single weight before each t e s t . The s t r a i n bridge was zeroed at each 

change of scale required as w e l l as at the s t a r t . 

6. LUBRICANT TEMPERATURE MEASUREMENT 

A copper-constantan thermocouple projects into each of the drainage 

troughs attached to the t e s t bearing. These are connected to a HONEYWELL 

recorder such that the average temperature i s shown d i r e c t l y and the v a r i a t i o n 

recorded on a chart. The readings are used for the cal c u l a t i o n of the BE an 

v i s c o s i t y used i n analysing the r e s u l t s . Comparison with thermometers of 
o 

known accuracy showed the instrument to be accurate to 1 C. 

7. MEASUREMENT OF TEST LUBRICANT FLOWRATE AND SUPPLY PRESSURE 

This flowrate i s measured by a GAPMETER, which depends on the drag on a 

plug moving i n a tapered glass column. The instrument was calibrated by 

weighing timed samples. During the t e s t runs, some anomalous flow values were 

recorded with polymer solutions. I t seems that the operation of the meter i s 

affected by the f r i c t i o n reducing properties and so i t was reca l i b r a t e d f or 

the solutions used i n the bearing t e s t s . 

The pressure i s measured by a Bourdon gauge situated a f t e r the flowmeter. 

8. TEST LUBRICANT SUPPLY . 

A variable speed, positive displacement pump i s used so that polymer 

containing lubricants are not degraded more than i s necessary before reaching 

the bearing. A CARTER variable speed unit drives a MONO-PUMP. The i n l e t 

temperature of the lubricant i s not c a r e f u l l y controlled, but as a once 
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through system i s usually used t h i s i s not important. The temperature of the 

lubricant i n the supply tank can be altered to give the required Reynolds 

number range. 

The f l e x i b l e pipes to the t e s t bearing and to the hydrostatic bearing are 

positioned so that no unnecessary forces are transmitted through them. The 

feed to the t e s t bearing l i e s a x i a l l y from a clamping block situated on the 

top; the arrangement can be seen on Fig.13. 

9. LOCATION OF THE TEST BEARING 

The t e s t bearing i s located a x i a l l y by two a i r pads acting against the 

sides of the shoe, these can be seen on Fig.12. A i r i s aipplied at 3 x 10 N/m . 

The clearance between the pad and the shoe has to be small for s a t i s f a c t o r y 

operation; otherwise the shoe s t i c k s against one pad because of a Bernoulli 

e f f e c t . 

The hydrostatic bearing i s not located sideways. After the i n i t i a l 

setting, the ram forces i t into the correct position. 

10. ECCENTRICITY MEASUREMENT 

I t was o r i g i n a l l y intended to measure the e c c e n t r i c i t y of the bearing with 

e l e c t r i c a l gauges mounted on the housing. A set of inductances gauges were 

supplied for t h i s purpose by Vibrometer Ltd. but proved to be more se n s i t i v e 

to temperature changes than displacement. This i s a common problem with t h i s 

type of measurement.. Unfortunately the environment of the t e s t bearing could 

not be compensated f o r and the attempt had to be abandoned. Although f r i c t i o n 

measurements are the most important i n t h i s case, e c c e n t r i c i t y measurement 

would have been p a r t i c u l a r l y useful during the development of the r i g and 

might have revealed interesting d e t a i l s of the bearing behaviour. 
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11. THE TEST BEARING- HOUSING AND DRAINAGE 
_2 The length of the t e s t bearing bush i s 7*62 x 10 m and the diameter of the 

shaft passing through 1.016 x 10 ̂  m; during the project various bearing 
clearances and supply grooving arrangements were used. 

The bush i s mounted i n a large s t e e l housing to which the shoe i s bolted. 

The ends of the housing are cut away to act as pockets for the leakage flow. 

A drainage trough i s bolted to each end; i t d i r e c t s the lubricant out at right 

angles to the shaft a x i s . The flow then drains away through another trough 

either to the supply tank or to waste as required. I t was o r i g i n a l l y intended 

to drain the t e s t bearing through short troughs along the axis and so avoid 

any applied moment due to the l i q u i d , but fo r the flowrates that eventually 

proved to be becessary t h i s i s not possible i n the space available. The force 

due to the actual design shown i s only a small proportion of the bearing 

f r i c t i o n at other than very low speeds; i t was accounted for by taking the 

readings i n both directions. 
-3 

Pressure tappings 1.6 x 10 m diameter were d r i l l e d r a d i a l l y through the 

t e s t bearing housing at the various positions shown on Fig.30. They are 

threaded for EN0TS connectors. The bushes were d r i l l e d through as required 

and the tappings connected by small bore nylon tubing to a selection of 

Bourdon gauges. 
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THE DEVELOPMENT OF THE TEST BEARING-

1. ORIGINAL INTENTIONS 

As the project was o r i g i n a l l y conceived, i t was intended to investigate the 

behaviour of a loaded bearing over a large Re range using several lubricants and 

polymers. By a l t e r i n g the bearing clearance and f l u i d v i s c o s i t y i t seemed 

possible to cover operating conditions from purely laminar to f a r into the 

turbulent regime. Any effect due to the addition of a polymer i s most 

noticeable at high Reynolds numbers. 

The published reports on turbulent journal bearing behaviour do not indicate 

that any problems can a r i s e i n using larger than normal clearances. I n 

p a r t i c u l a r precise control of the operating parameters, such as lubricant 

flowrate, did not seem to be necessary. I n practice, constant development of 

the t e s t bearing and the experimental method was required before repeatable 

f r i c t i o n r e s u l t s of the expected form could be obtained. The polymer could not 

be added to the lubricant u n t i l any changes oould be d e f i n i t e l y attributed 

to that factor alone. 

The problems encountered were due to the investigation of a large scale 

e f f e c t on small scale apparatus and the project had to become l e s s ambitious. 

However, several i n t e r e s t i n g aspects of journal bearing behaviour were 

noticed during the development and the d i f f i c u l t i e s involved with the tests 

provide important information for future work. 

The t e s t bearing was o r i g i n a l l y i n the form shown i n Fig.12. A bronze 

bush, l i n e d with white metal, was pressed into the s t e e l housing. An a x i a l 

o i l groove was milled into the top of the bush at a point opposite the loading 

position. During t e s t s with t h i s arrangement i t became obvious that mineral 

o i l s could only be used for laminar operation. The bearing was s t i l l laminar 

at the highest speeds even using a very low v i s c o s i t y o i l with a r a d i a l 
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clearance of 5 x 10 m. Increasing the clearance a c t u a l l y reduced the flow 

Reynolds number because the flowrate increased and the film temperatures were 

l e s s , increasing the mean v i s c o s i t y . Original calculations had overestimated 

the heating effects and the reduction i n v i s c o s i t y . 

Journal bearings are s e l f designing to some extent. Thus i f the lubricant 

v i s c o s i t y i s reduced then the f i l m temperatures f a l l and the mean v i s c o s i t y i n 

the load carrying fi l m i s not s i g n i f i c a n t l y affected. I t i s therefore d i f f i c u l t 

to force a small journal bearing into the turbulent regime without 

s i g n i f i c a n t l y departing from normal p r a c t i c e . 

I t was considered important to continue with hydrocarbon lubricants so 

that the polymers which are e f f e c t i v e i n these f l u i d s could be tested. A 

kerosene o i l with a normal v i s c o s i t y of 4 x 10 Ns/m , that i s about four 

times as viscous as water was used i n a bearing with a r a d i a l clearance of 

2.5 x 10 m. Calculation indicated that a Re of 3000 or above could be 

obtained with t h i s combination; but during t e s t i n g the white metal flaked off 

the bearing making further modifications necessary. The possible Reynolds 

number was not high enough and the whole approach needed to be changed before 

the polymers could be tested. 

2. THE CONCENTRIC BEARING-

The f i r s t t e s t s using a loaded bearing were disappointing, and the whole 

concept was reconsidered i n an attempt to ascertain i f f r i c t i o n reducing 

polymers were e f f e c t i v e . 

A transparent p l a s t i c bearing, constrained to be concentrio by narrow 

lands, was i n s t a l l e d . The design i s shown i n Fig.l6 below. 

The lands closely f i t t e d the shaft and so were laminar at a l l speeds; 

whereas the centre section would usually be turbulent. The small contribution 

to the t o t a l f r i c t i o n a l torque due to the lands would not have been important 

as only the change due to the polymer was of i n t e r e s t . 
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Fig.16 CONCENTRIC TEST BEARING 

The bearing was supplied with kerosene and the f r i c t i o n measured over the 

speed range. Although the turbulent regime was evident by an increased torque/ 

speed gradient, the r e s u l t s were too inconsistent for precise experimentation. 

I t could be seen that the i n t e r i o r of the bearing became opaque at high speeds. 

Examination with a stroboscopic l i g h t source showed a multitude of small 

bubbles being c a r r i e d round by the shaft. Careful observation established 

that the bubbles f i r s t formed next to the lands. The lands operated as normal 

journal bearings carrying the bearing weight and presumably developed cavitated 

regions which introduced a i r into the centre section. 

The bearing was tested using water as the lubricant with s i m i l a r r e s u l t s . 

A dilute Polyox WSR301 solution was also used but only a 5$ reduction i n 

f r i c t i o n could d e f i n i t e l y be attributed to the additive. I f the bubbles were 
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the source of the lack of re p e a t a b i l i t y then complete immersion of the bearing 

would have to be necessary. This would have involved considerable 

development and so the loaded bearing design was reconsidered as i t i s nearest 

to normal practice. 

3. FILM EXTENT VARIATION: THE TRANSPARENT BEARING-

Smith and F u l l e r obtained useful r e s u l t s from a water lubricated bearing 

and so t h e i r example was followed i n an attempt to obtain s a t i s f a c t o r y 

turbulent operation. 

The advantage to be gained from the use of water as the lubricant i n an 

experimental bearing are given below. 

1. High Reynolds numbers can be obtained with small clearances 

and low speeds. 

2. The low v i s c o s i t y reduces the power requirements and the 

f i l m temperatures. 

3. The small v i s c o s i t y v a r i a t i o n with temperature reduces errors 

i n the mean v i s c o s i t y used i n calculations. 

4. A great deal of information has been obtained on the 

effectiveness of polymers dissolved i n water. 

However, there are also c e r t a i n disadvantages: 

1. Steel parts tend to r u s t - t h i s process can be retarded by 

the addition of sodium n i t r i t e to the water. 

2. Water i s an extremely poor boundary lubricant. I t was 

necessary to carry the weight of t e s t bearing on the loading 

ram during starting and stopping to avoid damage. 

3. Although low clearance r a t i o s can be used i t i s d i f f i c u l t to 

evaluate how u n r e a l i s t i c the s i t u a t i o n becomes. I t i s 
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obviously the combined e f f e c t of clearance and v i s c o s i t y 

which determines the behaviour. 

Tests were undertaken with the o r i g i n a l pattern of white metalled bearing 
-4 

with a r a d i a l clearance of 2.5 x 10 m. Water was supplied at a head of 1 m 

through a single hole opposite the load position. A gravity feed system was 

chosen to avoid any unnecessary degradation when the polymer additives were 

used. 

F r i c t i o n measurements taken at loads just s u f f i c i e n t to suppress whirling 

did not show the expected increase at high speeds. At low speeds, the torque 

increased l i n e a r l y with speed as i s expected f or laminar operation. At 

higher speeds the gradient f e l l ; i n some cases an increase i n speed produced 

no noticeable increase i n torque. The bearing was obviously not entering the 

turbulent regime. Apart from t h i s obvious defect the f r i c t i o n measurements 

were not repeatable and the behaviour was i r r e g u l a r . 

I n order to investigate t h i s behaviour, a transparent version of the 

bearing was made. A large tube of TRYLON polyester r e s i n was cast and then 

machined to the same dimensions as the metallic bearing. Although t h i s process 

was eventually successful, great care was necessary at a l l stages to avoid the 

formation of cracks. The r e s i n had to be cured very slowly i n a f l e x i b l e 

mould to prevent s t r e s s i n g . 

The material dimensionally affected by both water absorption and heating, 

but f r i c t i o n measurements with the transparent bearing showed the same 

behaviour as the o r i g i n a l . Temperature measurements proved that the e f f e c t 

was not caused by changes of v i s c o s i t y . 

Under the same conditions as before, the f i l m could be observed to 

become smaller as the speed increased. The breakdown of the f u l l f i l m showed 

the c h a r a c t e r i s t i c cavitation streamers. The position of the cavitation 
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region remained almost s t a t i c while the s t a r t of f i l m moved into the loaded 

region as the speed increased. At low speeds the f i l m attained i t s f u l l 

width just a f t e r the supply hole and there was a small amount of reverse flow. 

A t y p i c a l v a r i a t i o n i n flow pattern i s shown i n Fig.17. At high speeds the 

f i l m became l e s s d i s t i n c t and churning seemed to be taking place. The shortest 

f i l m extent observed was approximately 120° although accurate measurements were 

impossible. 

The shortening of the film accompanied the changes i n f r i c t i o n and i t i s 

c e r t a i n that the behaviour was caused by the diminishing area of sheared f l u i d . 

As the fi l m moved into the small clearance region the mean Re would f a l l 

preventing a t r a n s i t i o n to turbulence. This behaviour i s another example of the 

modification of the operating conditions such that the required c h a r a c t e r i s t i c s 

were unobtainable. 

The transparent bearing was used to investigate the behaviour of the 

bearing with the intention of correcting i t . However the observations 

encouraged an examination of the conditions controlling the s t a r t of the f i l m . 

I t has often been reported that there i s a delay i n the formation of the f i l m 

although a s a t i s f a c t o r y explanation has not been put forward. The numerical 

analysis based on the Reynolds equation given i n Appendix 1 shows that a 

minimum f r i c t i o n condition can be applied. I t i s shown that the f r i c t i o n i s a 

minimum when the fi l m extent i s about 130° and that i f possible the bearing 

w i l l adopt t h i s configuration. 

The transparent bearing was modified i n stages i n order that the design 

could be improved u n t i l the f i l m shortening was controlled and operation i n 

the turbulent regime was possible. An increased supply pressure affected some 

improvement but most of the extra flow l e f t the bearing i n the region near to 

the supply; an a x i a l groove rather than a hole exacerbated t h i s e f f e c t . 

However an a x i a l groove at 90° to the load d i r e c t i o n kept the s t a r t of the 

f i l m s t a t i c for a greater speed range. 
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With the information gained from these tests the f i n a l version of the test 

bearing could be derived. 

4. THE FINAL DESIGN OF THE TEST BEARING 

The dimensions of the test bearing which was successfully used i n the 

polymer tests are given below. 

RADIAL CLEARANCE 7.62 x 10~5m 

CLEARANCE RATIO 1.5 x 10" 3 

AXIAL WIDTH 7.62 x I 0 ~ 2
m 

LUBRICANT SUPPLY 1 cm holes positioned at 60° on either of the 

top of the bearing. 

Calculations established that the position of the supply hole would be 

s l i g h t l y a f t e r the maximum f i l m thickness f o r the intended loads and speeds. 

Only the leading hole was used during the tests. The bore i s less than 
-5 

2 x 10 m out of p a r a l l e l with the shoe surface which faces the loading system, 

A synthetic bearing material was o r i g i n a l l y chosen f o r the bearing to 

al l e v i a t e the problems introduced through water l u b r i c a t i o n . The material 

used, 'DELRIN1, offers a high s t i f f n e s s , a low c o e f f i c i e n t of dry f r i c t i o n and 

dimensional s t a b i l i t y . However f r i c t i o n measurements with t h i s design proved 

to be irreg u l a r although turbulent behaviour was apparent. The scatter was 

too great f o r a quantitative investigation of f r i c t i o n reduction. The problem 

probably arose from variations of the dimensions, p a r t i c u l a r l y the clearance. 

The i n a b i l i t y of water to wet the material might have also affected the 

re s u l t s . Although Delrin i s more suitable than most other plastics i t s 

properties are f a r less favourable f o r precise investigation than metal. 

A lead-bronze bearing material was used for the tests which are described 

i n the following sections. Special precautions were necessary to avoid 

bearing seizure at low speeds. 
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The clearance r a t i o used l i m i t s the possible fie to 6000* This value 

offers a reasonable balance between c o n t r o l l i n g the f i l m extent and testing 

f r i c t i o n reducing polymers at conditions f a r i n t o the turbulent regime where 

t h e i r effects are most noticeable. 

Throughout the development of the test bearing, the design had to be made 

more normal and the o r i g i n a l ambitions r e s t r i c t e d . The range of Re was 

reduced and only one lubricant could be used. The modifications were necessary 

because of the d i f f i c u l t i e s involved i n operating a bearing under abnormal 

conditions and i n obtaining consistent results. A larger bearing diameter 

would have undoubtedly sim p l i f i e d the requirements. 
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EXPERIMENTAL RESULTS AND DISCUSSION 

Tests w i t h the bronze bearing described previously, established that the 

operating conditions had to be carefully controlled i n order to obtain 

repeatable results of the required form. 

The test procedure i s given i n Appendix I f . 

The Reynolds number used i s based on the mean r a d i a l clearance and the 

lubricant v i s c o s i t y at the o u t l e t . 

1. THE EFEECT Of LUBRICANT FLOW RATE OH BEARING- FRICTION 

The bearing f r i c t i o n was found to be dependent on the lubricant flowrate; 

the e f f e c t was accentuated by the large clearance r a t i o and the low lubricant 

viscosity. 

There i s not an obvious way of c o n t r o l l i n g the flow to give good 

experimental r e s u l t s . The external variables are supply pressure and feedrate; 

the r e l a t i o n between them i s dependent on the speed, load and viscosity. 

I d e a l l y the f i l m extent should be controlled at either of two values: that 

corresponding to minimum dissipation and zero pressure supply, as discussed i n 

Appendix 1; or s t a r t i n g immediately a f t e r the supply point, corresponding to 

a high pressure supply as often used i n p r a c t i c a l systems. The requirement 

f o r experimentation i s a simply controlled condition; i t i s obviously impossible 

to specify the i n t e r n a l conditions d i r e c t l y . 

The lubricant pump supplies a flow which i s almost independent of the 

back pressure. Pig.18 shows the f r i c t i o n results a t d i f f e r e n t flowrates and 

a constant load. The tests were a l l taken i n the same direction of r o t a t i o n 

and so the values of T*, the non dimensional torque, have not been 

corrected f o r imbalance of the bearing. However the shape of the curves i s 

more important than the absolute values. 



6 4 

0050 

0-04O • 
OO30 

oozo 

0 0 1 5 

OOJO 

o-ooq 

0-009 

0OOT 

0006 

0005 

0.004. 

A * x O 

a A A A Ao 

o 
o 

0 0 O o ° 
o 0 0 

fiOO bOO TOO 1000 i©oo zooo 3000 4000 '5OOO 

FIG-. 18 T E S T R E S U L T S : LOG-LOG- PLOT T * v s . R E 

L U B R I C A N T l W A T E R . 

S U P P L Y P R E S S U R E : VARIABLE 

LOAC>: Q.lO NEWTON.S 

N O T E 6 : A P P R O * . CONSTANT FLOWRATE DoRlNGy EACH TEST, 
RESULTS AS MEASURED 

KEY 

o- 0 3 ^ 

0 TEST Ol U 

TEST OS O 

A TEST 02. O 



65 

The curves are very d i f f e r e n t from the expected form of a linear region 

followed by a t r a n s i t i o n to turbulence. As the speed increased during each 

t e s t the supply pressure rose; the pressure measurements are given i n Appendix 

2. A change i n the pressure has less e f f e c t on the f r i c t i o n at high speeds 

than at low speeds. I n order to produce more satisfactory results the flow 

should be greatest at low speeds; t h i s i s a consequence of the higher 

eccen t r i c i t y r a t i o . 

The f r i c t i o n at each speed varied roughly l i n e a r l y with the supply pressure. 

Manipulation of the results show that a constant supply pressure would give more 

normal behaviour. This conditions i s often used f o r experimental tests on 

bearings because i t i s the simplest condition. I t also helps to control the 

f i l m extent as the ecce n t r i c i t y changes. 
5 2 

The optimum supply pressure proved to be 2 x 10 N/m . This i s an 

unusually high value. The pressure tapping was situated before the feed pipe 

from the flowmeter to the test bearing, but losses before the bearing were 

small. Pressure measurements i n the bearing indicated low values just round 

the bearing from the supply. Therefore the flow must have been dominated by 

the a x i a l flow due to the supply pressure, and so most of the side leakage and 

losses occurred near to the supply point. The f i l m presumably attained i t s 

f u l l width almost immediately. 

2. THE EFFECT OF LOAD ON BEARING- FRICTION 

I t was o r i g i n a l l y intended t o use a constant bearing load throughout the 

tests. However the small loads required to avoid overloading at low speeds 

were not satisfactory at higher speeds. The f r i c t i o n torque f e l l at a certain 

c r i t i c a l speed and rose i f the speed was immediately reduced. Typically the 

torque was reduced by a factor of 0.5 at a speed of 70 r/s with a load of WON. 

The c r i t i c a l speed and the degree of reduction were i r r e g u l a r ; i n general the 



66 

speed increased as the load was increased. The f a l l i n torque was sudden and 

so was not caused by a shortening of the f i l m or a reduction i n the viscosity. 

During one of the tests the speed was increased beyond the c r i t i c a l value 

resulting i n a complete bearing seizure. Eventually the occurrence was 

associated w i t h a small w h i r l i n g motion. Larger scale conical w h i r l i n g was 

also observed under certain conditions, but t h i s was not accompanied by reduced 

torque. Although t r a n s l a t i o n a l whirling at h a l f shaft speed causes a complete 

loss of load capacity i t would not be expected to reduce the f r i c t i o n . The 

mechanism could have involved a breakdown of the f i l m due to the squeeze f i l m 

e f f e c t , followed by metallic contaot and seizure. The behaviour would be 

accentuated by large clearance and low v i s c o s i t y . A p a r t i c u l a r load could only 

be used f o r part of the speed range i f w h i r l i n g was to be avoided. 

Fig.19 shows f r i c t i o n measurements at various loads with a supply pressure 

of 2 x 105 N/m2. 

The curves are again d i f f e r e n t from the expected shape. The differences 

are caused by the varying flowrate rather than the e f f e c t of the e c c e n t r i c i t y 

r a t i o . The results suggest that the load should increase as the speed 

increases. 

A worthwhile advantage can be gained by using a constant Sommerfeld number. 

The i n t e r p r e t a t i o n of T* vs. Re curves i s s i m p l i f i e d but s t r i c t l y the 

condition i s impossible to maintain. The method used was to base the load at 

each speed on a value calculated to give constant S w i t h an assumed va r i a t i o n 

i n viscosity. The temperature v a r i a t i o n was determined from previous 

experience. During the tests described i n the following sections the 

combinations of load and speed successfully r e s t r i c t e d the vari a t i o n of S. 

The increased load at high speeds controls the f i l m extent i n a similar 

manner to the manipulation of the supply pressure. The use of constant supply 

pressure f o r a roughly constant ec c e n t r i c i t y i s j u s t i f i a b l e i f the main 

component of the flow i s that forced from the bearing by the supply pressure 
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not the component due to the f i l m pressures. 

The parameters could be controlled i n other ways to produce d i f f e r e n t 

behaviour but the f r i c t i o n results indicate that constant supply pressure and 

constant S produce normal behaviour. This i s normal i n terms of p r a c t i c a l 

bearings f o r which control i s less c r i t i c a l . 

The value of S chosen f o r the tests corresponds to an e c c e n t r i c i t y r a t i o 

of approximately 0.5 according to laminar theory. The bearing i s thus only 

moderately loaded. For turbulent operation and f o r l u b r i c a t i o n with polymer 

solutions the r e l a t i o n between eccentricity and S w i l l be d i f f e r e n t than f o r 

laminar operation. A constant value of S does not therefore indicate constant 

eccen t r i c i t y when the flow regime changes, but the effe c t i s small according 

to the results of Smith and Fu l l e r . I n practice there was a tendency f o r S 

to increase as the speed increased because of a difference between the assumed 

and r e a l temperatures. This p a r t i a l l y compensates f o r the increase i n load 

capacity at a given ecce n t r i c i t y r a t i o caused by turbulence. The t e s t results 

indicate that the f r i c t i o n i s most affected by load and flowrate i n the 

laminar regime f o r which the e c c e n t r i c i t y could be most ca r e f u l l y controlled. 
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3. FRICTION RESULTS WITH WATER LUBRICATION 

A. THE TORQUE DUE TO THE LOADING- SYSTEM 

F r i c t i o n measurements were taken at the chosen series of loads and 

speeds. Tap water was supplied at 2 x 10 N/m to the leading supply groove 

f o r each di r e c t i o n . Fig.20 shows the p l o t of T* vs. Re f o r both directions of 

ro t a t i o n . The f r i c t i o n s are not the same f o r the two directions, which are 

s i g n i f i e d by *Uf or 'D*. The displacement between the curves i s constant 

indicating that the difference i n torque increases with speed. Al t e r n a t i v e l y 

t h i s can be interpreted as increasing with load. 

Fig.21 shows the difference i n bearing f r i c t i o n p l o t t e d against bearing 

load f o r Reynolds number up to 2000. The tests 08U and 10D were considered 

because the lubricant o u t l e t temperatures were the same and so the difference 

i s not due to viscosity variations. The difference i n f r i c t i o n increases 

l i n e a r l y with load, suggesting that the operation of the loading system i s not 

e n t i r e l y satisfactory. The e f f e c t could be accounted f o r by a displacement of 

the load d i r e c t i o n of 2.6 x 10 m from the bearing centre. The error can be 

compensated by subtracting or adding a proportion of the load so that the 

laminar regions coincide. 

Fig.22 shows the results displaced according t o Fig.21. The results f o r 

the two directions correspond throughout the speed range not only f o r the 

section used f o r the calculation of the correction. The adjustments to the 

f r i c t i o n measurements account f o r any error i n the i n i t i a l balancing of the 

bearing as w e l l as loading defects. 

B. THE TORQUE DUE TO THE ANGULAR MOMENTUM OF THE LUBRICANT 

The most noticeable aspect of the corrected curves shown i n Fig.22 

i s that the torques are greater than the Petroff values. The discrepancy i s 

too large to be accounted f o r by errors introduced by the simplifications of 

the equation. The main differences between the test bearing and normal laminar 
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bearings, which closely correspond to Petroff, are higher speed and higher 

flowrate. The lubricant enters the bearing without angular momentum and must 

be accelerated by the shaft. There w i l l thus be a component of the shaft 

torque from t h i s source as wel l as the shearing of the f l u i d . This component 

proves to be si g n i f i c a n t i n the present case. 

The increase i n shaft torque w i l l depend on whether the lubricant leaves 

the bearing along the shaft or down the edges of the bush. The mean velo c i t y 

i s d i f f e r e n t f o r these cases. 

I f a l l the flow has to be accelerated to the surface velocity then the 

additional shaft torque w i l l be given by: 

. 2 • 2 
AT = mwR = 27rmNR 

I f a l l the flow t r i c k l e s down the edges of the bearing bush then the mean 

veloc i t y w i l l be hal f of the surface v e l o c i t y of the shaft. Both the bearing 

and shaft torques w i l l then be increased by AT/2. 

Because of the high shaft speed and the high flow rate of the t e s t 

bearing i t i s probable that the largest proportion of the flow i s f l u n g o f f 

the shaft. The angular momentum would then be transmitted to the drainage 

troughs and so increase the bearing torque by an amount AT. This would 

increase the non-dimensional torque T* by an amount given by: 

. „» HOT 
AT = 8pR2L 

Fig.23 shows the results modified by subtracting t h i s contribution so 

that the shearing force alone can be considered. 

C. COMPARISON WITH PREVIOUS INVESTIGATIONS 

The results shown i n Fig.23 indicate that the f r i c t i o n increases 

l i n e a r l y with speed up to Re = 1000. After t h i s point the gradient increases; 
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the f r i c t i o n becomes proportional t o the square of the speed at Re = 2000. The 

tr a n s i t i o n to f u l l turbulence therefore occurs at the expected point. 

The predicted Reynolds number f o r the formation of concentric Taylor 

vortices i s 1050 although e c c e n t r i c i t y and axi a l flow would be expected to 

increase t h i s value. The departure from laminar flow before f u l l turbulenoe 

i s more gradual than has been observed f o r secondary flow and the region 

Re = 1000 to 2000 more probable represents the growth of turbulence. 

Turbulent flow w i l l begin i n the large clearance region near to the 

supply and then spread i n t o the loaded region of the bearing as. the shaft 

speed increases. The t r a n s i t i o n at an Re of 2000 s i g n i f i e s complete turbulence 

confirming that mean clearance and o u t l e t viscosity are satisfactory 

parameters f o r prediction. The clearance i n the loaded region i s of course 

less than the mean but the viscosity w i l l be lower, and so Re could be the 

same as the mean value. Therefore turbulence could spread and then suddenly 

encompass a l l of the f i l m . 

Pig.23 i s similar to the curve shown i n Fig.2 obtained by Wilcock from a 

bearing fed with o i l at the leading groove. The t r a n s i t i o n i s smoother f o r 

that investigation perhaps because constant load, and so varying ecc e n t r i c i t y , 

was used. 

The f r i c t i o n measurements i n the turbulent region are lower than those 

obtained by Smith and Fuller. This could be a consequence of eccentric 

operation.directly, or of a shorter f i l m . The loads used by Smith and Fuller 

were so small that the bearing could have been completely f u l l w i t h the 

Sommerfeld pressure d i s t r i b u t i o n . This could also have caused the 

t r a n s i t i o n to be more d i s t i n c t than i n the present case. 

The results are tabulated i n Appendix 2. The Sommerfeld number was not 

kept constant but the small variations did not cause s i g n i f i c a n t scatter of 

the f r i c t i o n measurements. The results are s u f f i c i e n t l y consistent f o r any 

appreciable e f f e c t due to the polymer to be detected. 
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4. THE EFFECTS OF A POLYMER ADDITIVE ON BEARING- PERFORMANCE 

A. FRICTION 

Measurements of the bearing f r i c t i o n were taken with various 

concentrations of Polyox WSR301 under the same conditions as f o r p l a i n water. 

The method of solution preparation i s given i n Appendix 3* The lubricant 

passed through the bearing to waste. 

Fig.24 shows the results f o r both directions of ro t a t i o n at a concentration 

of 50 p.p.m. The curves were brought together by adding or subtracting a 

fr a c t i o n of the load as determined from the water r e s u l t s . The close agreement 

between the two directions supports the conclusion that the displacement i s due 

to defects of the loading system. 

Fig.25 shows the same results with the angular momentum contribution 

subtracted. The shape of the curves i s not greatly affected by t h i s 

correction proving that the additive affects the shearing of f l u i d w i t h i n the 

bearing. 

The polymer begins to reduce the f r i c t i o n a l torque at an Re of 1000. As 

Re increases the reduction increases. This behaviour substantiates the 

concept of growing turbulence i n the f i l m . As expected the lubricant flow rate 

was s l i g h t l y ^higher f o r the polymer solution; the reduction cannot therefore be 

caused by a shortened f i l m . 

The water results shown on Figs. 24 and 25 were taken i n between the 

polymer tests f o r comparison. 

The results show that the onset shear stress f o r f r i c t i o n reduction i s 

reached before t r a n s i t i o n i n a journal bearing and that the f r i c t i o n i s greater 

than the extrapolated laminar value. 

Fig.26 shows the reduction i n power loss caused by the addition of the 

polymer i n t y p i c a l t e s t s . 
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Fig.27 shows the variation i n the reduced f r i c t i o n c o e f f i c i e n t with Be. 

This plot represents the v a r i a t i o n i n the e f f i c i e n c y of the lu b r i c a t i n g f i l m . 

The f r i c t i o n c o e f f i c i e n t for water lu b r i c a t i o n i s e s s e n t i a l l y constant u n t i l the 

trans i t i o n when i t begins to increase. The addition of the polymer lowers the 

value for turbulent operation. Although the value of S i s substantially 

constant for a l l the points plotted, the e c c e n t r i c i t y r a t i o i s not necessarily 

constant. Therefore a penalty i n the load carrying capacity might have to be 

paid for the reduction i n f r i c t i o n . However i f the capacity was reduced to the 

laminar value then the e f f i c i e n c y would s t i l l have been increased. 

The f r i c t i o n r e s u l t s for other concentrations from 5 p.p.m. to 214 p.p.m. 

are shown i n Fig.28. Water was supplied to the bearing for some time a f t e r 

each t e s t to eliminate effects due to retention of polymer. 

The v a r i a t i o n i n f r i c t i o n reduction with concentration i s shown i n Fig.29 

for two values of Be. The optimum concentration i s about 50 p.p.m. i n both 

cases. I t i s i n t e r e s t i n g that the f r i c t i o n for 5 p.p.m. approaches that for 

water alone at high Reynolds numbers. This could be due to polymer 

degradation occurring at higher shear rates. The optimum concentration might 

be that which compensates for degradation. The f r i c t i o n reduction i s l e s s for 

the higher concentrations, presumably because of the s l i g h t l y increased 

v i s c o s i t y . 

B. WHIRL STABILITY 

During the f r i c t i o n measurements, i t was noticeable that the readings 

were l e s s e r r a t i c and that the test bearing was more stable when the additive 

was used. These observations prompted quantitative t e s t s on the whirl s t a b i l i t y 

of the bearing. 
5 2 

With the shaft rotating at 92 r/s and lubricant supplied at 2 x 10 N/m , 

the bearing load was reduced u n t i l vibration could be observed. The i n s t a b i l i t y 
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took the form of c o n i c a l w h i r l i n g ; i t was also n o t i c e a b l e on the f r i c t i o n 

measuring instrument. A number of t e s t s confirmed a repeatable lowering o f the 

w h i r l load w i t h a 50 p.p.m. Polyox s o l u t i o n . This i s equ i v a l e n t t o a r a i s i n g 

o f the w h i r l speed a t constant l o a d . The r e s u l t s are given below i n non-

dimensional form to account f o r v i s c o s i t y v a r i a t i o n s . 

WHIRL LOAD (N) 1224 1015 952 931 

Re 2551 2498 2664 2724 

V s O.225 0.276 0.277 0.277 

water Polyox WSR301 50 p.p.m. 

The a d d i t i o n o f the polymer caused a 2J$> r i s e i n the value o f l/S a t the 

onset o f w h i r l i n g . This i s a s i g n i f i c a n t s t a b i l i s a t i o n and the e f f e c t would 

be a very u s e f u l b e n e f i t , i n a d d i t i o n t o f r i c t i o n r e d u c t i o n , i f i t occurred i n 

a p r a c t i c a l bearing. 

U n f o r t u n a t e l y the r e s u l t s cannot be r e a d i l y a p p l i e d t o oth e r bearings. 

The f r e e t e s t bearing i s dynamically d i f f e r e n t from the normal s i t u a t i o n , and 

the h y d r o s t a t i c bearing w i l l a f f e c t b oth the s t i f f n e s s and the damping. I t i s 

impossible t o estimate the e f f e c t o f a polymer on the s t a b i l i t y o f an o i l 

l u b r i c a t e d b e a r i n g , b ut the r e s u l t s encourage a ri g o r o u s i n v e s t i g a t i o n . The 

c o n t r o l of w h i r l remains a major problem i n bearing design. 

There are sever a l possible explanations o f the s t a b i l i s a t i o n . The 

e c c e n t r i c i t y r a t i o could be increased by the a d d i t i o n of the polymer or the 

damping could be increased. The mechanism might be a combination o f these 

two f a c t o r s . The f i r s t stage o f an i n v e s t i g a t i o n would d e f i n i t e l y i n v o l v e 

the accurate measurement o f e c c e n t r i c i t y . 

I t was u n f o r t u n a t e l y not possible t o determine i f the bearing was 

s t a b i l i s e d i n the laminar regime because the a c t u a l b e a r i n g l o a d could not 

be a c c u r a t e l y measured a t low loads. 
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C. PRESSURE DISTRIBUTION 

Since the e c c e n t r i c i t y r a t i o cannot be measured on the t e s t r i g i n 

i t s present form, i t was thought t h a t some i n d i c a t i o n could be obtained from 

pressure measurements round the bearing. 

Readings were taken a t the p o i n t s shown on Fig . 30 w i t h the f o l l o w i n g 

o p e r a t i n g c o n d i t i o n s : 

s h a f t speed $2 r/s 

load 2166N 

supply pressure 2 x 10 N/m 

The o f f - c e n t r e tappings were used t o ensure t h a t the sh a f t and bea r i n g 

axes were p a r a l l e l , r e s u l t i n g i n a symmetrical pressure v a r i a t i o n across the 

bearing. The c e n t r e - l i n e value was c a l c u l a t e d assuming a parabo l i c v a r i a t i o n . 

The pressure p r o f i l e obtained i s i n d i c a t e d i n Fig . 3 0 . The sharply 

peaked shape, c h a r a c t e r i s t i c o f laminar f l o w , i s e v i d e n t . No s i g n i f i c a n t 

changes was caused by the a d d i t i o n of Polyox. This suggests t h a t the 

e c c e n t r i c i t y i s not g r e a t l y a f f e c t e d but i s not conclusive proof. The form 

of the pressure d i s t r i b u t i o n and the e c c e n t r i c i t y might both be a f f e c t e d by 

the polymer and the two e f f e c t s might have cancelled out. A l t e r n a t i v e l y the 

w h i r l s t a b i l i s a t i o n could have been caused by an increase i n the e c c e n t r i c i t y 

too small t o n o t i c e a b l y a f f e c t the pressure p r o f i l e . 

D. POLYMER DE&RADATION 

The r e d u c t i o n i n e f f e c t i v e n e s s caused by the shearing o f polymer 

s o l u t i o n s i s the most important c o n s i d e r a t i o n i n the a p p l i c a t i o n o f f r i c t i o n 

reducing a d d i t i v e s t o .journal bearings. The f r i c t i o n r e s u l t s have shown 

Polyox WSR301 t o be an extremely e f f e c t i v e a d d i t i v e , but i n a l l the t e s t s the 

s o l u t i o n passed only once through the bearing. Under the c o n d i t i o n s o f hi g h 

shear r a t e encountered, the f r i c t i o n would g r a d u a l l y increase i n a 

r e c i r c u l a t i n g system. 
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The degradation r a t e was i n v e s t i g a t e d a t 92 r/s and 2166N load, 

corresponding t o a Reynolds number of about 2jj00. The polymer s o l u t i o n , a t 50 

5 2 

p.p.m. concentration, was f e d to the bearing a t 2 x 10 N/m . The o u t l e t f l o w 

from one t e s t was c o l l e c t e d and used as a supply f o r the next; samples o f the 

s o l u t i o n were taken a t each stage. To ensure c o n s i s t e n t shearing some o f the 

l u b r i c a n t was discarded a t the beginning and end o f each t e s t . 

* A f t e r the f i r s t t e s t the s o l u t i o n d i d not form threads although the 

f r i c t i o n reducing p r o p e r t i e s were not a f f e c t e d . The r e s t r i c t e d supply (40 kg) 

l i m i t e d the number o f t e s t s t h a t could be done because o f the necessity f o r 

wastage and sampling. The i n l e t temperature increased as the l u b r i c a n t was 

recycled; t h i s complicates the comparison o f the f r i c t i o n r e s u l t s because the 

e f f e c t o f v a r y i n g v i s c o s i t y on the torque and on the Reynolds number has t o 

be considered. Fig.31 shows the change i n the r a t i o o f the measured f r i c t i o n 

> t o the value p r e v i o u s l y recorded f o r a f r e s h l y prepared s o l u t i o n a t the same 

Re. 

The e f f e c t i v e n e s s o f the s o l u t i o n i s reduced i n passing through the 

bearing. A f t e r the f o u r t h pass the l u b r i c a n t gave the f r i c t i o n r e d u c t i o n 

produced by a f r e s h l y prepared s o l u t i o n a t 15 p.p.m. conc e n t r a t i o n . I f the 

r e s u l t s can be e x t r a p o l a t e d then the f r i c t i o n would approach t h a t f o r water 

a f t e r approximately twenty passes. The polymer w i l l be.degraded i n the pump 

and i n the feed pipe but the bearing i s the most damaging because o f the hi g h 
i 

shear r a t e . 

I t was intended t o measure the d i s t r i b u t i o n o f molecular weight a t each 

stage using a Gel Permeation Ghromatograph. However the polymer could not be 

su c c e s s f u l l y t r a n s f e r r e d from water to the solvent r e q u i r e d i n the process. 

I f the l u b r i c a n t had been a mineral o i l then i t could have been used d i r e c t l y . 

The determination o f the changes i n molecular weight produced by shearing i n 

the various p a r t s o f the system i s probably the most i n f o r m a t i v e method o f 

I i n v e s t i g a t i n g degradation. The r e s u l t s could be c o r r e l a t e d w i t h the change i n 

f r i c t i o n r e d u c t i o n . 
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I t would also be u s e f u l t o i n v e s t i g a t e the r e d u c t i o n i n e f f e c t i v e n e s s as 

a polymer s o l u t i o n passed through a long l e n g t h o f small diameter t u b i n g . 

The r e s u l t s could not be d i r e c t l y r e l a t e d t o conditions i n a j o u r n a l bearing 

but the time scale i n v o l v e d would be o f i n t e r e s t . 

Polymer degradation w i l l undoubtedly be the f a c t o r l i m i t i n g commercial use 

o f f r i c t i o n a l r e d u c t i o n i n j o u r n a l bearings. The e f f e c t i v e n e s s o f the 

l u b r i c a n t could be prolonged by the a d d i t i o n o f f r e s h polymer b u t the r i s e i n 

v i s c o s i t y would d i m i n i s h the gain i n power consumption. 

E. LUBRICANT FLOWRATE 

The f l o w through a bearing can be most simply considered as a 

combination o f two components: 

1. That due t o the supply pressure f o r c i n g f l u i d through the 

clearance. This occurs even w i t h o u t r o t a t i o n and i s 

known as the zero speed f l o w . 

2. That due t o the pressures generated i n the l u b r i c a t i n g 

f i l m . 

I n r e a l i t y there w i l l be an i n t e r a c t i o n between these two components. 

Under laminar c o n d i t i o n s , the f l o w through a bearing i s constant a t 

constant e c c e n t r i c i t y r a t i o i f the zero speed f l o w dominates. Fig.32 shows the 

v a r i a t i o n o f f l o w r a t e w i t h Reynolds number f o r two t y p i c a l t e s t s taken a t 

approximately constant Sommerfeld number. For water l u b r i c a t i o n the f l o w 

remains constant u n t i l an Re o f 1000 when i t begins t o f a l l . Thus the f l o w 

r a t e i s reduced by the onset o f turbulence. 

The r e d u c t i o n i n f l o w could have been caused by reduced e o c e n t r i c i t y or 

by turbulence near t o the supply h o l e . The e f f e c t o f the a d d i t i o n o f polymer 

i s t o r e s t o r e the laminar f l o w r a t e ; t h i s could be due t o e i t h e r increased 

e c c e n t r i c i t y or t o a m o d i f i c a t i o n o f the turbulence i n the leakage f l o w . 



The most important consequence o f t h i s r e s u l t i s t h a t the f r i c t i o n 

ductions observed cannot be a t t r i b u t e d t o a change i n the f l o w r a t e . 
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CONCLUSIONS 

1. The f r i o t i o n a l torque of a j o u r n a l bearing o p e r a t i n g i n the t u r b u l e n t 

regime can be s i g n i f i c a n t l y reduced by the a d d i t i o n of a high molecular polymer 

to the l u b r i c a n t , 

2. The r e d u c t i o n begins immediately a f t e r the onset o f turbulence but the 

f r i c t i o n i s always greater than the e x t r a p o l a t e d laminar value. 

3. The optimum concentration o f poly(ethylene oxide) i n a water l u b r i c a t e d 

bearing was found t o be 0.005$ by weight. This reduced losses by 45$ a t a 

Reynolds number o f 3500. 

4. The a d d i t i v e increased the w h i r l speed a t constant load. 

5. The pressure d i s t r i b u t i o n was not a f f e c t e d by the a d d i t i v e . 

6. T r a n s i t i o n t o turbulence caused a r e d u c t i o n i n the f l o w r a t e o f water 

through the bearing; i t could be r e s t o r e d by the a d d i t i o n o f the polymer. 

7. The polymer became less e f f e c t i v e as i t was sheared i n the bearing; 

a f t e r 20 passes the f r i c t i o n rose t o the value f o r water l u b r i c a t i o n . 

Degradation of the polymer w i l l be the l i m i t i n g f a c t o r i n e x p l o i t a t i o n o f 

f r i c t i o n r e d u c t i o n i n bearings. 

8. There was l i t t l e evidence of the f o r m a t i o n o f a secondary f l o w o f the 

Taylor v o r t e x type. 

9. The i n v e s t i g a t i o n o f t u r b u l e n t behaviour on a small diameter bearing 

necessitates a l a r g e clearance r a t i o and low v i s c o s i t y l u b r i c a n t . These 

departures from normal p r a c t i c e increase the dependence of the f r i c t i o n on 

fl o w r a t e and l o a d due t o v a r y i n g f i l m e x t e n t . 
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10. The angular momentum of the lubr icant leaving the bearing appreciably 

increased the measured bearing f r i c t i o n . 

11. An analys i s based on Reynolds equation indicates that the formation of the 

lubr icant f i l m i s control led by a minimum d i s s i p a t i o n p r i n c i p l e . The observed 

delay a f t e r the maximum f i l m thickness can be explained on t h i s b a s i s . 



FUTURE WORK 

The r e s u l t s encourage fur ther research into the addit ion of f r i c t i o n 

reducing polymers to bearing l u b r i c a n t s . The following suggestions seem to 

be the most important,, 

1, The inves t igat ion of the e f f e c t s of polymers suitable for 

mineral o i l s . Poly-iso-butylene would probably be u s e f u l , 

A larger diameter bearing would be necessary, 

2, A comprehensive study of polymer degradation. The 

measurement of molecular weight d i s t r i b u t i o n would be the 

most valuable method, 

3, An inves t igat ion of the w h i r l s t a b i l i s i n g e f f e c t . Accurate 

e c c e n t r i c i t y measurement would be necessary to determine i f 

increased e c c e n t r i c i t y i s the cause. I t would also be 

i n t e r e s t i n g to f i n d i f a penalty i n the load capacity has 

to be paid f o r f r i c t i o n reduction. 

4, V i s u a l observations and f r i c t i o n measurements could be used 

to v e r i f y that a minimum d i s s i p a t i o n p r i n c i p l e controls 

f i l m formation. The e f f e c t s of supply pressure and feed 

pos i t ion could be studied. I t would be a l so in teres t ing to 

invest igate i f turbulence a f f e c t s the hypothesis . 



APPENDIX 1 

FILM EXTENT IN JOURNAL BEARINGS 

During the development of the tes t bearing i t was found that the torque was 

dependent on the f i l m extent which decreased as the shaft speed increased . The 

breakdown of the f i l m was almost s t a t i c whereas the pos i t ion where the f i l m 

reached i t s f u l l width moved 130° from the supply h o l e . 

Cole and Hughes (1956) observed a delay i n the f i l m formation of up to 70° 

a f t e r the maximum f i l m th ickness . Th i s phenomenon has not been s a t i s f a c t o r i l y 

explained. I t was thought that an inves t igat ion of the conditions contro l l ing 

the s t a r t of the f i l m would f a c i l i t a t e the experimental tes t ing and provide 

valuable information concerning bearing behaviour. 

A . BASIC THEORY 

The bas i c equations governing the behaviour of hydrodynamic l u b r i c a t i n g 

f i l m s have become we l l known since the c l a s s i c a l paper of Reynolds was 

published i n 1886. 

The simplest form of the Reynolds equation, considering no side leakage 

i . e . i n f i n i t e l y wide, i s : 

dx h 3 

h , a constant in tegrat ion , i s defined by h = h where ^ = 0 

The v a r i a t i o n of f i l m thickness round a journal bearing can be expressed 

quite accurate ly as : 

h = c ( l + ecosS) 

A solut ion of the d i f f e r e n t i a l equation given above w i l l be poss ible when 

the boundary conditions have been s p e c i f i e d . The correct conditions have been a 
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source of d i scuss ion throughout the development of the -theory of l u b r i c a t i o n . 

The simplest are those due to Sommerfeld who assumed a completely f u l l bearing 

and so a continuous v a r i a t i o n i n pressure . Pig.33 shows that th is predicts 

negative pressures f o r the ha l f of the bearing with diverging c learance . 

Experimental measurements of f r i c t i o n and pressure indicate that the Sommerfeld 

model i s not r e a l i s t i c . 

Liquids can normally withstand only small negative pressures before gas 

bubbles form. The negative h a l f of the Sommerfeld model i s only possible i n 

bearings carrying very low loads . I t would be possible at higher e c c e n t r i c i t e s 

i f the lubr icant were supplied at the point of lowest pressure or i f the ambient 

pressure was increased . Neither of these b a s i c a l l y s i m i l a r conditions i s 

p r a c t i c a l . I n a i r lubr i ca ted bearings the negative pressure r e s t r i c t i o n does 

not apply. 

A nearer estimate of the load capacity can be ca lculated by considering only 

the pos i t ive pressures predicted by Somraerfeld. However th is so lut ion i s 

b a s i c a l l y unsat i s factory because i t involves a d i scont inui ty of flow at the end 

of the pressure f i l m . 

The generally accepted boundary condition f o r the end of the f i l m i s : 

| E = p = 0 at 9 = ir + a ' 

This condition was discussed by Reynolds and i s known by h i s name. The re su l t ing 

pressure d i s t r i b u t i o n i s shown i n Pig.33 

For the i n f i n i t e l y wide bearing the f a l l i n g part of the Reynolds pressure 

d i s t r i b u t i o n i s anti-symmetrical about 9 = n. Pressure measurements c l o s e l y 

agree with th i s shape although surface tension causes a small negative loop jus t 

before the f i l m ends. 

Af ter the end of the pressure curve, the f i l m breaks up into f l u i d streamers 

which decrease i n width as the clearance increases . The flow i n t h i s cavitated 

area was observed by Cole and Hughes. 
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Fig.33 Sommerfeld and Reynolds pressure d i s t r ibut ions 
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The boundary condition at the s t a r t of the f i l m where the pressure begins to 

r i s e and lubr icant f i r s t covers the whole bearing width, has received 

comparatively l i t t l e a t t ent ion . I t i s u s u a l l y assumed that the f i l m begins at 

the maximum f i l m thickness (0 = 0). This s i m p l i f i e s the so lut ion of the Reynolds 

equation and the predicted load capacity i s r e a l i s t i c when the l u b r i c a n t i s 

supplied a t e i ther of the two usual points: opposite the load (6 = -i/>) or at 

d = (TT/2 -tfi) . The pressure gradient i s low a t the s t a r t of the f i l m and so the 

' load capacity i s not great ly a f fec ted by errors i n the pos i t ion . 

In a r e a l bearing the a x i a l leakage causes the pressure to vary 

approximately p a r a b o l i c a l l y across the f i l m . The two dimensional Reynolds 

equation i s : 

L. ( h 5 3 £ ) 3_ ( h 3 3£) = 6 u dh 
3x 9x 9y 8y ' dx 



The no side leakage case can be solved a n a l y t i c a l l y using an i n t e g r a l 

subs t i tu t ion , but the two dimensional equation i s best solved by numerical 

methods using a d i g i t a l computer. The boundary conditions discussed f o r the 

i n f i n i t e bearing also apply to the siae leakage case . The f i l m breakdown occurs 

s l i g h t l y e a r l i e r because of the side leakage. The pressure i s u s u a l l y assumed 

to be ambient outside the complete f i l m . 

Cameron (1966) has suggested that the observed delay i n the formation of the 

f i l m can be explained by the f i n i t e time necessary f o r the gases to r e d i s s o l v e . 

However i t seems u n l i k e l y that there i s a cycle of cav i ta t ion and s o l u t i o n . 

Once the streamers have formed, the gas bubbles could be stable with the 

lubr icant by passing them. 

B . THE MINIMUM DISSIPATION PRINCIPLE 

A minimum d i s s i p a t i o n p r i n c i p l e has proved to be useful i n the a n a l y s i s 

of viscous flow s i t u a t i o n s . Helmholtz proved that f o r laminar flow of a 

Newtonian f l u i d between known boundaries with s p e c i f i e d v e l o c i t i e s , the ve loc i ty 

d i s t r i b u t i o n throughout the f l u i d corresponds to minimum energy d i s s i p a t i o n . 

I t can be shown that t h i s i s a necessary and s u f f i c i e n t conditions f o r the 

equations of motion to be s a t i s f i e d . 

The pr inc ip le of minimum d i s s i p a t i o n i s analogous to Castagl iano's theorem 

i n s o l i d mechanics. Energy d i s s i p a t i o n corresponds to e l a s t i c s t r a i n energy. 

The minimum s t r a i n energy pr inc ip l e i s based on the l i n e a r i t y of s t res s and 

s t r a i n and so the minimum d i s s i p a t i o n p r i n c i p l e presumably does not apply to 

turbulent or non-Newtonian f low. 

Although there i s not a general proof, i t has been shown that f o r a number 

of cases the general pr inc ip le holds f o r l e s s r i g i d boundary conditions than 

those spec i f i ed by Helmholtz. 
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Christopherson and Dowson (1959) considered the f a l l of a b a l l i n a s l i g h t l y 

wider tube f i l l e d with l i q u i d . They found that the b a l l f a l l s e c c e n t r i c a l l y 

w h i l s t rotat ing i n a d i rec t ion opposite to that required for r o l l i n g down the 

nearest w a l l . This r e s u l t was shown to be consistent wi th a t h e o r e t i c a l ana lys i s 

based on minimum d i s s i p a t i o n . 

Christopherson and Naylor (1955) investigated wire drawing with a die 

pressurised by hydrodynamic a c t i o n . The wire adopted an eccentr ic posit ion which 

was again consistent wi th minimum d i s s i p a t i o n . 

A generally appl icable minimum d i s s ipa t ion p r i n c i p l e would be p a r t i c u l a r l y 

valuable i n l u b r i c a t i o n theory as laminar i s u s u a l . Christopherson (1957) has 

shown that the Reynolds condition f o r the breakdown of l u b r i c a t i n g f i l m s 

corresponds to minimum d i s s i p a t i o n . 

The f i l m extent i n a s t ead i ly loaded journal bearing has been analysed i n 

the l i g h t of these examples. An exact a n a l y t i c a l solut ion i s not possible even 

f o r the i n f i n i t e l y wide bearing, but numerical methods can be employed to 

e s t a b l i s h the re la t ionsh ip between f i l m extent and energy d i s s i p a t i o n . 

C . NO SIDE LEAKAGE CASE 

I t i s often worthwhile to invest igate the behaviour of r e a l bearings 

using the s impl i f i ed model based on no side leakage. The d i f f e r e n t i a l equation, 

given previous ly , can be most e a s i l y solved using the Sonanerfeld transformation: 

g + cos 6 cos y = z T ' 1 + ecos0 

The so lut ion with the f i l m s t a r t angle a t the maximum f i l m thickness (0 = y = 0) 

i s we l l documented. Considering the s t a r t a t y = /3, 9 = 8 n and the breakdown at 

the Reynolds pos i t ion y = ir + a , 8 = d^, the equations are as fol lows: 
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2(cosa(ir + B) - ( s ina + s i "£22 a 
(ir + a - 8) - (cosa s ina) - sin/?(2cosg + cos/S) 

Wy* = W* s i n * = cospr + g - ff) - ( s ina + sing) 

(1 + e c o s a ) . ( l - e 2 ) 0 ' 5 

Wx* = (V* cos* = g/2(oosa + oosfl) 
2 

( l - e ) ( l + e coso) 

2nURL(7T + 2e((7T + j8)cosg - ( s i n g + s i n g ) ) ) 5* 
(1 - e ) + ecosa) 

F * , the shaft f r i c t i o n , includes the contribution from the streamers i n the 

cavi tated region. Their f r a c t i o n a l width was ca lcu lated as (ava i lab le flow,)/ 

A computer programme was writ ten to ca lcu la te the value of P* at various 

f i l m extents f o r a ser ies of spec i f i ed loads . The load cannot be f i x e d before 

solut ion and so i t was necessary to use an i t e r a t i v e method. For given values 

of a and & the e c c e n t r i c i t y r a t i o was success ive ly modified by l i n e a r i n t e r 

polation u n t i l the error i n the value of W was l e s s than 0.1$. The f i l m 

co-ordinates were converted to angles i n r e a l space and the r e s u l t s plotted* 

Pig .34 shows the v a r i a t i o n i n P* with 0 . The value ot S does not change 
• 1 ' 

s i g n i f i c a n t l y as the f i l m extent decreases. I t can be seen that there i s a 

minimum f r i c t i o n f o r the high and low loads . No minimum seems to e x i s t for 

the intermediate loads; th i s w i l l be shown to be a consequence of the i n f i n i t e 

width. The e c c e n t r i c i t y r a t i o i s dependent on the f i l m extent; as the f i lm 

shortens the e c c e n t r i c i t y increases and so the pressure gradients r i s e . 

(flow to f i l l c l earance ) , which assumes a rectangular cross sect ion. 
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D. SIDE LEAKAGE CASE 

The so lut ion of the two dimensional Reynolds equation i s complicated 

by considering various f i l m extents and loads. The d i f f e r e n t i a l equation i s 

usua l ly represented by a f i n i t e d i f ference approximation and the set of l i n e a r 

equations for the mesh solved by an i t e r a t i v e procedure. For the purpose of 

ca l cu la t ion i t i s convenient to modify Reynolds* equation by replac ing p by 
3/2 

M = ph . High pressures are associated with small f i l m thicknesses and so 

th i s modification reduces the gradients and enables a coarser mesh to be used. 

The index 3 / 2 o f f ers a s i m p l i f i c a t i o n i n the r e s u l t i n g equation. Written i n 

terms of M, the non-dimensional Reynolds equation becomes: 

dht + f i ¥ 32M* _ |3(2gcos0 + g 2 ( c o s 0 ) 2 + g 2oos2fl) 1 gsing 

dd2 + 3 / 2 ~ 4(1 + e c o s S ) 2 J (1 + g c o s e ) 1 ' 5 

when the f i l m thickness re la t ionsh ip i s inc luded. 

The equation was solved by a method s i m i l a r to that suggested by Osboume 

(1966). I t was represented by a f i v e point f i n i t e di f ference equation and then 

a Liebmann re laxat ion method was used to give the values of IP f o r one h a l f of 

the symmetrical bearing. The Reynolds breakdown condition was imposed by 

immediately reducing to zero any negative pressures produced. 
f 

An i n i t i a l t e s t showed that a 61 x 11 mesh offered a reasonable balance 

between computing time and accuracy f o r a bearing with L/D = 1. The 6 l points 

were between the chosen s t a r t i n g point and 7 r / 2 a f t e r the minimum f i l m thickness , 

which i s beyond the possible breakdown point . The 11 points were across h a l f of 

the bearing width. 

A computer was programmed to sweep through the i n t e r i o r of the mesh and 

ca lcu la te an improved pressure at each point from the four surrounding values . 

The i n i t i a l values were a l l zero and the boundaries were unchanged throughout 

the so lut ion . The bas ic re laxat ion procedure converges very slowly f o r a f ine 
2 

mesh and so Aitken's 8 method was used to accelerate the process. The method 
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used involved a sequence of 40 i t e r a t i o n s f o r the whole mesh followed by the 

ca l cu la t ion of an improved estimate from the three f i n a l values at each point . 

This was repeated u n t i l the larges t change along the centre l i n e was l e s s than 

0.001$ between successive i t e r a t i o n s . The t o t a l computing time was reduced by 

a fac tor of almost 2 by the Aitken process but the storage required was 

increased. 

The load was found by an integrat ion of the M* values . Simpson's ru le 

was used a x i a l l y and the Trapezoidal ru le c i r c u m f e r e n t i a l l y . 

The shaft f r i c t i o n was ca lcu lated by inc luding the contribution from the 

cav i ta t ion streamers. The ana lys i s i s exact f o r both i n f i n i t e l y wide and 

f i n i t e bearings. The s t a r t i n g points are: 

du 1 dp / h\ U du 

Tz = n S ( z " 2>
 + P T = * Tz 

Integrat ion y i e l d s : 

P* = 3eW» s i n * + l / ( l - * 2 ) 0 , 5 

[ 2 ae f ^ + i (I + eco S e 2 ) a 
1 = 9 ( l + e c o s f l ) + t ~ 2 d e 

e i 2 ( l + ecosfl) 

The second part of I i s the contribution from the streamers. The whole 

in tegra l can be solved using the Sommerfeld subs t i tu t ion . I t y i e l d s : 

T L . „ o • ("((<3 + * -a ) - (gsin/3 + <rsinq)) ] I 

The expression given previously f o r the i n f i n i t e l y wide bearing can be 

obtained by subs t i tu t ing for W* i n the equation above. 

The contribution to the f r i c t i o n from the supply flow was a lso ca l cu la ted 

assuming zero supply pressure and a feed opposite the load. A volumetric flow 

balance was used to give the extra area of sheared f l u i d * 
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The side leakage i . e . supply flow can be ca lcu lated by integrat ing along 

the edges of the f i l m or by subtract ing the flow at the end from the flow at 

the s t a r t . The l a t t e r method was used, considering the pressure gradient at 

the s t a r t of the f i l m . This i s sometimes neglected but i s important at high 

e c c e n t r i c i t i e s or f o r short f i l m s . The equation i s : 

Q' = eCcos^ - cos© ) - (1 + ecosfl ) 5 f 1 ("dp. 

The contribution to the f r i c t i o n from the supply flow was ca lcu la ted by a 

method s i m i l a r to that used f o r the cav i ta t ion streamers. 

Since the load i s one of the f i n a l r e s u l t s , an i t e r a t i v e method must be 

used to determine the conditions at spec i f i ed loads. Improved values of the 

e c c e n t r i c i t y r a t i o were ca lculated from i n i t i a l estimates using l i n e a r 

in terpo la t ion . The process was repeated u n t i l the ac tua l load was within 0,1% 

of the set value . From 2 to 6 e c c e n t r i c i t y changes were necessary to obtain 

t h i s degree of accuracy. Once the load was acceptable the e c c e n t r i c i t y r a t i o 

was used i n the ca l cu la t ion of the shaf t f r i c t i o n before advancing the f i l m 

s t a r t angle. The average computing time f o r a p a r t i c u l a r load and f i l m extent 

was 90 seconds on the IBM 360/67 machine employed. 

Fig.35 shows the v a r i a t i o n of P* with 9^ for various values of HP, the 

non-dimensional load. The higher f r i c t i o n s at each load include the supply 

flow component. The r e s u l t s are tabulated at the end of t h i s appendix with the 

computer programme. 

Certain discrepancies are noticeable i n the tabulated r e s u l t s which cause 

i r r e g u l a r i t i e s i n the curves. The f i l m extent and so the f r i c t i o n cannot 

change smoothly because of the mesh. This becomes f i n e r as the extent 

decreases but there w i l l be an error i n f i x i n g the breakdown point . The 

centre - l ine value of &„ was used i n the c a l c u l a t i o n of the f r i c t i o n and the 
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f l o w r a t e ; t h i s in t roduces a sma l l e r r o r due t o the e a r l i e r c a v i t a t i o n a t the 

edges o f the b e a r i n g . Another e r r o r i s i n t r o d u c e d by the v a r i a t i o n s i n the 

l o a d ; i t i s d i f f i c u l t to d i f f e r e n t i a t e t h i s e f f e c t f rom t h a t due t o e r r o r s i n 

the e c c e n t r i c i t y r a t i o . A t low values o f 0^ the e c c e n t r i c i t y r a t i o changes 

l i t t l e or even not a t a l l as the e x t e n t decreases. T h e o r e t i c a l l y € must increase 

as the f i l m shortens bu t accumulated e r r o r s mask t h i s behav iour . 

The i r r e g u l a r i t i e s caused by the f i n i t e d i f f e r e n c e approach cou ld be 

reduced a t the expense o f computing t ime but the f o r m o f the curves would no t 

be changed. 

E. DISCUSSION 

The r e s u l t s o f the s ide leakage c a l c u l a t i o n s demonstrate t h a t f o r a 

g iven value o f the non-dimensional l o a d there i s a va lue o f the f i l m e x t e n t 

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

The hypothesis i s t h a t a bea r ing w i l l t end t o operate w i t h t h a t f i l m 

ex t en t t h a t corresponds t o minimum energy d i s s i p a t i o n . 

The v a r i a t i o n i n f r i c t i o n i s s m a l l f o r most o f the s t a r t i n g p o s i t i o n s 

bu t t h i s does not a f f e c t the bas ic p r i n c i p l e . For the loads considered the 

optimum value o f ^ i s between 5 5 ° and 6 5 ° when the supply f l o w c o n t r i b u t i o n 

i s i n c l u d e d . A t bo th ends o f the 8^ range considered the d i f f e r e n c e between 

the two c o n d i t i o n s decreases: i n one case the s t a r t i s near t o the supply 

p o i n t and i n the o the r the f l o w r a t e i s smal l because o f the sho r t f i l m . 

F i g . 3 6 shows the r e s u l t s o f Cole and Hughes p l o t t e d w i t h the present 

t h e o r e t i c a l r e s u l t s . T h e i r bea r ing had a f e e d p o s i t i o n and L/D r a t i o 

s i m i l a r t o the t h e o r e t i c a l model and so the r e s u l t s are comparable. They 

observed the maximum de lay i n the f i l m s t a r t angle a t the lowest f e e d 

pressures as expected. I t can be seen t h a t the min i mum f r i c t i o n r e s u l t s 

c l o s e l y agree w i t h the exper imenta l r e s u l t s f o r the f i l m s t a r t ang le . 
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However the f i l m extends f a r t h e r than p r e d i c t e d . Cole and Hughes suggested 

t h a t the s c a t t e r i n the "breakdown p o s i t i o n cou ld be due to exper imenta l e r r o r 

but t hey d i d not o f f e r an exp lana t ion o f the de lay . They recorded f l o w r a t e s 

lower than p r e d i c t e d conc lud ing t h a t t h i s was due to the meniscus formed a t 

each s ide o f the b e a r i n g . I t i s pos s ib l e t h a t t h i s meniscus a f f e c t e d the 

breakdown o f the f i l m . The delay i n the s t a r t o f the f i l m i s c o n s i s t e n t w i t h 

the minimum energy d i s s i p a t i o n p r i n c i p l e , a t l e a s t f o r low f e e d pressures . 

P r a c t i c a l bearings are not f e d a t zero pressure , t h i s would i n v o l v e the 

bea r ing o n l y t a k i n g the f l o w r e q u i r e d . A g r ea t e r f l o w i s used to ensure 

adequate c o o l i n g o f the l u b r i c a n t c a r r i e d th rough the loaded r e g i o n . Most o f 

the a d d i t i o n a l l u b r i c a n t leaves near t o the supp ly but the f i l m w i l l be 

extended. A minimum d i s s i p a t i o n c o n d i t i o n might s t i l l c o n t r o l the f o r m a t i o n 

o f the f i l m b u t a more r i g o r o u s ana lys i s would be r e q u i r e d . 

The e f f e c t s observed d u r i n g the development o f the t e s t bea r ing can be 

exp la ined i n terms o f the dependence o f the f r i c t i o n on f i l m e x t e n t . As the 

speed increased a t constant load the f r i c t i o n decreased because the s i t u a t i o n 

approached zero supply pressure . The e f f e c t was accentuated by the l a rge 

clearance r a t i o and low v i s c o s i t y used. 

I n c o n c l u s i o n , the p r i n c i p l e o f minimum d i s s i p a t i o n has been f u r t h e r 

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

have been e s t a b l i s h e d . 



COMPUTER PROGRAMME SIDE LEAKAGE BEARING IBM LANGUAGE P L / 1 
CALCULATES NON D FRICTION FOR BEARING WITH R /L=ALF AT ADVANCING 
FILM START POSITI O N . F I N I T E DIFF METHOD USED ON MESH SIZE NX, NY 

FDMINF:PROC OPT IONS(MA I N ) ; 
D C L ( E X / P I / A L F / R F / E R R / J I M / D T R / D D X / D X / D Y / A X / A Y / A N G / C A N G / S A N G / 

COM P , M C / P M A X / D C / D M A X / W C / V J S / W / T R / ATAN G, C A , C B , F R I C, I NT, A , B , 
SETW,EX2,W2,STARTEX,Z) FLOAT; 

/ * DECLARATION OF PARAMETERS TO BE USED * / 
D C L C O ^ H O ^ C S ^ E D R I O F L O A T ; 
D C L ( N X , N Y , N Y M , I , J , K , X O , L )FIXED B I N ; 
DCL FEED FIXED B I N ; 
DCL ( N , V ) F I X E D B I N ; 
DCL REX FLOAT; 
FEED=0; / * DEGREES BETWEEN SUPPLY AND LOAD * / 
PI =3 .11+15926; 
D T R = P I / 1 . 8 E 0 2 ; 
A L F = 0 . 5 ; / * BEARING RADIUS /WIDTH RATIO * / 
N X = 6 1 ; / * MESH DIMENSION * / 
N Y = 2 1 ; / * MESH DIMENSION * / 
N Y M = ( N Y + l ) / 2 ; 
D Y = 1 / ( N Y - 1 ) ; 
A Y = ( A L F / D Y ) * * 2 ; 
RF=1E0; / * RELAX FACTOR FOR ITERATION * / 
E R R = l E - 0 5 ; / * MAX MESH CHANGE FOR CONVERGANCE * / 

/*GET I N I T I A L VAUES FROM DATA L I S T * / 
WORK:GET L I ST(SETW,STARTEX,XO) ; 

/ * EX IS ECC RATIO AND STARTEX ITS I N I T I A L VALUE * / 
BEGIN; 
ON ERROR BEGIN;PUT D A T A ( L , V , Z , E X , M ( I , J ) , M A ( I , J ) , M B ( I , J ) ) ; E N D ; 

/ * DECLARATION OF ARRAYS USED * / 
DCL (M( NX/ NYM+1) , Y( NX ) , G( NX ) , H( NX ) , LM(NX) , WI (NX ) )FLOAT; 
DCL ( M A ( N X / N Y M + l ) / M B ( N X / N Y M + l ) ) F L O A T ; 
J I M = ( N X - 1 ) ; 



> 36 / * SET I N I T I A L MESH VALUES * / 
> 37 DO 1=1 TO NX; 
> 38 DO J = l TO ( N Y M + 1 ) ; 
> 39 M ( l , J ) = 0 ; 
> 40 END; 
> 1+1 END; 
> 42 PUT D A T A ( N X , N Y , ALF ,ERR,SETW,STARTEX) ; 
> 43 PUT S K I P ( 8 ) ; 
> 44 PUT E D I T C I N ' , ' O U T ' , ' E X T E N T ' , ' E ' , ' L O A D ' , ' A T T ' , ' F R I C ' , 
> 45 ' F E D R I C 1 , ' Q * 1 , 1 M A X P A T ' ) 
> 1*6 ' X ( J | ) , A ( 2 ) , X ( 5 ) , A ( 3 ) / X ( 5 ) , A ( 6 ) , X ( 5 ) , A ( 1 ) , X ( 6 ) / A ( 4 ) , X ( 5 ) , A ( 3 ) / 

> 47 X ( 6 ) , A ( 4 ) , X ( 4 ) , A ( 6 ) , X ( 5 ) , A ( 2 ) , X ( 4 ) , A ( 7 ) ) ; 
> 48 PUT S K I P C 4 ) ; 
> 49 POINT: 
> 50 V = 0 ; 
> 51 L=0;EX=STARTEX; 
> 52 D D X = ( 2 . 7 E 2 - X O ) / J I M ; 
> 53 DX=DDX*DTR; 
> 54 A X = ( 1 / D X ) * * 2 ; 
> 55 / * SET MINOR ARRAYS FOR PARTICULAR FILM START ANGLE XO AND ECC R A T I O * / 
> 56 NEWEX: 
> 57 L = L + 1 ; K = 0 ; 
> 58 IF L>20 THEN DO; 
> 59 EX=EX2; 
> 60 W=W2; 
> 6 1 GO TO PROF I L E ; 
> 62 END; 
> 63 DO I =1 TO NX; 
> 64 A N G = ( ( D D X * ( 1 - 1 ) ) + X O ) * D T R ; 
> 65 CANG=COS(ANG); 
> 66 SANG=SIN(AMG); 
> 67 H C I ) = ( 1 E 0 + ( E X * C A N G ) ) * * 1 . 5 ; 
> 68 Y ( l ) = - 2 * ( A X + A Y ) + ( 0 . 7 5 E 0 * ( ( 2 E 0 * E X * C A N G ) + ( 2 * ( E X * * 2 ) * ( C A N G * * 2 ) ) 
> 69 - ( ( E X * * 2 ) * ( S A M G * * 2 ) ) ) / ( ! H ( I ) * * ( 4 E 0 / 3 E 0 ) ) ) ; 
> 70 G ( I ) = - ( E X * S A N G ) / H ( I ) ; 
> 71 L M ( I ) = C A N G / H ( I ) ; 
> 72 END; 



ITERATE: 
/ * LIEBMANN RELAXN WITH ACCD CONVERGENCE * / 

V = V + 1 ; 
K = K + 1 ; I F K>30 THEN GO TO LOAD; 
DO N = l TO l»0; 

RELAX FOR REST OF MESH * / 
DO J = 2 TO ( N Y M - 1 ) ; 

DO 1=2 TO ( N X - 1 ) ; 
M ( I / J ) = M ( I , J ) - ( ( R F / Y ( I ) ) * ( ( ( M ( 1 + 1 , J ) + M ( l - l / J ) ) * A X ) 

+ ( ( M ( I , J + 1 ) + M ( I , J - l ) ) * A Y ) 
+ ( M ( I , J ) * Y ( I ) ) - G ( I ) ) ) ; 

IF M( I , J X O THEN M( I , J ) = 0 ; 
IF N=38 THEN DO; 

M A ( I , J ) = M ( I , J ) ; 
END; 

IF N = 39 THEN DO; 
M B ( I , J ) = M ( I , J ) ; 

END; 
END; 

END; 
RELAX FOR MIDDLE OF MESH AND TEST FOR CONVERGENCE * / 

COMP=0; 
DO 1=2 TO ( N X - 1 ) ; 

J=NYM; 
M ( I / J + l ) = M ( I , J - l ) ; 
M C = M ( I , J ) ; 

M ( I , J ) = M ( I , J ) - { ( R F / Y ( I ) ) * ( ( (M( I + 1 , J ) + M ( 1 - 1 , J ) ) * A X ) 
+ ( ( M ( I , J + l ) + M ( l / J - l ) ) * A Y ) 

+ ( M ( I , J ) * Y ( I ) ) - G ( I ) ) ) ; 
I F M( I , J X O THEN M( I , J ) = 0 ; 
IF M ( I , J ) > 0 THEN DO; 
T R = ( A B S ( M ( \ , J ) - M C ) ) / ( M ( I , J ) ) ; 
IF TR>COMP THEN COMP=TR; 

END; 
IF N=38 THEN DO; 

MAC I , J ) = M ( I , J ) ; 
END; 



> 110 IF N=39 THEN DO; 
> 111 M B ( I , J ) =M ( I , J ) ; 
> 112 END; 
> 113 END; 
> H i t IF COMP<ERR THEN GO TO LOAD; 
> 115 END; 
> 116 J = l ; 
> 117 /*ACCN FOR REST OF MESH * / 
> 118 R E S T : J = J + 1 ; I F J<NYM THEN DO; 
> 119 1 = 1 ; 
> 120 U S : 1 = 1 + 1 ; 
> 121 IF I<=NX THEN DO; 
> 122 IF M ( l / J ) = 0 THEN GO TO REST; 
> 123 IF M B ( 1 , J ) = M ( I , J ) THEN GO TO US; 
> 124 Z = ( ( M A ( I / J ) - M B ( I / J ) ) / ( M B ( I / J ) - M ( I / J ) ) ) ; 
> 125 Z = Z - 1 E 0 ; 
> 126 IF Z=0 THEN Z = l E - 0 2 ; 
> 127 Z = 1 E 0 / Z ; 
> 128 IF Z>1E2 THEN Z = 1 E 2 ; I F Z < - 1 E 2 THEN Z = - 1 E 2 ; 
> 129 M ( I , J ) = M ( I , J ) + ( Z * ( M ( I , J ) - M B ( I , J ) ) ) ; 
> 130 END; 
> 131 GO TO US; 
> 132 END; 
> 133 J = N Y M ; I = 1 ; 
> 134 / * ACCN FOR MIDDLE * / 
> 135 M I D : 1 = 1 + 1 ; 
> 136 IF M ( I , J ) > 0 THEN DO; 
> 137 IF M B ( I , J ) = M ( I , J ) THEN GO TO M I D ; 
> 138 Z = ( ( M A ( I , J ) - M B ( I , J ) ) / ( M B { I , J ) - M ( I , J ) ) ) ; 
> 139 Z = Z - 1 E 0 ; 
> 140 IF Z=0 THEN Z = l E - 0 2 ; 
> 1 4 1 Z = 1 E 0 / Z ; 
> 142 IF Z>1E2 THEN Z = 1 E 2 ; I F Z<-1E2 THEN Z = - 1 E 2 ; 
> 143 M ( I , J ) = M ( I , J ) + (Z * ( M ( I , J ) - M B ( I , J ) ) ) ; 
> 144 GO TO M I D ; 
> 145 END; 
> 146 GO TO ITERATE; 



> 1U7 LOAD: 
> 11*8 / * INTEGRATION TO FIND LOAD * / 
> 149 DO 1=2 TO ( N X - 1 ) ; 
> 150 IF M ( l , N Y M ) > 0 THEN C = l ; 
> 1 5 1 END; 
> 152 C = C +1 ; 
> 153 DO 1=1 TO ( C - l ) ; 
> 151* W l ( l ) = 0 ; 
> 155 DO J = l BY 2 TO ( N Y M - 2 ) ; 
> 156 Wl ( I )=WI ( I ) + ( ( D Y / 3 E 0 ) * ( M ( l / J ) + M ( l / J + 2 ) + ( ' * * M ( l / J + l ) ) ) ) ; 
> 157 END; 
> 158 END; 
> 159 WC=0;WS=0; 
> 160 DO 1=1 TO ( C - 2 ) ; 
> 1 6 1 W S = W S + ( ( D X / 2 E 0 ) * ( ( G ( I ) * W I ( I ) ) + ( G ( I + 1 ) * W I ( I + 1 ) ) ) / ( - E X ) ) ; 
> 162 WC=WC+( ( D X / 2 E 0 ) * ( (LM.( I ) * WI ( I ) ) + ( LM ( I + 1 ) *W I ( I + 1 ) ) ) ) ; 
> 163 END; 
> 161* W=SQRT((WC*WC)+(WS*WS)); 
> 16 5 W=W*2EQ; 
> 166 LOOKLOAD: 
> 167 / * LINEAR INTERPOLATION TO GET BETTER EX FROM LOADS AT TWO EX * / 
> 158 IF A B S ( S E T W - W ) > ( S E T W * l E - 0 3 ) THEN DO; 
> 169 IF EX=STARTEX THEN DO; 
> 170 EX2=EX; 
> 171 E X = E X 2 + 2 E - 2 ; 
> 172 W2=W; 
> 173 GO TO NEWEX; 
> 171* END; 
> 175 REX=EX; 
> 176 E X = ( ( E X 2 - E X ) / ( W 2 - W ) ) * ( S E T W - W ) + E X ; 
> 177 EX2=REX; 
> 178 W2=W; 
> 179 GO TO NEWEX; 
> 180 END; 



> ml PROF I L E : PMAX = 0 ; 
> 182 DO 1=2 TO ( N X - 1 ) ; 
> 133 IF M ( I , N Y M ) / H ( I ) > P M A X THEN DO; 
> 184 PMAX=M( I , N Y M ) / H ( I ) ; 
> 185 N M A X = I ; 
> 186 END; 
> 187 END; 
> 188 D M A X = ( D D X * ( N M A X - 1 ) ) + X O ; 
> 189 D C = ( D D X * ( C - l ) ) + X O ; 
> 190 ATANG=ATAN((WS/WC)) ; 
> 1 9 1 ATANG=ATANG/DTR; 
> 192 FLOW: 
> 193 O=0;CANG=COSD((XO-DDX)) ; 
> 194 H O = ( 1 E O + ( E X * C A N G ) ) * * 1 . 5 ; 
> 195 DO J=2 TO ( N Y M - 1 ) ; 
> 196 C[=Q+( ( D Y / ( 2 E 0 * D X ) ) * ( ( M ( 2 , J ) * ( 1 E 0 / H ( 2 ) + ( 1 E 0 / H O ) ) ) - ( D X * D X * G ( 1 ) / 
> 197 H O ) ) ) ; 
> 198 END; 
> 199 DO J = 1 / N Y M ; 
> 200 Q = Q + ( ( D Y / ( 4 E 0 * D X ) ) * ( ( M ( 2 / J ) * ( 1 E 0 / H ( 2 ) + ( 1 E 0 / H O ) ) ) - ( D X * D X * G ( 1 ) / 
> 2 0 1 H O ) ) ) ; 
> 202 END; 
> 203 Q = Q * ( ( 1 E O + ( E X * C O S D ( X O ) ) ) * * 3 ) * 2 E 0 ; 
> 204 Q = ( 1 E O + ( E X * C O S D ( X O ) ) ) - ( 1 E 0 + ( E X * C O S D ( D C ) ) ) - Q ; 
> 205 F R I C T I O N : 
> 206 CA=COSD(DC);CB=COSD(XO);CS=COSD(-ATANG+FEED); 
> 207 FRIC=6E0*EX*WS; 
> 208 A = ( E X + C A ) / ( 1 + ( E X * C A ) ) ; 
> 209 B = ( E X + C B ) / ( 1 + ( E X * C B ) ) ; 
> 210 S = ( E X + C S ) / ( 1 E 0 + ( E X * C S ) ) ; 
> 211 A = A T A N ( S Q R T ( 1 E 0 - A * A ) , A ) ; 
> 212 B = A T A N ( S Q R T ( 1 E 0 - B * B ) / B ) ; 
> 213 S = A T A N ( S Q R T ( 1 E 0 - S * S ) , S ) ; 
> 214 A = A - P I ; 
> 215 B = B * S I G N ( X O ) ; 



> 216 I N T = ( P I + A - B ) + ( ( B + P I - A ) - ( E X * ( S I N ( A ) + S I N ( B ) ) ) / ( 1 + ( E X * C O S ( A ) ) ) ) ; 
> 217 I N T = I N T / ( ( 1 - E X * E X ) * * 0 . 5 ) ; 
> 218 FRIC = F R I C + I NT; 
> 219 B = P I + P I + B ; S = P I + P I - S ; 
> 2 20 F E D R I C = Q * ( B - S - ( E X * ( S I M ( B ) - S I N ( S ) ) ) ) / ( ( 1 E 0 - ( E X * E X ) ) * * 1 . 5 ) ; 
> 221 FEDRIC=FEDRIC+FRIC; 
> 222 PRINT: 
> 223 PUT E D I T U O ^ C ^ D C - X O ^ E X ^ A T A N G ^ R I C ^ F E D R I C ^ D M A X ^ V ) 
> 224 ( X ( 3 ) / F ( 4 / 0 ) / X ( 3 ) , F ( 6 / 2 ) / X ( 3 ) / F ( 6 / 2 ) / X ( 3 ) / F ( 6 / 4 ) / X ( 3 ) / 

> 225 F ( 6 / 4 ) / X ( 3 ) / F ( 5 / 2 ) / X ( 3 ) / F ( 6 / 3 ) , X ( 3 ) / F ( 6 / 3 ) / X ( 3 ) / F ( 6 / 3 ) / X ( 3 ) / F ( 5 / 2 ) / 

> 226 X ( 5 ) , F ( 3 ) , X ( 5 ) , F ( 5 ) ) ; 
> 227 PUT S K I P ( 2 ) ; 
> 228 ALT I N : 
> 229 IF XO<140 THEN DO; 
> 230 XO=XO+10; 
> 2 3 1 STARTEX=EX; 
> 23 2 GO TO POINT; 
> 233 END; 
> 234 END; 
> 23 5 PUT PAGE;GO TO WORK; 
> 236 END FDMINF; 



COMPUTER RESULTS FROM SIDE LEAKAGE ANALYSIS 

BEARING L / D = 1 . 0 SUPPLY OPPOSITE LOAD 
9 1 F ILM START ANGLE DEGREES FROM MAX FILM THICKNESS 
92 F ILM BREAKDOWN DEGREES FROM MAX FILM THICKNESS 
ECC ECCENTRICITY RATIO 
W* NON D LOAD 
ATT ATTITUDE ANGLE 
F* NON D FRICTION HIGHER VALUE INCLUDES SUPPLY FLOW 
Q* NON D SIDE LEAKAGE FLOW 

91 B2 ECC W* ATT F * F* Q* 

- 3 0 2 1 0 . 0 0 . 2309 0 . 1000 7 5 . 6 7 6 . 728 6 . 9 7 1 0 . 392 
- 2 0 2 1 2 . 0 0 . 2309 0 . 1000 7 5 . 06 6 . 709 6 . 9 9 0 0 . 3 8 5 
- 1 0 2 0 9 . 3 0 . 2 3 1 2 0 . 1 0 0 0 7 3 . 8 6 6 . 672 6 . 9 8 8 0 . 381 

0 2 1 1 . 5 0 . 2328 0 . 1000 7 2 . 02 6 . 656 6 . 9 8 8 0 . 364 
10 2 0 9 . 3 0 . 2360 0 . 1000 6 9 . 64 6 . 627 6 . 975 0 . 352 
20 2 1 1 . 7 0 . 2 4 1 3 0 . 1000 6 6 . 74 6 . 619 6 .965 0 . 328 
30 2 1 0 . 0 0 . 2 4 9 1 0 . 0999 6 3 . 42 6 . 602 f 

0 . 9 4 7 0 . 3 1 1 
40 2 1 2 . 5 0 . 2597 0 . 0999 5 9 . 75 5 . 607 6 . 9 3 5 0 . 282 
50 2 1 1 . 3 0 . 2737 0 . 1000 5 5 . 78 c 607 6 . 922 0 . 260 
60 2 1 0 . 5 0 . 2 9 1 7 0 . 1000 5 1 . 59 6 . 619 6 . 9 1 5 0 . 236 
70 2 1 0 . 0 0 . 3 1 4 0 0 . 1 0 0 1 4 7 . 2 4 6 . 646 6 . 9 1 7 0 . 208 
80 2 0 6 . 7 0 . 3 4 1 3 0 . 1000 4 2 . 79 6 . 678 6 . 9 3 1 0 . 1 8 7 
90 207 . 0 0 . 3746 0 . 1000 3 8 . 29 5 . 754 6 . 9 7 2 0 . 154 

100 2 0 4 . 8 0 . 4 1 4 6 0 . 1000 3 3 . 77 6 . 853 7 . 044 0 . 127 
110 203 . 3 0 . 4623 0 . 0999 2 9 . 28 7 . 009 7 . 1 6 9 0 . 098 
120 202 . 5 0 . 5 1 8 5 0 . 1 0 0 0 2 4 . 86 7 . 253 7 . 375 0 . 066 
130 200 . 0 0 . 5838 0 . 1000 2 0 . 51 7 . 613 7 . 705 0 . 043 
14 0 1 9 6 . 3 0 . 6584 0 . 1000 1 6 . 25 8 . 175 8 . 2 4 7 0 . 026 
150 192 . 0 0 . 7420 0 . 1000 1 2 . 10 9 . 129 9 . 1 9 0 0 . 015 



ei 92 ECC W* ATT F* 6* Ci* 

- 3 0 2 1 0 . 0 0 . 3947 0 . 1999 6 5 . 40 7 . 4 0 2 7 . 6 6 1 0 . 564 
- 2 0 2 0 7 . 2 0 . 3947 0 . 2002 6 4 . 95 7 . 342 7 . 652 0 . 665 
- 1 0 209 . 3 0 . 3944 0 . 2000 6 4 . 12 7 . 3 1 8 7 . 6 7 6 0 . 639 

0 2 0 7 . 0 0 . 3 9 5 1 0 . 1999 6 2 . 86 7 . 2 6 3 7 . 655 0 . 619 
10 209 . 3 0 . 3974 0 . 1999 6 1 . 14 7 . 2 4 9 7 . 6 5 2 0 . 576 
20 207 . 5 0 . 4 0 1 5 0 . 1999 5 9 . 01 7 . 2 1 1 7 . 6 2 4 0 . 542 
30 2 1 0 . 0 0 . 4079 0 . 1999 5 6 . 50 7 . 2 1 3 7 . 613 0 . 488 
40 2 0 8 . 7 0 . 4 1 6 8 0 . 1 9 9 9 5 3 . 65 7 . 2 0 0 7 . 589 0 . 445 
50 2 0 7 . 7 0 . 4 2 8 8 0 . 1999 5 0 . 51 7 . 2 0 2 7 . 572 0 . 399 
60 2 0 7 . 0 0 . 4442 0 . 1999 4 7 . 11 7 . 2 2 3 7 . 558 0 . 349 
70 2 0 6 . 7 0 . 4634 0 . 2000 4 3 . 51 7 . 2 5 6 7 . 580 0 . 299 
80 2 0 6 . 7 0 . 4869 0 . 2002 3 9 . 76 7 . 3 3 9 7 . 6 1 7 0 . 246 
90 2 0 4 . 0 0 . 5 1 4 4 0 . 2000 3 5 . 89 7 . 4 2 2 7 . 672 0 . 205 

100 202 . 0 0 . 5473 0 . 2000 3 1 . 95 7 . 555 7 . 7 7 4 0 . 163 
110 2 0 0 . 7 0 . 5355 0 . 1999 2 7 . 95 7 . 757 7 . 9 4 2 0 . 122 
120 2 0 0 . 0 0 . 6300 0 . 2000 23 . 9 1 8 . 0 6 2 3 . 208 0 . 082 
130 2 9 7 . 7 0 . 6807 0 . 1999 1 9 . 89 8 . 4 9 4 8 . 610 0 . 052 
140 1 9 4 . 2 0 . 7 3 8 2 0 . 2000 1 5 . 9 0 9 . 1 5 0 9 . 248 0 . 032 
150 1 9 2 . 0 0 . 8 0 1 9 0 . 2000 1 1 . 90 10 . 2 9 0 10 . 356 0 . 014 

9 1 92 ECC w ATT F* F* Q* 

- 3 0 205 . 0 0 . 5030 0 . 2 9 9 8 5 8 . 44 8 . 068 8 . 3 0 1 0 . 862 
- 2 0 207 . 7 0 . 5030 0 . 3002 5 8 . 08 8 . 048 8 . 342 0 . 841 
- 1 0 2 0 4 . 7 0 . 5025 0 . 3 0 0 0 5 7 . 50 7 . 9 7 2 8 . 3 2 0 0 . 824 

0 207 . 0 0 . 5027 0 . 2999 5 6 . 55 7 . 9 5 1 0 u . 330 0 . 775 
10 2 0 5 . 0 0 . 5040 0 . 2999 5 5 . 26 7 . 890 8 . 2 9 6 0 . 734 
20 2 0 7 . 5 0 . 5068 0 . 2 998 5 3 . 62 7 . 883 8 . 292 0 . 668 
30 2 0 6 . 0 0 . 5 1 1 3 0 . 2998 5 1 . 65 7 . 8 4 5 8 . 2 5 6 0 . 612 
40 2 0 4 . 8 0 . 5 1 7 9 0 . 2997 4 9 . 37 7 . 82 3 8 . 2 2 4 0 . 551 
50 2 0 4 . 0 0 . 5273 0 . 2999 4 6 . 78 7 . 8 2 1 8 .205 0 . 437 
60 2 0 3 . 5 0 . 5393 0 . 2999 4 3 . 95 7 . 8 3 9 8 . 1 9 8 0 . 421 
70 203 . 3 0 . 5542 0 . 2998 4 0 . 88 7 . 8 8 1 8 . 2 0 9 0 . 3 54 
80 203 . 5 0 . 5729 0 . 2999 3 7 . 6 1 7 . 9 5 3 8 . 2 5 0 0 . 288 
90 2 0 4 . 0 n 

\J 
. 5956 0 . 3003 3 4 . 18 8 . 0 7 8 8 . 330 0 . 224 

100 202 . 0 0 . 6 2 2 1 0 . 3000 3 0 . 63 8 . 2 1 7 8 . 438 0 . 174 
110 2 0 0 . 7 0 . 6534 0 . 2999 2 6 . 9 8 8 . 4 3 3 3 . 619 0 . 127 
120 2 0 0 . 0 0 . 6 8 9 9 0 . 2999 2 3 . 25 8 . 762 8 . 9 0 9 0 . 083 
130 1 9 7 . 7 0 . 7 3 1 6 0 . 3000 1 9 . 45 9 . 2 2 4 g . 3 4 2 0 . 052 
140 1 9 4 . 1 L 

n 
u 

- i - F r* f\ 

. i i a 0 0 . 2999 1 5 . 62 9 . 92 2 10 . 0 2 2 0 . 032 



91 92 ECC W* ATT F* F* Q* 

- 3 0 205 . 0 0 . 5777 0 . 3996 5 3 . 45 8 . 758 8 . 9 5 7 0 . 985 
- 2 0 202 .3 0 . 577 7 0 . 4 0 0 1 5 3 . 23 8 . 6 7 2 8 . 9 4 1 0 . 9 8 1 
- 1 0 204 .7 0 . 5772 0 . 4000 5 2 . 72 8 . 6 5 2 8 . 973 0 . 938 

0 202 .5 0 . 5772 0 . 3998 5 2 . 03 8 . 571 8 . 9 3 6 0 . 900 
10 205 . 0 0 . 5780 0 . 3999 5 0 . 96 8 . 5 5 9 8 . 9 4 6 0 . 831 
20 203 .3 0 . 5798 0 . 3998 4 9 . 65 8 . 4 9 7 8 . 9 0 1 0 . 770 
30 2 0 6 . 0 0 . 5 8 3 1 0 . 3997 4 8 . 04 8 . 502 8 . 9 0 0 0 . 6 84 
40 204 .8 0 . 5880 0 . 3996 4 6 . 13 8 . 4 6 8 8 . 860 0 . 511 
50 204 . 0 0 . 5952 0 . 3998 4 3 . 94 8 . 4 5 6 3 . 8 3 3 0 . 535 
60 203 .5 0 . 6 0 4 6 0 . 3998 4 1 . 50 8 . 4 6 5 8 . 8 1 9 0 . 457 
70 203 .3 0 . 6 1 6 6 0 . 3998 3 8 . 33 8 . 5 0 4 8 . 8 2 8 0 . 381 
80 203 .5 0 . 6 3 1 7 0 . 3998 3 5 . 93 8 . 5 7 7 8 . 865 0 . 306 
90 2 0 1 . 0 0 . 6500 0 . 3993 3 2 . 85 8 . 5 5 2 8 . 9 1 5 0 . 247 

100 202 . 0 0 . 6722 0 . 4 0 0 1 2 9 . 50 8 . 830 9 . 0 4 9 0 . 180 
110 200 . 7 0 . 6984 0 . 3997 2 6 . 21 9 . 0 4 6 9 . 2 3 1 0 . 129 
120 197 .5 0 . 7 2 9 1 0 . 3998 2 2 . 71 9 . 3 4 0 9 . 5 0 3 0 . 093 
130 195 .3 0 . 7648 0 . 4000 1 9 . 10 9 . 8 1 1 9 . 9 4 8 0 . 060 
140 194 o 0 . 8054 0 . 3998 1 5 . 41 10 . 5 7 6 10 . 5 7 7 0 . 030 

9 1 92 ECC W* ATT F* F* Q* 

- 3 0 2 0 5 . 0 0 . 6324 0 . 5000 4 9 . 70 9 .42 5 9 . 5 8 4 1 . 075 
- 2 0 2 0 2 . 3 0 . 6320 0 . 5 0 0 1 4 9 . 50 9 . 3 2 3 9 . 564 1 . 068 
- 1 0 2 0 4 . 7 0 . 6317 0 . 5 0 0 1 4 9 . 12 9 . 3 0 8 9 . 604 1 . 021 

0 202 . 5 0 . 5315 0 . 4 9 9 8 4 8 . 52 9 . 2 1 5 9 . 558 0 . 977 
10 205 . 0 0 . 6 3 2 1 0 . 4999 4 7 . 67 9 . 2 0 6 9 . 5 7 3 0 . 900 
20 2 0 3 . 3 0 . 6333 0 . 4998 4 6 . 57 9 . 1 3 2 9 . 5 1 9 0 . 831 
30 2 0 2 . 0 0 . 6356 0 . 4996 45 . 22 9 . 073 9 . 468 0 . 753 
40 204 . 8 0 . 6395 0 . 4 9 9 6 4 3 . 59 9 . 092 9 . 4 7 2 0 . 653 
50 2 0 4 . 0 0 . 64 5 2 0 . 5000 4 1 . 69 9 . 0 7 1 9 . 4 3 8 0 . 568 
60 2 0 3 . 5 0 . 6527 0 . 5000 3 9 . 55 CI . 0 7 2 9 . 4 1 7 0 . 48 2 
70 2 0 3 . 3 0 . 6624 0 . 5000 3 7 . 17 9 . 101 9 . 418 0 . 398 
80 2 0 0 . 3 0 . 6748 0 . 5000 3 4 . 57 9 . 1 1 7 9 . 4 1 4 0 . 331 
90 2 0 1 . 0 0 . 6 9 0 1 0 . 4997 3 1 . 74 9 . 2 3 0 9 . 4 8 9 0 . 254 

100 1 9 9 . 2 0 . 7087 0 . 4997 2 8 . 74 9 . 3 5 6 9 . 537 0 . 195 
110 1 9 3 . 0 0 . 7312 0 . 5000 n r 

L D . 
r~ -» 
0 1 -J . 5 7 0 9 . 7 6 9 0 . 141 

120 1 9 7 . 5 0 . 7577 0 . 4 9 9 9 2 2 . 24 9 .905 10 . 067 0 . 092 
130 1 9 5 . 3 0 . 7887 0 . 5 0 0 1 1 8 . 79 10 . 3 7 7 10 . 514 0 . 059 
140 1 9 4 . 2 0 . 8245 0 . 4 9 9 9 1 5 . 22 11 . 1 5 9 1 1 . 2 5 8 0 . 030 



9 1 92 ECC W* ATT F * F * Q* 

- 3 0 2 0 0 . 0 0 . 6738 0 . 6000 4G. 78 9 . 9 5 3 10 . 0 9 9 1 . 165 
- 2 0 202 . 3 0 . 6734 0 . 6 0 0 1 4 6 . 57 9 . 946 10 . 163 1 . 134 
- 1 0 2 0 0 . 0 0 . 6 73 2 0 . 6 0 0 1 4 6 . 29 9 . 841 10 . 121 1 . 104 

0 202 . 5 0 . 6739 0 . 6000 45 . 75 9 . 333 10 . 155 1 . 035 
10 2 0 0 . 7 0 . 6733 0 . 5999 4 5 . 05 9 . 7 4 2 10 . 100 0 . 9 7 1 
20 203 . 3 0 . 6742 0 . 5998 4 4 . 10 9 . 743 10 . 115 0 . 876 
30 2 0 2 . 0 0 . 6759 0 . 5995 4 2 . 92 9 . 673 10 . 055 0 . 792 
40 2 0 1 . 0 0 . 6789 0 . 5994 4 1 . 5 1 9 . 623 10 . 0 0 2 0 . 701 
50 2 0 0 . 3 0 . 6835 0 . 6000 3 9 . 84 9 . 5 9 6 9 . 9 6 5 0 . 608 
60 2 0 0 . 0 0 . 6896 0 . 6000 3 7 . 93 9 . 591 9 . 940 0 . 515 
70 2 0 0 . 0 0 . 6976 0 . 5000 3 5 . 78 9 . 6 1 4 9 . 9 3 7 0 . 42 5 
80 2 0 0 . 3 0 . 7080 0 . 6000 3 3 . 39 9 . 673 9 . 9 6 5 0 . 339 
90 2 0 1 . 0 0 . 7 2 1 1 0 . 6000 3 0 . 80 9 . 780 10 . 0 3 5 0 . 258 

100 1 9 9 . 2 0 . 7 3 7 1 0 . 5997 2 8 . 00 9 . 8 9 6 10 . 124 0 . 197 
110 1 9 8 . 0 0 . 7564 0 . 5998 2 5 . 01 10 . 099 10 . 2 9 6 0 . 141 
120 1 9 7 . 5 0 . 7797 0 . 5990 2 1 . 84 10 . 4 3 1 10 . 593 0 . 092 
130 1 9 5 . 3 0 . 8 0 7 1 0 . 5996 1 8 . 52 10 . 8 9 8 11 . 0 3 4 0 . 058 

91 82 ECC W* ATT F* F* Q* 

- 2 0 202 . 3 0 . 7326 0 . 8007 4 2 . 19 11 . 1 1 7 11 . 2 9 3 1 . 228 
- 1 0 2 0 0 . 0 0 . 7 3 2 1 0 . 8002 4 1 . 96 10 . 9 8 9 11 . 2 3 4 1 . 193 

0 1 9 8 . 0 0 . 7 3 2 1 0 . 8 0 0 1 4 1 . 62 10 . 8 7 9 11 . 1 7 6 1 . 137 
10 2 0 0 . 7 0 . 7 3 2 1 0 . 8003 4 1 . 02 10 . 8 8 5 11 . 2 1 4 1 . 044 
20 1 9 9 . 2 0 . 7326 0 . 7999 4 0 . 32 1 0 . 7 8 9 11 . 1 4 4 0 . 958 
30 202 . 0 0 . 7337 0 . 7995 3 9 . 38 10 . 804 11 . 1 6 4 0 . 845 
40 2 0 1 . 0 0 . 7356 0 . 7993 3 8 . 26 10 . 736 11 . 093 0 . 745 
50 2 0 0 . 3 0 . 738 7 0 . 7997 3 6 . 90 10 . 592 11 . 0 45 0 . 643 
60 200 . 0 0 . 7430 0 . 8000 3 5 . 32 10 . 6 7 0 11 . 0 0 6 0 . 541 
70 2 0 0 . 0 0 . 7488 0 . 8000 3 3 . 53 10 . 677 10 . 9 8 9 0 . 442 
80 2 0 0 . 3 0 . 7564 0 . 8000 3 1 . 50 10 . 720 11 . 0 04 0 . 349 
90 1 9 8 . 0 0 . 7661 0 . 8000 2 9 . 2 4 10 . 743 11 , 0 04 0 . 277 

100 1 9 9 . 2 0 . 7733 0 . 7999 2 6 . 76 10 . 9 0 0 11 . 123 0 . 198 
110 1 9 3 . 0 0 . 7934 0 . 8000 2 4 . 07 11 . 0 8 4 11 . 2 7 7 0 . 140 
120 1 9 5 . 0 0 . 8 1 1 9 0 . 7996 2 1 . 17 11 . 3 3 3 11 . 5 0 9 0 . 100 



0 1 92 ECC W* ATT F* F* Q* 

0 1 9 8 . 0 0 . 7722 1 . 0 0 0 1 3 8 . 53 11 . 9 2 2 12 . 196 1 . 192 
10 2 0 0 . 7 0 . 7722 0 . 9 9 9 6 3 8 . 09 11 . 9 3 9 12 . 2 4 8 1 . 094 
20 1 9 9 . 2 0 . 7725 0 . 9999 3 7 . 49 1 1 . 3 3 1 12 . 167 1 . 001 
30 1 9 8 . 0 0 . 7732 0 . 9995 3 5 . 74 11 . 7 3 7 12 . 0 8 8 0 . 899 
1*0 1 9 7 . 2 0 . 7746 0 . 9 9 9 1 3 5 . 82 11 . 6 6 2 12 . 0 1 7 0 . 790 
50 1 9 6 . 7 0 . 7769 1 . 0 0 0 0 3 4 . 68 11 . 6 1 2 11 . 962 0 . 680 
60 2 0 0 . 0 0 . 7800 0 . 9999 3 3 . 3 1 1 1 . 5 7 4 12 . 0 0 1 0 . 556 
70 1 9 6 . 7 0 . 7843 1 . 0 0 0 0 3 1 . 78 11 . 5 7 7 11 . 891 0 . 467 
80 1 9 7 . 2 0 . 7900 1 . 0000 2 9 . 99 11 . G08 11 . 895 0 . 369 
90 1 9 8 . 0 0 . 7976 0 . 9999 2 7 . 98 11 . 6 8 8 11 .9 44 0 . 279 

100 1 9 6 . 3 0 . 8073 0 . 9 9 9 7 2 5 . 75 11 .752 11 . 983 0 . 2 1 1 
110 1 9 5 . 3 0 . 8195 0 . 9999 2 3 . 29 11 . 9 1 3 12 . 1 1 7 0 . 150 
120 1 9 5 . 0 0 . 8347 0 . 9999 2 0 . 59 12 . 2 0 9 12 . 3 8 2 0 . 098 
130 1 9 3 . 0 0 . 8534 1 . 0000 1 7 . 67 12 . 6 3 8 12 . 7 8 9 0 . 063 
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APPENDIX 2 

TABULATED TEST RESULTS 

A l l o f the t e s t r e s u l t s and c a l c u l a t e d non-dimensionals p l o t t e d i n the 

t e x t are g iven below. The v a r i a t i o n o f the v i s c o s i t y o f water w i t h temperature 

was ob ta ined f r o m Per ry ( 1 9 6 3 ) 

N speed ( r / s ) 

W l o a d (Newtons) 

t o u t l e t temp, (degrees cen t ig rade) 

PS 
2 —5 

Supply pressure (N/m ) x 1 0 

fi f l o w r a t e (Kg/S) 

Re Reynolds number = Uc/» 

Vs 2 2 
Inverse o f the Sommerfeld number = NR f?/Pc 

F b e a r i n g f r i c t i o n (Newtons) 

FC reduced f r i c t i o n c o e f f i c i e n t = F/w . R/C 

non-dimensional torque = T / N ^ D S J 

Superscr ip ts * f r i c t i o n c o r r e c t e d f o r b e a r i n g imbalance and de fec t s 
o f l o a d i n g system 

" f r i c t i o n w i t h angular momentum c o n t r i b u t i o n sub t rac t ed 

The l e t t e r a t the end o f each t e s t number denotes the d i r e c t i o n o f 

r o t a t i o n . 'U* d i r e c t i o n corresponds t o an ex t ens ion o f the torque measuring 

r i n g . The number a f t e r t h i s denotes the c o n c e n t r a t i o n o f Polyox WSR 3 0 1 . 



TEST 01U 0 PPM 

N W / PS MX10* RE 1/S F T*X10<*-

25 910 24 0. 4 200 664 .087 0 .94 94 
29 910 24 776 . 101 1 .39 103 
33 910 25 0. 3 200 908 . 113 1 . 88 106 
38 910 25 0. 4 200 1022 .127 2 .44 109 
42 910 26 1135 .141 3 .01 109 
46 910 26 1275 . 152 3 .83 115 
50 910 27 0. 6 210 1391 . 165 4 .63 116 
54 910 27 0. 6 217 1540 . 175 5 .38 115 
58 910 28 0. 8 217 1661 .189 6 .21 114 
63 910 29 1. 0 224 1816 . 198 7 .60 122 
66 910 30 1. 3 250 1981 .206 9 . 78 138 
71 910 31 1. 4 224 2154 . 214 12 .15 152 
75 910 31 1. 5 224 2325 .225 14 .67 164 
79 910 32 1. 6 224 2454 .235 17 .11 172 
83 910 32 1. 7 220 2636 .242 19 .37 175 
88 910 34 1. 8 217 2884 .244 20 .87 171 

TEST 02U 0 PPM 

N W / PS MXIO^ RE 1/S F T*X101«-

25 910 20 1. 0 34 2 606 . 095 1 .58 158 
29 910 21 1 . 1 350 723 . 108 2 .03 150 
33 910 21 1 . 1 350 827 . 12 4 2 .44 138 
42 910 22 1. 2 350 1057 . 151 3 .98 144 
46 910 22 1. 3 350 1162 . 166 4 .81 144 
50 910 23 1. 4 350 1298 . 177 5 .72 144 
54 910 23 1 . 5 350 1406 . 192 6 .51 139 
58 910 24 1 . 5 340 1551 . 202 7 .45 137 
63 910 25 1 . 6 340 1703 .211 8 .54 137 
67 910 26 1. 8 334 1855 .220 9 .85 139 
75 910 28 2. 0 317 2179 .237 13 .62 152 
83 910 29 2. 4 300 2 4 76 .258 19 .07 172 
92 910 31 2. 5 280 2841 .272 23 . 77 177 



TEST 03U 0 PPM 

N W f PS MXIO^ RE 1/S F T*X10* 

25 910 18 1. 5 1*67 575 .099 1.92 193 
29 910 18 1. 6 1*60 671 . 117 2.£*l* 181 
33 910 18 1. 6 1*55 767 . 133 2.91* 166 
33 910 18 1. 7 t*58 863 . 1U9 3.57 160 
1*2 910 19 1. 8 l*3l* 981* .162 l*.29 15 5 
'i6 910 20 1. 9 1*30 1111 . 171* 5.15 15U 
50 910 20 2. 0 l*2U 1212 . 189 6.06 152 
5k 910 21 2. 0 1*18 131*3 .201 7. 03 151 
58 910 21 2. 1 1*10 11*1*6 .216 8.01 11*8 
67 910 22 2. 6 350 1691 . 21*2 10.61* 150 

TES1 ' 01*U 0 PPM 

N W t PS RE 1/S F T*X10^ 

25 910 18 2. 0 575 . 099 2.37 238 
29 910 18 2. 0 671 .117 2 . 78 206 
33 910 19 2. 0 787 .130 3.27 18 5 
38 910 19 2. 0 886 . 14 6 it.02 179 
1*2 910 20 2. 0 1010 . 158 l*.18 171* 
1*6 910 23 2. 0 1190 . 152 5.56 166 
50 910 21* 2. 0 1329 . 173 6.43 162 
58 910 2U 2. 0 1555 .202 8 .27 152 
67 910 27 2. 0 1895 .216 11.96 169 
75 910 28 2. 0 2179 .237 17.1*9 195 



TEST 05U 0 PPM 

N W / PS RE 1/S F T*X10^ 

25 1120 24 2. 0 664 .070 1. 71 172 
29 1120 24 2. 0 775 .082 2. 24 165 
33 1120 25 2. 0 908 .091 2. 77 157 
38 1120 25 2. 0 1022 .103 3. 34 149 
42 1120 26 2. 0 1159 . 112 3. 99 144 
50 1120 26 2. 0 1391 . 134 5. 62 141 
58 1120 27 2. 0 1658 . 153 7. 52 139 
67 1120 28 2. 0 1937 .172 9. 31 132 
75 1120 30 2. 0 2280 .184 14. 62 163 
83 1120 31 2. 0 2584 .201 19. 75 179 
92 1120 33 2. 0 2959 .212 24. 30 182 

TEST 06U 0 PPM 

N W / PS RE 1/S F T*X104" 

41 1433 20 2. 0 1010 .100 3. 05 110 
50 1433 20 2. 0 1212 . 120 4. 25 107 
58 1433 21 2. 0 1446 .137 6. 32 117 
66 1433 22 2. 0 1691 .153 8. 16 115 
75 1433 24 2. 0 1994 . 165 9. 97 111 
83 1433 26 2. 0 2320 .175 13. 73 124 
92 1433 28 2. 0 2666 .134 17. 97 134 

100 1433 31 2. 0 3100 .188 22. 08 139 
108 1433 34 2. 0 3570 .192 24. 82 133 



TEST 07U 0 PPM 

N W f PS MXIO*' RE 

50 122U 25 2. 0 1363 
58 1433 25 2. 0 1623 
67 1643 26 2. 0 512 1855 
75 1852 27 2. 0 2132 
83 1957 28 2. 0 466 2422 
92 2166 28 2. 0 450 2664 

100 2271 29 2. 0 411 2972 
108 2480 31 2. 0 395 3359 
117 2690 32 2. 0 3690 
133 2899 34 2. 0 341 4394 

TES T 08U 0 PPM 

N W / PS ftxio* RE 

25 596 15 2. 0 533 
29 701 16 2. 0 520 638 
33 805 16 2. 0 528 730 
38 910 16 2. 0 528 839 
1*3 1015 17 2. 0 524 973 
50 1224 17 2. 0 524 1123 
58 1433 17 2. 0 505 1310 
67 1643 18 2. 0 489 1534 
75 1852 18 2. 0 481 1725 
83 1957 19 2. 0 450 1968 
92 2166 20 2. 0 442 2223 

100 2271 21 2. 0 411 2480 

1/S F T*X10V F' 

.125 5 .24 132 7 .60 

. 122 6 . 50 120 9 .40 

.122 7 . 79 110 11 .23 

. 119 9 .23 103 13 .22 

.123 10 .64 96 14 .90 

. 122 13 .48 101 18 .29 

.124 16 .71 105 21 . 80 

. 118 19 . 75 106 25 . 37 

.115 22 .79 105 28 .96 

.117 28 .30 100 35 .01 

1/S F T*X10* F' 

.165 2 .73 275 3 .46 

. 159 3 .53 261 4 .53 

.158 3 .99 225 5 .26 

.151 4 .41 188 5 .95 

. 159 4 .94 165 5 .75 

. 152 5 .89 148 8 .25 

.152 5 .91 128 9 .81 

. 148 8 .51 120 11 .95 

.147 0 
_/ 

.59 108 13 .67 
.151 11 .39 103 15 .56 
.146 13 .50 103 18 .41 
.149 15 .88 100 20 .96 

FC' T'*X10* F" FC" T*X10* 

4. 14 191 
4. 37 173 
4. 56 159 10. 14 4. 12 143 
4. 76 148 
5. 08 135 13. 66 4. 65 124 
5. 63 137 16. 97 5. 22 127 
6. 40 137 20. 48 6. 01 129 
6. 82 135 24. 01 6. 45 128 
7. 18 134 
8. 05 124 33. 56 7. 72 119 

FC' T*X10* F" FC" T*X10* 

3. 37 348 
4. 31 334 4 .04 3. 85 299 
4. 35 297 4 .70 3. 89 265 
4. 36 254 5 .30 3. 88 227 
4. 44 226 6 .03 3. 96 202 
4. 49 207 7 .41 4. 04 186 
4. 56 181 8 .88 4. 13 164 
4. 85 169 10 .91 4. 43 154 
4. 92 153 12 .52 4. 51 14 0 
5 . 33 142 14 .46 4. 93 131 
5. 66 138 17 .11 5. 27 128 
6. 15 132 19 .64 5. 77 123 



TEST 09U 0 PPM 

N W PS MX 10*" RE 1/S F T*X10* F' FC' T*X10* F" FC* T*X10* 

92 2166 25 2. 0 458 2498 . 130 12. 91 97 17 . 72 5.45 132 16 .33 5. 04 122 
100 2271 2 7 2. 0 434 2843 . 130 16. 14 101 21 .22 6.23 133 19 .84 5.82 125 
10 8 2480 28 2. 0 411 3148 .126 19. 37 104 24 .99 6.72 134 23 .57 5.34 126 
117 2690 30 2. 0 380 3547 .119 22. 11 102 28 .27 7.01 130 26 .86 6.65 124 
13 3 3004 33 2. 0 356 4304 .115 28. 87 102 35 . 85 7.96 127 34 .33 7.62 121 
150 3318 37 2. 0 317 5241 .108 32. 56 91 40 .47 8.13 113 38 .95 7.83 109 

TEST 10D 0 PPM 

N W / PS MX101* RE 1/S F T*X10* F FC' T^XIO* F" FC T*X10 

25 596 15 2. 0 533 .165 4. 68 470 3 .96 4. 43 398 
29 701 15 2. 0 489 622 .163 5. 37 397 4 . 37 4. 16 323 3 .92 3. 73 289 
33 805 16 2. 0 489 730 .158 6. 10 345 4 .83 4. 00 273 4 .31 3. 57 244 
38 910 16 2. 0 489 839 . 161 7. 17 307 5 .63 4 . 13 241 5 .03 3. 59 215 
43 1015 16 2. 0 489 949 . 163 9. 09 304 7 .28 4. 78 243 6 .60 4. 34 221 
50 1224 17 2. 0 485 1123 .152 10. 55 265 8 . 19 4. 45 206 7 .42 4. 04 186 
58 1433 17 2. 0 473 1310 .152 12. 85 237 9 .95 4. 62 1S4 9 .07 4. 22 167 
67 1643 18 2. 0 454 1534 . 148 14. 96 211 11 .51 4. 67 163 10 .55 4. 28 149 
75 1852 18 2. 0 438 1726 .147 17. 26 193 13 .27 4. 78 148 12 .22 4. 40 135 
83 1957 19 2. 0 411 1968 .151 20. 02 181 15 . 76 5. 37 143 14 .66 4. 99 133 
92 2166 20 2. 0 395 2223 .146 23. 01 172 18 .21 5. 50 136 17 .05 5. 25 127 

100 2271 21 i 
t-. 0 372 2480 . 149 26. 85 169 21 . 77 6. 39 137 20 .58 6. 04 129 



TEST 11D 0 PPM 

N W 0 PS MXIO*1- RE 1/S F T*X10' 1 ' 
i 

F FC T*X10 1 ' - F " FC T * X H 

92 2 1 6 6 22 2 . 0 395 2 3 2 5 . 1 4 0 2 2 . 82 1 7 1 1 8 . 0 2 5 . 5 4 135 1 6 . 8 6 5 . 1 9 1 2 6 
100 2 2 7 1 25 2 . 0 372 2 7 2 5 . 135 2 6 . 47 166 2 1 . 3 9 6 . 28 134 20 . 2 0 5 . 93 127 
108 2 4 8 0 26 2 . 0 361* 3 0 1 5 . 1 3 1 3 0 . 30 162 24 . 6 8 6 . 5 3 132 23 . 4 2 6 . 29 125 
1 1 7 2 6 9 0 28 2 . 0 333 3 3 9 0 . 1 2 5 3 4 . 52 159 28 . 35 7 . 03 1 3 1 27 . 1 1 6 . 72 125 
133 3004 32 2 . 0 294 4 2 1 7 . 1 1 7 4 1 . 8 1 148 34 . 8 2 7 . 73 123 33 . 5 7 7 . 45 1 1 9 

TEST 12D 0 PPM 

N W 0 PS MX10 4 - RE 1/S F T*X10 L F F FC ' T ^ X I O * F " FC" T ^ X I O * 

25 596 1 7 2 . 0 4 9 7 562 . 156 5 . 7 3 5 1 5 4 . 4 0 4 . 93 4 4 3 4 . 0 1 4 . 4 8 4 0 3 
29 7 0 1 1 8 2 . 0 4 9 7 6 7 1 . 1 5 1 5 . 6 0 435 4 . 89 4 . 65 3 6 1 4 . 4 3 2 . 2 1 3 2 7 
33 805 1 8 2 . 0 4 9 7 767 . 1 5 1 5 . 3 4 365 5 . 1 9 4 . 29 293 4 . 6 6 3 . 8 6 263 
38 9 1 0 1 8 2 . 0 4 8 9 882 . 1 5 3 5 . 7 0 333 6 . 2 5 4 . 58 267 5 . 6 5 4 . 1 4 2 4 1 
43 1 0 1 5 I S 2 . 0 9 9 7 . 1 5 5 5 . 6 1 2 8 6 6 . 73 4 . 4 2 22 5 
50 1 2 2 4 1 3 9 

*— • 
0 4 8 1 1 1 5 1 . 1 4 9 5 . 83 269 8 . 3 5 4 . 55 2 1 0 7 . 5 9 4 . 1 3 1 9 1 

58 1 4 3 3 1 9 2 . 0 473 1378 . 144 5 . 8 6 233 9 . 7 1 4 . 52 179 3 . 8 3 4 . 1 1 163 
67 1 6 4 3 1 9 2 . 0 4 6 6 1574 . 1 4 4 6 . 1 5 2 1 5 1 1 . 75 4 . 77 165 1 0 . 7 6 4 . 3 6 152 

TEST 13U 50 PPM 

N W jar PS MX10* RE 1/S F T*X10T |- F' FC ' T ̂ X I O * 
f 

F FC T * X 1 0 * 

25 596 1 7 2 . 0 5 1 2 562 . 155 2 . 3 6 23 7 3 . 0 8 3 . 45 309 2 . 6 7 2 . 99 268 
29 7 0 1 1 7 2 . 0 485 655 . 1 5 5 2 . 8 5 2 1 0 3 . 8 5 3 . 56 284 3 . 3 9 3 . 23 2 5 1 
33 805 1 7 2 . 0 485 749 . 154 3 . 3 0 187 4 . 5 7 3 . 79 2 5 9 4 . 0 6 3 . 36 229 
38 9 1 0 1 7 2 . 0 485 3 6 1 . 1 5 7 3 . 72 159 5 . 2 6 3 . 85 225 4 . 6 7 3 . 42 200 
43 1 0 1 5 1 7 2 . 0 485 9 7 3 . 159 4 . 3 3 145 5 . 1 4 4 . 04 205 5 . 4 7 3 . 60 183 
50 1224 1 7 2 . 0 492 1 1 2 3 . 1 5 2 4 . 7 1 1 1 8 7 . 0 7 3 . 85 178 6 . 2 8 3 . 42 158 
58 1 4 3 3 1 7 2 . 0 502 1 3 1 0 . 1 5 2 5 . 3 2 98 8 . 2 2 3 . 82 152 7 . 2 8 3 . 39 134 
67 1643 1 7 2 . 0 506 1 4 9 7 . 1 5 1 5 . 9 6 84 9 . 4 1 3 . 82 133 8 . 3 3 3 . 38 1 1 8 
75 1852 1 8 2 . 0 509 1 7 2 6 . 147 6 . 6 5 74 1 0 . 6 4 3 . 83 1 1 9 9 . 4 2 3 . 39 105 
33 1 9 5 7 1 8 2 . 0 502 1 9 1 8 . 1 5 5 7 . 4 1 67 1 1 . 5 7 3 . 98 106 1 0 . 3 3 3 . 52 93 
92 2 1 6 6 1 9 2 . 0 4 9 9 2165 . 150 8 . 09 60 1 2 . 9 0 3 . 9 7 96 1 1 . 4 4 3 . 52 86 



TEST l i+U 50 PPM 

N W i PS MX 10* RE 1/S F 

92 2 1 6 6 20 2 . 0 5 1 9 2 2 2 3 . 146 7 . 6 0 
100 2 2 7 1 20 2 . 0 506 2 4 2 5 . 1 5 2 9 . 0 0 
108 2 4 8 0 2 1 2 . 0 499 2 6 8 6 . 1 4 7 9 . 6 9 
1 1 7 2 6 9 0 1 2 2 . 0 478 2 9 5 9 . 1 4 3 1 0 . 55 
133 3 0 0 4 23 2 . 0 465 3 4 6 2 . 1 4 3 1 3 . 1 0 
150 3 3 1 8 25 2 . 0 4 4 4 4 0 8 8 . 1 3 9 1 5 . 5 7 

TEST 15D 50 PPM 

N W i PS MX 10* RE 1/S F 

25 596 1 7 2 . 0 444 562 . 1 5 6 4 . 0 3 
29 7 0 1 1 6 2 . 0 4 3 0 638 . 1 5 9 4 . 9 4 
33 805 1 6 2 . 0 437 730 . 1 5 8 5 . 8 9 
33 9 1 0 1 6 2 . 0 4 4 4 839 . 1 6 1 6 . 7 6 
43 1 0 1 5 1 7 2 . 0 430 973 . 1 5 9 7 . 8 2 
50 1 2 2 4 1 7 2 . 0 458 1 1 2 3 . 152 9 . 4 2 
58 1 4 4 3 1 7 2 . 0 448 1 3 1 0 . 1 5 2 1 1 . 2 0 
67 1 6 4 3 1 8 2 . 0 458 1 5 3 4 . 1 4 8 1 2 . 9 1 
75 1 8 5 2 1 8 2 . 0 465 1 7 2 6 . 1 4 7 1 4 . 5 1 
83 1 9 5 7 1 9 2 . 0 465 1958 . 1 5 1 1 5 . 0 3 
92 2 1 6 6 1 9 2 . 0 465 2 1 6 5 . 1 5 0 1 7 . 6 6 

100 2 2 7 1 20 2 . 0 4 5 1 2425 . 1 5 2 1 9 . 1 8 

*xio* F' FC' T ^ X I O * F" FC T ^ X I O 

57 1 2 . 4 0 3 . 82 93 1 0 . 8 8 3 . 35 8 1 
57 1 4 . 0 8 4 . 1 3 88 1 2 . 4 7 3 . 66 78 
52 1 5 . 3 1 4 . 1 2 82 1 3 . 5 8 3 . 65 73 
49 1 6 . 7 3 4 . 1 5 77 1 4 . 9 5 3 . 70 69 
46 20 . 0 9 4 . 46 7 1 1 8 . 1 1 4 . 02 64 
43 23 . 3 7 4 . 70 65 2 1 . 2 5 4 . 27 59 

* X 1 0 ^ F FC r'*xio* F" FC * T * X 1 0 

405 3 . 3 0 3 . 6 9 332 9 
i _ . 9 5 3 . 30 296 

365 3 . 9 4 3 . 75 2 9 1 3 . 5 4 3 . 37 2 6 1 
333 4 . 6 2 3 . 82 2 6 1 4 . 1 5 3 . 44 235 
2 9 8 5 . 2 2 3 . 32 223 4 . 6 8 3 . 43 200 
262 5 . 0 1 3 . 95 2 0 1 5 . 4 2 3 . 56 1 8 1 
237 7 . 0 5 3 . 85 177 6 . 3 3 3 . 45 159 
2 0 7 8 . 3 0 3 . 86 153 7 . 4 7 3 . 47 138 
183 9 . 4 7 T 

J . 34 134 8 . 4 9 3 . 45 120 
162 1 0 . 5 2 3 . 79 1 1 7 9 . 4 1 3 . 39 105 
145 1 1 . 77 4 . 0 1 106 1 0 . 5 3 3 . 59 95 
132 1 2 . 8 5 3 . 96 96 1 1 . 4 9 3 . 54 86 
120 1 4 . 1 0 4 . 1 4 89 1 2 . 6 6 3 . 72 30 



TEST 15D 50 PPM 

M W / PS MX itf* RE 1/S F 

92 2 1 6 6 23 2 . 0 485 2 3 8 0 . 135 1 7 . 8 5 
100 2 2 7 1 23 2 . 0 478 2 5 9 7 . 1 4 2 1 9 . 3 7 
108 2 4 8 0 24 2 . 0 4 7 8 2 8 8 1 . 1 3 7 2 1 . 2 7 
1 1 7 2 6 9 0 24 2 . 0 4 7 1 3 1 0 3 . 1 3 6 22 . 79 
133 3 0 0 4 26 2 . 0 437 3 7 1 0 . 1 3 3 28 . 4 9 

TEST 17U 0 PPM 

N W f PS MXIO*1- RE 1/S F 

50 1 2 24 1 8 ii 0 53 6 1 1 5 1 . 1 4 9 5 . 1 4 
58 1 4 3 3 1 9 2 . 0 528 1378 . 144 6 . 5 0 
67 164 3 2 1 2 . 0 5 1 2 1 6 5 3 . 1 3 7 8 . 36 
75 1 3 5 2 22 2 . 0 5 0 1 1 9 0 3 . 1 3 4 9 . 78 
83 1952 24 2.. 0 4 7 3 2 2 1 6 . 1 3 4 1 2 . 2 7 
92 2 1 6 6 25 2 . 0 450 2488 . 130 1 4 . 9 6 

100 2 2 7 1 27 2 . 0 4 1 9 2843 . 1 3 0 1 7 . 3 4 
108 2 4 8 0 30 2 . 0 3 2 9 4 . 120 20 . 6 4 
1 1 7 2 5 3 5 33 2 . 0 395 3 7 6 6 . 1 1 7 22 . 25 
133 2 79 5 35 2 . 0 333 4 5 7 2 . 1 1 6 28 . 5 8 

• X10* 
1 

F FC T * X 1 0 ^ F " FC 
a 

T * X 1 0 ^ 

133 1 3 . 04 4 . 0 1 98 1 1 . 5 2 3 . 5 8 87 
122 1 4 . 2 9 4 . 20 90 1 2 . 76 3 . 75 80 
1 1 4 1 5 . 6 5 4 . 2 1 84 1 3 . 9 9 3 . 76 75 
105 1 6 . 5 2 4 . 1 2 77 1 4 . 86 3 . 68 69 
1 0 1 2 1 . 5 0 4 . 77 76 1 9 . 6 4 4 . 36 69 

* X 1 0 * F FC T * X 1 0 * F" FC 
a 

T * X 1 0 * 

129 7 . 5 0 4 . 03 188 5 . 6 4 3 . 62 167 
122 9 . 5 0 4 . 4 2 175 8 . 5 2 3 . 96 157 
1 1 8 1 1 . 8 1 4 . 79 1 6 7 1 0 . 7 2 4 . 35 1 5 1 
109 1 3 . 77 4 . 96 154 1 2 . 5 7 4 . 53 140 
1 1 1 1 5 . 5 4 5 . 63 150 1 5 . 2 8 5 . 2 1 138 
1 1 2 1 9 . 7 7 6 . 08 148 1 8 . 4 5 5 . 68 138 
1 1 2 22 . 9 2 6 . 73 144 2 1 . 5 8 6 . 33 136 
1 1 0 25 . 2 6 7 . 06 1 4 1 
103 28 . 1 4 7 . 26 130 24 . 89 6 . 69 133 
1 0 1 35 . 0 2 8 . 35 124 33 . 60 3 . 02 1 1 9 



TEST 18U 0 PPM 

N W t PS MX 10* RE 1/S F T*Xltf* F FC 
i 

T * X 1 0 4 c 
i 

H 

50 1 2 24 1 5 2 . 0 528 1066 . 1 6 0 5 . 57 140 7 . 92 4 . 32 199 7 . 08 
53 1433 1 5 2 . 0 505 1 2 4 4 . 160 6 . 53 122 9 . 4 3 4 . 4 1 175 3 . 55 
67 1643 1 6 2 . 0 489 1 4 5 9 . 1 5 5 7 . 90 1 1 2 1 1 . 35 4 . 60 160 1 0 . 30 
75 1852 1 7 2 . 0 4 8 1 1 6 8 5 . 1 5 1 9 . 1 0 102 1 3 . 09 4 . 7 1 145 1 1 . 94 
83 1957 1 7 2 . 0 458 1 8 7 2 . 1 5 9 1 0 . 9 1 99 1 5 . 1 7 r-

o . 1 7 137 1 3 . 95 
92 2 1 6 6 1 8 2 . 0 442 2 1 1 0 . 154 1 2 . 79 96 1 7 . 60 5 . 42 132 1 6 . 30 

108 2 4 8 0 1 8 2 . 0 395 2 6 2 7 . 1 5 1 1 9 . 56 105 2 5 . 1 8 6 . 77 135 2 3 . 32 
1 1 7 2 5 8 5 20 2 . 0 372 2 9 5 9 . 149 2 3 . 2 4 107 2 9 . 1 4 7 . 52 134 2 7 . 76 
1 3 3 3 0 0 5 25 2 . 0 3 4 1 3 6 3 4 . 1 3 6 2 9 . 34 104 3 6 . 32 3 . 06 123 3 4 . 87 

It // 
FC T * X 1 0 

86 178 
9 7 158 
1 8 146 
30 133 
75 126 
02 122 
40 127 
1 6 128 

7 . 7 4 123 

TEST 19U 0 PPM 

N W f PS M X 1 0 4 RE 1/S F T * X 1 0 * F# FC' T * X 1 0 * F" FC* T ^ X I O 

50 1 2 2 4 1 5 2 . 0 528 1 0 6 6 . 160 5 . 32 134 7 . 58 4 . 1 8 193 5 . 83 3 . 72 172 
58 1433 1 5 2 . 0 4 9 7 1 2 4 4 . 1 6 0 6 . 1 5 1 1 4 9 . 06 4 . 2 1 167 8 . 1 3 3 . 78 150 
67 1 6 4 3 1 6 2 . 0 4 3 1 1459 . 155 8 . 05 1 1 4 1 1 . 50 4 . 67 163 1 0 . 47 4 . 25 148 
75 1 8 5 2 1 7 2 . 0 4 6 6 1685 . 1 5 1 9 . 50 106 1 3 . 48 4 . 35 1 5 1 1 2 . 37 4 . 45 138 
83 1 9 5 7 1 8 2 . 0 450 1 9 1 8 . 1 5 5 1 0 . 82 93 1 5 . 09 5 . 1 4 136 1 3 . 89 4 . 73 126 
92 2 1 6 6 1 8 2 . 0 4 2 7 2 1 1 0 . 1 5 4 1 1 . 77 83 1 6 . 58 5 . 1 0 124 1 5 . 33 4 . 72 1 1 5 

100 2 2 7 1 20 2 . 0 395 2 4 2 5 . 152 1 3 . 29 34 1 8 . 37 5 . 39 1 1 5 1 7 . 1 1 5 . 02 1 0 7 
108 2 4 8 0 2 1 2 . 0 388 2 6 8 5 . 1 4 7 1 8 . 99 102 2 4 . 6 1 5 . 52 132 2 3 . 27 6 . 2 6 125 
1 1 7 2 6 9 0 23 2 . 0 349 3 0 2 9 . 140 2 2 . 03 102 2 8 . 20 6 . 99 130 2 6 . 89 6 . 5 7 124 
133 3 0 0 4 26 2 . 0 333 3 7 1 0 . 1 3 3 2 6 . 97 95 3 3 . 95 7 . 54 120 3 2 . 53 7 . 22 1 1 5 



TEST 2 0U 2 1 4 PPM 

N W i PS RE 1/S F T*X10 X |- F' FC T ^ X I O * 

50 1 2 2 4 20 9 0 1 2 1 2 . 1 4 1 4 . 48 1 1 3 6 . 8 4 3 . 73 172 
53 1 4 3 3 20 2 . 0 1 4 1 5 . 1 4 0 5 . 4 7 1 0 1 8 . 3 7 3 . 89 155 
67 1 6 4 3 20 2 . 0 1 6 1 7 . 140 5 . 8 9 83 9 . 3 3 3 . 79 132 
75 1352 20 2 . 0 1 8 1 9 . 140 6 . 99 78 1 0 . 9 3 J . 35 1 2 3 
33 1 9 5 7 2 1 2 . 0 2 0 6 6 . 144 7 . 7 5 70 1 2 . 0 1 4 . 09 109 
92 2 1 6 6 22 2 . 0 2 3 2 5 . 1 4 0 8 . 55 64 1 3 . 3 5 4 . 1 1 100 

100 2 2 7 1 22 2 . 0 2 5 3 7 . 1 4 5 9 . 6 9 6 1 1 4 . 7 7 4 . 33 93 
1 0 3 2 4 8 0 2 3 9 

4- B 
0 2 8 1 3 . 1 4 1 1 0 . 33 55 1 5 . 9 6 4 . 29 35 

1 1 7 2 5 8 5 24 2 . 0 3103 . 142 1 1 . 2 0 52 1 7 . 1 0 4 . 4 1 79 
133 2 7 9 5 26 2 . 0 3 7 1 0 . 1 4 3 1 4 . 4 3 5 1 20 . 8 7 4 . 93 74 

TEST 2 1 U l 1 2 1 PPM 

N W t PS RE 1/S F T * X 1 0 * F ' FC 
i 

T^XIO* 1 -

50 1 2 2 4 1 8 2 . 0 1 1 5 1 . 149 4 . 7 5 1 1 9 7 . 1 1 3 . 87 179 
58 1 4 3 3 1 8 2 . 0 1343 . 148 5 4 7 7 107 3 . 6 8 4 . 04 160 
67 1 6 4 3 1 8 2 . 0 1 5 3 4 . 1 4 3 6 4 3 4 90 9 . 7 9 3 . 97 133 
75 1 8 5 2 1 8 2 . 0 1 7 2 6 . 147 7 4 0 3 78 1 1 . 0 2 3 . 97 123 
83 1 9 5 7 1 8 2 . 0 1 9 1 8 . 1 5 5 8 4 0 5 73 1 2 . 32 4 . 20 1 1 1 
92 2 1 6 6 1 9 2 . 0 2165 . 150 3 4 7 4 55 1 3 . 5 4 4 . 1 7 1 0 1 

100 2 2 7 1 1 9 2 . 0 2362 . 1 5 6 9 4 8 0 62 1 4 . 8 8 4 . 37 93 
103 2 4 8 0 2 1 2 . 0 2586 . 1 4 7 1 0 4 2 6 55 1 5 - 88 4 . 27 85 
1 1 7 2 5 8 5 2 1 2 . 0 2 8 9 3 . 1 5 2 1 1 4 3 2 52 1 7 . 2 2 4 . 44 79 
133 3 0 0 4 23 2 . 0 3452 . 143 1 3 4 1 0 4 6 20 . 09 4 . 4 6 7 1 



TEST 2 2U 53 PPM 

N W P PS RE 1/S F T*X10L+ F' FC' T*X1 

50 1224 17 2. 0 1123 .152 4. 75 119 7.11 3.87 179 
53 1433 17 n 

— • 0 1310 .152 5. 58 103 8.49 3.95 157 
67 1643 17 2. 0 1497 .151 6. 38 90 9.83 3,99 139 
75 1352 17 2. 0 1685 . 151 7. 10 79 11.09 3.99 124 
83 1957 17 2. 0 1372 . 159 8. 39 75 12.65 4.31 114 
92 2166 17 2. 0 2059 .158 8. 74 65 13.54 4.17 101 

100 2271 18 2. 0 2301 . 160 9. 61 60 14.59 4.31 92 
108 2480 19 2. 0 2553 .155 9. 38 50 15.01 4.03 SO 
117 2690 20 2. 0 2829 . 150 9. 30 45 15.97 3.97 74 
133 3004 21 2. 0 3305 .150 1 1 . 39 40 18.38 4.0 8 65 

TEST 2 3U 2 3 PPM 

N W f PS RE 1/S F T*X10* F' FC' T*X10A 

50 1224 16 0 
— • 0 1094 . 155 5 . 01 126 7 .37 4.01 135 

58 1433 16 2. 0 1277 .155 5. 77 107 8 .58 4.04 160 
67 1643 16 2. 0 1459 .155 6. 53 92 9 .93 4.05 141 
75 1852 16 2. 0 1642 .155 7. 14 30 11 .13 4.01 124 
83 1957 16 2. 0 1824 . 153 8 . 09 73 12 .35 4.21 112 
92 2166 17 t-. 0 2059 .158 8. 81 65 13 .62 4.19 102 

10 0 2271 17 2. 0 2246 .164 9. 80 62 14 .38 4.37 93 
10 8 2480 18 2. 0 2493 .159 10. 75 58 16 .37 4.40 8 8 
117 2690 19 2. 0 2755 .154 10. 5 4 49 16 . 80 4.17 73 
133 3004 21 2. 0 3306 .150 13. 29 47 20 .28 4.50 72 



TEST 24U 15.7PPM 

N W / PS RE 1/S F T*X10* F FC' T^XIO* 

50 1224 20 2. 0 1212 .141 4. 18 105 6. 54 3.56 164 
58 1433 20 2. 0 1415 .140 5. 20 96 3. 11 3.77 150 
67 1643 20 2. 0 1617 . 140 6. 08 86 3. 52 3.87 135 
75 1852 21 2. 0 1860 .137 5. 53 73 10. 5 2 3.79 118 
8 3 1957 21 2. 0 2066 .144 7. 52 68 1 1 . 7 3 4.01 107 
92 2165 22 2. 0 2325 . 140 8. 13 61 12. 94 3.98 97 

100 2271 22 2. 0 2537 .145 9. 31 53 14. 39 4.22 90 
108 2480 23 2. 0 2813 . 141 10. 48 56 15. 11 4. 33 86 
117 2690 24 2. 0 3103 .135 11 . 01 51 17. 13 4.26 79 
133 3004 26 2. 0 3710 . 133 15. 19 54 22. 18 4.92 73 

TEST 25U 5.1 PPM 

M W t PS RE 1/S F T*X10* F' FC' T*X10* 

50 1224 26 9 0 1391 .123 4. 18 105 6 .54 3.56 154 
58 1433 26 2. 0 1523 . 122 4. 86 90 7 .75 3.61 143 
67 1643 27 2. 0 1S95 .119 5. 51 78 8 .95 3.53 127 
75 1852 27 2. 0 2132 .119 6. 53 73 10 . 52 3. 79 118 
83 1957 28 2. 0 2422 .123 7. 79 70 12 . 05 4.11 109 
92 2166 28 2. 0 2664 . 122 9. 12 63 13 .92 4.29 104 

100 2271 29 2. 0 2972 .124 10. 82 68 15 .90 4.67 100 
108 2480 30 2 . 0 3294 .120 13. 10 70 18 . 73 5.03 100 
117 2690 32 2. 0 3690 .115 16. 33 75 22 .50 5. 58 104 
133 3004 34 2. 0 4394 . 113 23. 09 32 30 .08 6.6 8 106 
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APPENDIX 3 

METHOD OF MIXING- POLYMER SOLUTIONS 

As has been noted previously the method of mixing can greatly affect the 

final experimental results. Several methods are suggested by Union Carbide 

for Polyox WSR301; the most effective was found to be that based on the 

insolubility of the polymer in certain liquids. The powder cannot simply be 

stirred into water because coagulations form stopping complete dissolving. 

The method used throughout the project is given below. 

Mix about 10 g of polymer (weighed exactly) into about 50 g of anhydrous 

methyl alcohol which has been cooled to 0°C. The polymer will not dissolve 

at this temperature. The mixture is stirred up to separate a l l the particles 

and then tipped slowly into about 6 kg of tap water which is being stirred at 

600 r.p.m. Wash any remaining sludge into the water with a l i t t l e more alcohol. 

Keep the stirrer at this speed for 2 or 3 minutes and then at 200 r.p.m. for 

15 minutes. This process produces a concentrated mixture at about 1600 ppm. 

When required an amount calculated to give the final concentration is weighed. 

This is poured into a measured amount of water and stirred by hand for a short 

time. The final solution is then left overnight before being stirred again 

and used for the experiment. 
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APPENDIX 4 

TEST PROCEDURE 

The procedure recorded below was followed for a l l the experimental tests. 

1* Allow electronic instruments to reach thermal equilibrium. 

2. Set zero for load and torque measurements. 

3* Check calibration of torque ring with weight (117 g)« 

4* Start supplies to hydrostatic bearing and slave bearings. 

5. Start main drive motor. 

6. Increase ram load to take weight of test bearing and the 

hydrostatic bearing. 

7. Supply lubricant at low flowrate to test bearing. 

8. Start shaft rotating at about 10 r / s . 

9. Connect friction measuring ring to torque arm. 

10. Adjust bearing load, shaft speed and supply pressure as 

required. 

11. Record load, speed, friction, supply pressure and flowrate, and 

lubricant outlet temperature. 

12. Adjust machine and take readings as required. 

13. Stop machine when at load speed with ram carrying bearing 

weight only. 

14* Retest friction zero and calibration. 

The friction measuring device was disconnected and re-zeroed at a l l 

scale changes required. Very l i t t l e time was necessary for the lubricant 

outlet temperature to reach equilibrium because of small rise in temperature. 
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The weights of the test bearing and the hydrostatic bearing were 

subtracted from the load measurement to give the true upward load. The valve 

in the loading system held the ram at constant position and so adjustment was 

required to provide a constant load as the eccentricity changed with speed. 

At the end of each day, a 2% solution of sodium nitrite in tap water was 

fed through the bearing with the shaft rotating. This was extremely effective 

in controlling rusting of the steel shaft and drainage system. 
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