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SECONDARY FLOWS AND INLET SKEW IN 

AXIAL FLOW TURBINE CASCADES 

J.A. WALSH 

ABSTRACT 

T h i s t h e s i s p r e s e n t s a d e t a i l e d experimental i n v e s t i g a t i o n 

of the e f f e c t s of i n l e t skew on the secondary flows and l o s s e s i n 

a l i n e a r cascade of high t u r n i n g t u r b i n e r o t o r b l a d e s . The blade 

t h a t was used was modified from i t s o r i g i n a l d e s i g n to give 

aerodynamic s i m i l a r i t y i n the cascade flow c o n d i t i o n s . Three 

l e v e l s of i n l e t skew were i n v e s t i g a t e d u s i n g p r e s s u r e probe 

i n s t r u m e n t a t i o n and the s u r f a c e o i l flow technique of flow 

v i s u a l i s a t i o n . The r e s u l t s have shown t h a t i n l e t skew has a 

profound e f f e c t on the secondary flows and on the magnitude of the 

secondary l o s s e s . 

The f l o w f i e l d of the cascade was modelled u s i n g s e v e r a l 

computer models. Although reasonable r e s u l t s were obtained w i t h a 

f u l l y v i s c o u s three-dimensional code the other models were unable 

to p r e d i c t a c c u r a t e l y the magnitude of the l o s s e s or even the 

r e l a t i v e e f f e c t of i n l e t skew on the l o s s e s . 

T h i s t h e s i s a l s o p r e s e n t s measurements of the t u r b u l e n t 

f l o w f i e l d of a s i m i l a r l i n e a r cascade. I t was found t h a t r e g i ons 

of h i g h t u r b u l e n t k i n e t i c energy were a s s o c i a t e d w i t h regions of 

high t o t a l p r e s s u r e l o s s . I t was a l s o found t h a t the mass 

averaged t o t a l p r e s s u r e l o s s and t u r b u l e n t k i n e t i c energy followed 

s i m i l a r d i s t r i b u t i o n s i n the cascade. 
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CHAPTER 1: INTRODUCTION 

The r e c e n t p o p u l a r i s a t i o n of the j e t engine has r e s u l t e d i n 

a g r e a t e r awareness of i t s r o l e as a p r o p u l s i v e u n i t f o r a i r c r a f t . 

However, a p a r t from i t s r o l e i n a i r c r a f t power p l a n t the gas 

t u r b i n e engine has found important a p p l i c a t i o n s i n marine 

p r o p u l s i o n systems and e l e c t r i c a l power generation. Although the 

b a s i c concept of the gas turbi n e engine i s simple, i n p r a c t i c e the 

designs of a l l of i t s components are h i g h l y complex. At a 

s i m p l i s t i c l e v e l the mechanical arrangement c o n s i s t s only of two 

r o t a t i n g components (the compressor and the t u r b i n e ) and a 

combustion chamber. The r o l e of the t u r b i n e i s to provide power 

to d r i v e the compressor, and to provide s h a f t power f o r a 

p r o p e l l o r or f a n i f r e q u i r e d , by e x t r a c t i n g power from the hot 

gases r e l e a s e d from the combustion system. T h i s e x t r a c t i o n i s 

achie v e d by expanding the gases to a lower p r e s s u r e and 

temperature. When high p r e s s u r e r a t i o s are r e q u i r e d i n one a x i a l 

compressor i t i s me c h a n i c a l l y separated i n t o two or three s e c t i o n s 

t h a t can be run a t d i f f e r e n t r o t a t i o n a l speeds. Since they are 

sep a r a t e each compressor w i l l r e q u i r e i t s own t u r b i n e to d r i v e i t . 

A t y p i c a l design f o r a m u l t i - s t a g e t u r b i n e w i t h a t r i p l e s h a f t 

arrangement i s shown i n Fig u r e 1.1. An a d d i t i o n a l problem due to 

t h i s p a r t i c u l a r arrangement i s th a t the blade h e i g h t f o r the high 

p r e s s u r e t u r b i n e i s l i m i t e d by the presence of the s h a f t which 

passes through the c e n t r e of the d i s c . An overview of a l l of the 

components of a modern gas turbi n e i s given i n an e x c e l l e n t 
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anonymous p u b l i c a t i o n 'The J e t Engine' (1973). Some a s p e c t s of 

gas t u r b i n e theory have been reviewed by Cohen e t a l (1972) . 

Due to the c o m p l e x i t i e s of the f l u i d flow p r o c e s s e s i n a 

turbomachine the components are o f t e n s t u d i e d i n i s o l a t i o n so t h a t 

the t e s t c o n d i t i o n s can be c a r e f u l l y c o n t r o l l e d . A l i n e a r 

cascade, which i s i n e f f e c t formed by unwrapping the blades from 

t h e i r d i s c , i s the s i m p l e s t of a range of t o o l s t h a t can be used 

to i n v e s t i g a t e blade row f l u i d flow phenomena and l o s s generation 

mechanisms. The primary flow d i r e c t i o n i n a l i n e a r cascade may be 

def i n e d as the flow d i r e c t i o n t h a t r e s u l t s from a two-dimensional 

uniform flow a t i n l e t to the cascade. T h i s d e f i n i t i o n i s o f t e n 

used by workers u s i n g low aspect r a t i o cascades. An a l t e r n a t i v e 

d e f i n i t i o n which i s sometimes used i s t h a t the primary flow 

d i r e c t i o n i s the same as the camber l i n e angle. The secondary 

flow may be thought of, i n the c l a s s i c a l sense, as being produced 

by the streamwise v o r t i c i t y i n the f l o w f i e l d , which i s i t s e l f 

produced as a r e s u l t of the v o r t i c i t y a t i n l e t to the cascade. 

T h i s secondary flow appears as t r a n s v e r s e v e l o c i t y components and 

causes the production of the secondary l o s s e s . These so c a l l e d 

secondary l o s s e s may i n f a c t be a major p r o p o r t i o n of the t o t a l 

l o s s e s w i t h i n the blade row of a low a s p e c t r a t i o t u r b i n e . Most 

of the r e p o r t e d experimentations c o n t a i n the r e s u l t s of 

measurements made outside of the blade passage. Q u a l i t a t i v e 

r e s u l t s f o r the flow i n the blade passage have tended to be 

d e r i v e d from flow v i s u a l i s a t i o n r e s u l t s . However the l i n e a r 

cascade does a l l o w d e t a i l e d measurements to be made r e l a t i v e l y 

e a s i l y i n the blade passage, without the c o m p l e x i t i e s of the 
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r a d i a l p r e s s u r e g r a d i e n t s t h a t are found i n annular cascades. A 

good i n t r o d u c t o r y review of cascade r e s e a r c h has r e c e n t l y been 

given by Gostelow (1984). 

The work presented i n t h i s t h e s i s i s p a r t of an ongoing 

experimental r e s e a r c h programme a t Durham U n i v e r s i t y . The o v e r a l l 

aim of the programme i s to o b t a i n d e t a i l e d experimental data to 

a i d the understanding of the fundamental p r o c e s s e s a s s o c i a t e d with 

secondary flows and l o s s e s i n a x i a l flow t u r b i n e s . A l a r g e amount 

of data had been c o l l e c t e d from the l a r g e s c a l e l i n e a r cascade 

p r i o r to the s t a r t of the r e s e a r c h r e p o r t e d i n t h i s t h e s i s . T h i s 

e a r l i e r work, which has been re p o r t e d by Graves (1985) , 

conce n t r a t e d on c o l l e c t i n g d e t a i l e d data throughout the cascade 

u s i n g p r e s s u r e probe instrumentation. I n a d d i t i o n l i m i t e d 

measurements were made wi t h hot-wire probes. An o b j e c t i v e of the 

r e s e a r c h r e p o r t e d i n t h i s t h e s i s i s to answer the questions posed 

by Graves' r e s u l t s . I t was t h e r e f o r e decided to determine whether 

an i n c r e a s e d number of measurement p o i n t s i n the wake r e g i o n 

downstream of the cascade would l e a d to improved r e p e a t a b i l i t y and 

thereby i n c r e a s e d confidence i n the measured l e v e l s of l o s s . A 

flow v i s u a l i s a t i o n study was proposed so t h a t a b e t t e r q u a l i t a t i v e 

understanding of the p h y s i c a l s t r u c t u r e of the f l o w f i e l d i n the 

blade passage could be obtained. A f u r t h e r o b j e c t i v e was to 

t r a v e r s e more of the cascade f l o w f i e l d w i t h hot-wire probes so 

t h a t the connection between the regions of high t o t a l p r e s s u r e 

l o s s and high t u r b u l e n t k i n e t i c energy c o u l d be i n v e s t i g a t e d . A 

s p e c t r a l study was proposed to attempt to determine the source of 

the h i g h l e v e l s of turbulence i n t e n s i t y i n the cascade. However, 

3 



the main o b j e c t i v e of the research reported here i s the study of 

the e f f e c t o f i n l e t skew. The skew i s introduced i n t o the 

f l o w f i e l d i n a r e a l machine by a change i n frame of reference as 

the working f l u i d goes from the s t a t i o n a r y hub to the r o t a t i n g 

blade row. This research r e q u i r e d a new purpose b u i l t r i g and i n 

a d d i t i o n a new blade p r o f i l e was used t h a t was based on a t y p i c a l 

HP t u r b i n e blade s e c t i o n . The p r o f i l e was redesigned f o r 

aerodynamic s i m i l a r i t y i n the low speed cascade environment. The 

main experimental r e s u l t s were obtained using pressure probe 

i n s t r u m e n t a t i o n and fl o w v i s u a l i s a t i o n . I t had been hoped t h a t 

there would be s u f f i c i e n t time to c a r r y out some measurements 

using hot-wires but t h i s was not possible. A s u b s i d i a r y o b j e c t i v e 

of t h i s work was t o use the experimental r e s u l t s to v a l i d a t e 

commonly used c o r r e l a t i o n s f o r the secondary losses and also 

several s t a t e of the a r t computer models. There i s a need t o 

v a l i d a t e models and the r e l a t i v e s i m p l i c i t y of the geometry of the 

l i n e a r cascade appears t o make i t a valuable t o o l f o r p r o v i d i n g 

good t e s t r e s u l t s . 
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CHAPTER 2: LITERATURE REVIEW 

This chapter reviews the r e s u l t s of experimental 

i n v e s t i g a t i o n s i n order to present a complete p i c t u r e of the 

f l o w f i e l d w i t h i n a t u r b i n e blade passage. The e f f e c t s of various 

parameters on the secondary flows and losses are discussed. The 

modelling of secondary losses and the new approaches t o general 

turbomachinery modelling presented. 

2.1 INTRODUCTION 

Secondary flows are transverse v e l o c i t y components 

produced when a non-uniform flow i s turned. An equivalent 

c l a s s i c a l d e f i n i t i o n i s t h a t secondary flows are produced when a 

streamwise component of v o r t i c i t y i s developed from the t u r n i n g of 

an i n i t i a l l y sheared flow. I n a t u r b i n e cascade secondary flows 

are o f t e n considered t o be the d i f f e r e n c e between the primary, or 

i d e a l , f l o w d i r e c t i o n and t h a t measured i n the cascade. 

The reason f o r studying secondary flows i s t h a t they 

produce a spanwise v a r i a t i o n o f o u t l e t angle i n a cascade and t h a t 

secondary losses, due t o the a c t i o n of the secondary flo w s , may 

c o n s t i t u t e a major p o r t i o n of the losses w i t h i n a blade row. 

B e l i k (1972) has s t a t e d t h a t f o r low aspect r a t i o b l a d i n g the 

secondary losses may be as large as the p r o f i l e losses. 

Furthermore i n steam t u r b i n e s secondary flows are the source of 

undesirable concentrations o f wetness and water f i l m . Gaugler and 

Russell (1984) show by a comparison o f fl o w v i s u a l i s a t i o n and heat 

t r a n s f e r measurements t h a t l o c a l peaks i n heat t r a n s f e r correspond 
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to secondary flow regions. The m o t i v a t i o n f o r studying secondary 

flows i s t o improve the design of turbomachinery and these 

improvements can only come from a deeper understanding of the 

f l u i d dynamics involved. 

The l a s t t h i r t y years have seen a large amount of research 

undertaken i n t o various aspects of t h i s f i e l d . Since there are 

some e x c e l l e n t reviews o f the e a r l i e r work a v a i l a b l e i t i s 

intended t o review i n depth only those papers of h i s t o r i c a l 

s i g n i f i c a n c e or of p a r t i c u l a r relevance. 

2.2 EXPERIMENTAL SECONDARY FLOWS 

Experimental secondary flows have been the subject of a 

number o f reviews (Lakshminarayana and Horlock (1963), Dunham 

(1970), Horlock and Lakshminarayana (1973), Chauvin (1975), T a l l 

(1977), and Sieverding (1985)). A l l of these reviews charted the 

progress t h a t had been made towards o b t a i n i n g an understanding of 

the basic f l u i d f l o w processes involved and t h e i r e f f e c t s on the 

losses t h a t are generated i n blade rows. The reviewers, however, 

have not always been f u l l y i n agreement. Dunham (1970) f e l t t h a t 

the f l o w processes associated w i t h secondary flows were adequately 

understood. Whereas seven years l a t e r T a l l (1977) found t h a t the 

research he had reviewed showed major gaps i n the understanding of 

secondary flows and t h e i r e f f e c t s on the f l o w f i e l d , p a r t i c u l a r l y 

w i t h i n the blade passage. 

From an experimental p o i n t of view the e a r l y NACA studies 

of Herzig and Hansen (1955), and Herzig e t a l (1953), had c l e a r l y 

i d e n t i f i e d the passage v o r t e x as one of the main features of the 
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flow i n a blade passage. They used flow v i s u a l i s a t i o n techniques, 

such as surface o i l flow and smoke, i n l i n e a r and annular 

cascades. They i d e n t i f i e d the passage v o r t e x as a 

three-dimensional r o l l u p o f the endwall boundary layer i n a region 

near to the s u c t i o n surface of the blade. The size and ti g h t n e s s 

of the passage v o r t e x was seen t o depend on the angle through 

which the mainstream f l u i d was turned. They also showed t h a t the 

passage v o r t e x moved away from the endwall as i t moved downstream. 

Most other researchers who have c a r r i e d out fl o w v i s u a l i s a t i o n 

studies and measurements have also detected the presence of the 

passage v o r t e x . Senoo (1958) made measurements i n a l i n e a r 

cascade of t u r b i n e nozzles and, i n a d d i t i o n t o d e t e c t i n g the 

passage v o r t e x , found t h a t the endwall boundary l a y e r a t the 

t h r o a t was laminar and h i g h l y skewed i r r e s p e c t i v e ^ of the i n l e t 

boundary l a y e r thickness. Turner (1957) traversed the e x i t plane 

of a g e o m e t r i c a l l y s i m i l a r cascade w i t h and w i t h o u t an endwall 

boundary l a y e r a t i n l e t . I t was found t h a t even w i t h o u t an i n l e t 

boundary l a y e r the endwall f l o w was swept onto the s u c t i o n surface 

i n the usual manner. A notable exception was Denton and Johnson 

(1975) who took measurements i n a model t u r b i n e and d i d not f i n d 

the usual type of flow s t r u c t u r e . The low energy f l u i d was seen 

to be shed g r a d u a l l y from the blade i n t o the wake r a t h e r than 

being formed i n t o a loss core. I t was suspected t h a t the cause 

was the very high turbulence i n t e n s i t y l e v e l s t h a t were detected 

i n the i n l e t boundary l a y e r . 

When a shear layer has a b l u f f body, such as a c y l i n d e r , 

placed p e r p e n d i c u l a r l y i n i t the flow r o l l s up i n t o a v o r t e x ahead 
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of the b l u f f body. This v o r t e x has two legs which go e i t h e r side 

of the body and i t s name, the horseshoe v o r t e x , i s taken from the 

shape of the endwall f l o w p a t t e r n generated i n the case of a 

c y l i n d e r . The e a r l i e s t r e c o g n i t i o n of the presence of the 

horseshoe v o r t e x i n turbomachinery was probably given by K l e i n 

(1966) . On the basis of surface flow v i s u a l i s a t i o n a remarkable 

p i c t u r e of the flow was produced (Figure 2.1) w i t h v i r t u a l l y no 

comment. The passage v o r t e x was shown to sweep the endwall f l o w 

onto the s u c t i o n surface of the blade. A s t a g n a t i o n p o i n t v o r t e x 

(the s u c t i o n - s i d e l e g of the horseshoe v o r t e x ) was shown 

t r a v e l l i n g up the s u c t i o n surface of the blade and was, 

presumably, d i s s i p a t e d by the opposing e f f e c t of the much stronger 

passage v o r t e x . The pressure-side l e g o f the horseshoe v o r t e x was 

not shown but the blade was seen to have a laminar separation 

bubble on the s u c t i o n surface. 

I t was r e a l i s e d t h a t the cascade volume approach, where 

measurements were only taken upstream and downstream of the 

cascade, was inadequate. From 1975 onwards d e t a i l e d studies of 

the passage flows were t h e r e f o r e undertaken. Sjolander (1975) 

detected separation around the leading edge of a t u r b i n e cascade 

which extended across the blade passage to the s u c t i o n surface. 

This s e p a r a t i o n appeared to have the e f f e c t of removing the 

endwall boundary l a y e r by sweeping i t towards the s u c t i o n surface. 

A newly formed endwall boundary la y e r was detected downstream of 

the cross-passage separation l i n e . This new boundary la y e r 

appeared to be independent of the i n l e t boundary l a y e r and i t was 

thought t o be made up o f re-attached freestream f l u i d . By using a 
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combination of surface o i l f l o w and a laser sheet technique, 

Marchal and Sieverding (1977) produced e x c e l l e n t f l o w 

v i s u a l i s a t i o n of the f l o w i n l i n e a r cascades of nozzles and of 

r o t o r blades. The legs of the horseshoe v o r t e x were seen to go 

around the two sides o f the leading edge of the blades. The 

s u c t i o n - s i d e l e g was seen to be p a r t i a l l y d i s s i p a t e d by a passage 

v o r t e x , since the two v o r t i c e s opposed each other. I t was also 

seen to be pushed on t o the s u c t i o n surface where i t remained on 

the midspan side of the passage v o r t e x . The pressure-side l e g of 

the horseshoe v o r t e x was thought t o i n i t i a t e the passage 

cross-flow and develop i n t o the passage v o r t e x . The main e f f e c t 

of the passage v o r t e x was t h a t i t removed the endwall boundary 

l a y e r and allowed high momentum freestream f l u i d to be convected 

from the pressure side of the passage to form a new endwall 

boundary l a y e r . The only drawback o f the l a s e r sheet technique, 

and most other f l o w v i s u a l i s a t i o n techniques, i s t h a t i t only 

provides a two-dimensional image o f an i n s t a n t i n time and does 

not give any d i r e c t i n f o r m a t i o n about the three-dimensional nature 

of the flow. However, the f l o w v i s u a l i s a t i o n i n t h i s case was 

complemented by f i v e - h o l e pressure probe measurements which 

v e r i f i e d the q u a l i t a t i v e f low v i s u a l i s a t i o n r e s u l t s . Langston e t 

a l (1977) c a r r i e d out t e s t s i n a large scale l i n e a r cascade, 

g e o m e t r i c a l l y s i m i l a r copies o f which have been used by other 

researchers. The measurement techniques used were f i v e - h o l e 

pressure probes i n the blade passage and hot-wire anemometry i n 

the endwall boundary l a y e r . A flow v i s u a l i s a t i o n technique of 

i n j e c t i n g i n d i a n i n k i n t o the endwall f l o w was used t o i n d i c a t e 
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the paths o f the l i m i t i n g streamlines. The most s t r i k i n g f e a t u r e 

of the f l o w v i s u a l i s a t i o n r e s u l t s was the presence of a separation 

saddle p o i n t upstream of the leading edge of the blade. This was 

due t o the separation, and r o l l i n g up i n t o the horseshoe v o r t e x , 

of the i n l e t boundary l a y e r . The pressure-side l e g of the 

horseshoe v o r t e x was again thought t o be the i n i t i a t o r o f the 

passage v o r t e x . The new r e l a t i v e l y t h i n boundary l a y e r t h a t was 

formed behind the cross-passage separation l i n e , from f l u i d 

o r i g i n a t i n g near t o the pressure surface, was also detected. 

Langston (1980) suggested t h a t the suction-side l e g of the 

horseshoe v o r t e x remained i n the s u c t i o n surface endwall corner. 

The endwall f l o w was examined using a cross-flow boundary la y e r 

approach and i t s q u a l i t a t i v e behaviour was c o r r e l a t e d by a simple 

expression. Denton and Usui (1981) developed an ingenious 

technique f o r d e t e c t i n g i n j e c t e d ethylene i n order to study the 

mixing o f f l u i d i n a s i n g l e blade row and i n a complete stage of a 

t u r b i n e . I t was found t h a t there was very l i t t l e mixing of f l u i d 

at the midspan p o s i t i o n o f the blades but much more intense mixing 

i n the endwall regions. Much of the endwall boundary la y e r was 

seen to appear i n the core of the passage v o r t e x . Hunter (1982) 

presented r e s u l t s f o r the fl o w behind a s t a t o r and behind a r o t o r 

placed a t two d i f f e r e n t a x i a l distances behind the s t a t o r . I t was 

observed t h a t the s t a t o r endwall flows were c o n s i s t e n t w i t h those 

observed i n l i n e a r cascades and t h a t the spanwise pressure 

g r a d i e n t , due t o the annular geometry, promoted a m i g r a t i o n o f the 

boundary l a y e r f l u i d towards the hub. I n the r o t o r the passage 

v o r t e x and loss accummulation were a f f e c t e d by the unsteady nature 
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of the fl o w a t i t s i n l e t . Sieverding and Van Den Bosche (1983) 

used coloured smoke to o b t a i n q u a l i t a t i v e p i c t u r e s o f the 

e v o l u t i o n o f the passage and horseshoe v o r t i c e s . They detected 

the r o l l - u p of the v o r t i c e s and the cross-passage movement of the 

pressure-side l e g of the horseshoe v o r t e x before i t became p a r t of 

the passage v o r t e x . Bario et a l (1982) showed t h a t i n a cascade 

of h i g h l y loaded t u r b i n e blades the passage v o r t e x was formed 

i n s i d e the blade passage near t o the lea d i n g edge of the blades. 

The accummulation of low momentum f l u i d , i n and around the passage 

v o r t e x core, was suggested as having been convected by the v o r t e x 

from low energy regions near to the endwall, or by the merging of 

the s u c t i o n - s i d e l e g of the horseshoe v o r t e x w i t h the passage 

v o r t e x , or by a combination of both e f f e c t s . Gregory-Smith and 

Graves (1983) took measurements i n a l a r g e scale, low speed, 

l i n e a r cascade and found t h a t the passage v o r t e x and loss core 

centres d i d not coincide. Turbulence measurements showed t h a t 

very h i g h l e v e l s o f turbulence i n t e n s i t y are associated w i t h the 

loss core. Generally there have been very few d e t a i l e d turbulence 

studies r e p o r t e d i n the l i t e r a t u r e . Binder and Romey (1983) 

measured losses a t several a x i a l s t a t i o n s downstream o f an annular 

s t a t o r row. The suction-side l e g of the horseshoe v o r t e x was 

c l e a r l y detected as having remained on the midspan side of the 

passage v o r t e x . The averaged losses were seen t o continue t o grow 

downstream o f the t r a i l i n g edges o f the blades. Sieverding e t a l 

(1984) i n v e s t i g a t e d the fl o w i n an annular nozzle guide-vane of 

low aspect r a t i o w i t h a c o l a t e r a l i n l e t boundary l a y e r . The blade 

p r o f i l e was the same as t h a t used by Marchal and Sieverding (1977) 
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i n t h e i r l i n e a r cascade t e s t s . Using the las e r sheet f l o w 

v i s u a l i s a t i o n technique the passage v o r t e x and the suction-side 

leg of the horseshoe vo r t e x were detected. The pressure-side leg 

of the horseshoe v o r t e x was not detected but a t the blade t i p a 

c y c l i c v a r i a t i o n o f the flow was detected. Moore and Smith (1984) 

used a g e o m e t r i c a l l y s i m i l a r cascade to Langston e t a l (1977), and 

the ethylene i n j e c t i o n technique, to show t h a t f l u i d from the 

pressure-side l e g of the horseshoe v o r t e x was d i s t r i b u t e d 

throughout the passage vor t e x . I t was also shown t h a t f l u i d t h a t 

had o r i g i n a t e d i n the suction-side l e g of the horseshoe v o r t e x 

appeared to be convected around the centre o f the passage v o r t e x . 

I n an experimental i n v e s t i g a t i o n o f the flows i n a one and a h a l f 

stage h i g h pressure t u r b i n e , Sharma e t a l (1985) found t h a t the 

flow a t e x i t from the s t a t o r was steady and unaffected by the 

presence of a downstream r o t o r . The flow i n the r o t o r was however 

h i g h l y unsteady. When the r o t o r leading edge i n t e r a c t e d w i t h the 

upstream s t a t o r wakes, the s t a t o r wakes were seen to merge w i t h 

the r o t o r wakes t o give an o v e r a l l f l o w f i e l d p a t t e r n t h a t was 

very s i m i l a r t o t h a t u s u a l l y found i n h i g h t u r n i n g l i n e a r 

cascades. When the r o t o r leading edge d i d not i n t e r a c t w i t h the 

upstream s t a t o r wakes, the upstream s t a t o r wakes passed s t r a i g h t 

through the r o t o r row w i t h o u t i n t e r a c t i n g w i t h the r o t o r wakes. 

This changed the f l o w f i e l d d r a m a t i c a l l y and appeared t o i n h i b i t 

the formation of the secondary f l o w p a t t e r n s . Moustapha e t a l 

(1985) traversed upstream and downstream of a l i n e a r cascade and 

an annular cascade, both using the same blade p r o f i l e s . The low 

aspect r a t i o o f the cascades meant t h a t the hub and t i p passage 
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v o r t i c e s i n t e r a c t e d on the s u c t i o n surface of the blade. I n the 

annular cascade the e f f e c t was t o merge the two loss cores i n t o a 

s i n g l e high loss core i n the centre o f the blade passage. 

However, the two passage v o r t i c e s were seen to remain separate. 

I s h i i and Honami (1986) created and analysed a horseshoe vo r t e x . 

They found low frequency f l u c t u a t i o n s i n the separation region. 

A composite p i c t u r e of the flow i n a t u r b i n e blade 

passage can now be formed. As many research workers have found 

the main features o f the f l o w f i e l d are the passage and horseshoe 

v o r t i c e s . There may a d d i t i o n a l l y be a number o f smaller v o r t i c e s 

t h a t have a minor e f f e c t on the f l o w f i e l d . 

The passage v o r t e x i s undoubtably associated w i t h regions 

of h i gh loss but the centre of the loss core does not coincide 

w i t h the centre o f the passage v o r t e x . Some researchers (Marchal 

and Sieverding (1977), Langston e t a l (1977)) have proposed t h a t 

the passage v o r t e x i s i n i t i a t e d by the pressure-side l e g of the 

horseshoe v o r t e x . This i s u n l i k e l y since the passage v o r t e x has 

been detected (Turner (1957), Bailey (1980)) i n the absence of an 

i n l e t boundary l a y e r . Rather, the presence of the passage v o r t e x 

i s due t o the cross-passage pressure gradient and the t u r n i n g o f 

the mainstream f l u i d by the curvature o f the blade passage. 

Undoubtably the presence o f the horseshoe v o r t e x system a f f e c t s 

the passage v o r t e x . I n a recent flow v i s u a l i s a t i o n study using a 

water t a b l e , Pernet (1986) c l e a r l y showed t h a t f l u i d from the 

pressure-side l e g o f the horseshoe vo r t e x t r a v e l l e d up the centre 

of the passage v o r t e x . This then i s the reason t h a t researchers 

have been unable t o detect the presence o f the pressure side l e g 
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of the horseshoe v o r t e x using surface flow v i s u a l i s a t i o n 

techniques such as surface o i l flow and the i n j e c t i o n of i n d i a n 

i n k . This may also be a q u a l i t a t i v e reason f o r the centres of the 

passage v o r t e x and loss core not c o i n c i d i n g . There i s no 

disagreement however about the f a c t t h a t the pressure-side l e g of 

the horseshoe v o r t e x crosses the blade passage on i t s way to the 

centre of the passage vor t e x . The r e s u l t i n g separation i s a 

c h a r a c t e r i s t i c f e a t u r e of the endwall flow. Downstream of t h i s 

s e paration l i n e a new h i g h l y skewed boundary l a y e r i s formed from 

h i g h momentum freestream f l u i d convected from near to the pressure 

surface of the blade. A small corner v o r t e x may be formed i n the 

s u c t i o n surface endwall corner w i t h an opposite sense of r o t a t i o n 

t o t h a t of the passage v o r t e x . A v o r t e x of t h i s type was detected 

and r e p o r t e d by Gregory-Smith and Graves (1983). I t i s u n l i k e l y 

t h a t t h i s v o r t e x i s the suction-side l e g of the horseshoe v o r t e x 

as reported by Langston (1980). This would imply t h a t the 

suc t i o n - s i d e l e g of the horseshoe v o r t e x would have t o be wrapped 

around the passage v o r t e x (Figure 2.1) f o r which there i s no 

experimental evidence. Rather, there i s evidence (Marchal and 

Sieverding (1977), Binder and Romey (1983)) t o suggest t h a t the 

suc t i o n - s i d e l e g of the horseshoe v o r t e x remains on the midspan 

side o f the passage v o r t e x . The suction-side l e g of the horseshoe 

v o r t e x i s l i k e l y to be at l e a s t p a r t i a l l y d i s s i p a t e d by the much 

stronger passage v o r t e x t h a t has an opposite sense of r o t a t i o n . 

This may e x p l a i n why Langston e t a l (1977) were unable t o lo c a t e 

the s u c t i o n - s i d e l e g o f the horseshoe v o r t e x . Furthermore the 

horseshoe v o r t e x has been shown t o have a low frequency c y c l i c 

14 



v a r i a t i o n (Sieverding e t a l (1984), I s h i i and Honami (1986), 

Pernet (1986)). This unsteadiness w i l l not be detected by two 

dimensional surface flow v i s u a l i s a t i o n techniques. 

2.3 GROWTH OF LOSSES 

The averaged growth of losses through a cascade has been 

presented by several researchers. Langston e t a l (1977) and Marchal 

and Sieverding (1977) found t h a t the losses remained f a i r l y constant up 

to the a x i a l p o s i t i o n of maximum s u c t i o n surface v e l o c i t y . I n the 

d e c e l e r a t i o n r e g i o n t o the t r a i l i n g edge i t was found t h a t the losses 

increased s i g n i f i c a n t l y . Gregory-Smith and Graves (1983) showed t h a t 

the losses grew through the cascade w i t h a large increase a t the 

t r a i l i n g edge. This d i f f e r e n c e may be explained by the presence of a 

t r i p w i r e on both the Marchal and Sieverding, and the Langston et a l 

blades. This was used to ensure t h a t a f u l l y attached t u r b u l e n t 

boundary l a y e r was present on the s u c t i o n surface of the blade. This 

was t o overcome the s u c t i o n surface d i f f u s i o n e f f e c t , which may lead t o 

separation, due t o p l a c i n g blades designed f o r t r a n s o n i c operation i n t o 

an incompressible flow. The p r o f i l e used by Gregory-Smith and Graves 

was not t r i p p e d and flow v i s u a l i s a t i o n r e s u l t s , t o be presented i n t h i s 

t h e s i s , show the presence o f a laminar separation bubble on the s u c t i o n 

surface of the blade. The growth of losses e a r l y i n the passage may 

t h e r e f o r e be due to an increase i n p r o f i l e loss as a r e s u l t of the 

t r a n s i t i o n of the s u c t i o n surface boundary l a y e r from a laminar t o a 

t u r b u l e n t s t a t e . The losses associated w i t h the r a p i d d e c e l e r a t i o n 

r e g i o n were none-the-less found t o be s i g n i f i c a n t . 
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Downstream of the cascade most researchers have found t h a t the 

losses continued t o grow due to the a c t i o n of the cascade endwall shear 

stresses (Binder and Romey (1983), Marchal and Sieverding (1977), and 

Gregory-Smith and Graves (1983)). Moore and Adhye (1985) traversed 

f o u r downstream planes of a l i n e a r cascade t h a t was ge o m e t r i c a l l y 

s i m i l a r to t h a t of Langston et a l (1977). I t was found t h a t the 

increase i n t o t a l pressure loss was balanced by a corresponding 

decrease i n secondary k i n e t i c energy. I t was t h e r e f o r e suggested t h a t 

the increase i n t o t a l pressure loss was caused by the d i s s i p a t i o n of 

secondary k i n e t i c energy. The decay of the spanwise component of the 

secondary k i n e t i c energy was i d e n t i f i e d as being the l a r g e s t 

c o n t r i b u t o r t o the increase i n t o t a l pressure l o s s . Moore e t a l (1986) 

traversed one downstream plane o f the same cascade w i t h t w i n hot-wires. 

The Reynolds s t r e s s measurements were combined w i t h the mean v e l o c i t y 

measurements obtained w i t h the f i v e - h o l e probe. This allowed the 

t u r b u l e n t deformation work terms i n the equations f o r the generation of 

t o t a l pressure loss and the decay o f the components o f mean k i n e t i c 

energy to be evaluated. Two mechanisms were i d e n t i f i e d t h a t could act 

to produce t o t a l pressure loss . There was a deformation work term t h a t 

acted t o produce mean k i n e t i c energy from turbulence k i n e t i c energy and 

there was a r e v e r s i b l e pressure work term which could exchange mean 

k i n e t i c energy between i t s three components. The combined e f f e c t of 

these two mechanisms was found t o o f f s e t the loss p r o d u c t i o n r a t e 

caused by the shear of the primary f l o w i n the endwall boundary l a y e r . 

Chen and Dixon (1986) found t h a t the losses continued t o grow 

downstream o f t h e i r h igh t u r n i n g , h i g h aspect r a t i o cascade. They were 
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able t o apply a simple c o r r e l a t i o n t h a t was independent of i n l e t 

boundary l a y e r thickness. 

2.4 INLET BOUNDARY LAYER 

There i s a large l i t e r a t u r e concerning the e f f e c t of 

v a r y i n g i n l e t boundary l a y e r thickness on the secondary flows and 

losses i n cascades. K l e i n (1966) found t h a t w i t h i n the range of 

boundary la y e r thicknesses used the losses d i d not a l t e r . 

Graziani e t a l (1980) c a r r i e d out surface heat t r a n s f e r 

measurements i n a cascade w i t h the same geometry as t h a t used by 

Langston e t a l (1977). I t was found t h a t the size of the passage 

v o r t e x was dependent on the i n l e t boundary la y e r thickness. When 

the i n l e t boundary l a y e r was thinned the separation saddlepoint 

was seen t o move f u r t h e r back i n t o the blade passage and c l o s e r to 

the s u c t i o n surface. The s t r e n g t h o f the cross-flow v e l o c i t i e s 

were also reduced. Bailey (1980) used Laser Doppler Anemometry 

and h o t - w i r e anemometry i n a large scale l i n e a r cascade w i t h the 

leading edge horseshoe v o r t e x suppressed t o show t h a t a r e d u c t i o n 

of i n l e t boundary l a y e r thickness reduced the cross-flow 

v e l o c i t i e s and l e f t the passage v o r t e x c l o s e r to the endwall. 

Gregory-Smith and Graves (1983) v a r i e d the i n l e t boundary la y e r 

thickness a t i n l e t t o a large scale, low speed, l i n e a r cascade of 

high t u r n i n g r o t o r blades. I t was shown t h a t the growth of loss 

through the cascade was independent of i n l e t boundary la y e r 

thickness. Chen and Dixon (1986) also found t h a t the increase i n 

the net loss was i n v a r i a n t w i t h i n l e t boundary la y e r thickness. 

I t was seen t h a t the p o s i t i o n s o f the loss peaks, i n the 
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pitch-averaged sense, were also independent of i n l e t boundary 

lay e r thickness but t h e i r magnitude was p r o p o r t i o n a l t o 6^ . 

Govardhan e t a l (1986) took measurements i n an annular cascade of 

hig h t u r n i n g t u r b i n e impulse blades. I t was found t h a t as the hub 

i n l e t boundary l a y e r thickness was increased the passage v o r t e x 

was convected towards midspan. I t was also found to be l a r g e r i n 

size since there was more e n t r y boundary layer f l u i d being fed 

i n t o i t s core. When the casing i n l e t boundary l a y e r was thickened 

the hub passage v o r t e x s t i l l grew and was convected towards 

midspan, w h i l s t the casing passage v o r t e x remained unchanged. I n 

a pitch-averaged sense the magnitude of the hub loss core was 

increased w i t h increased i n l e t boundary l a y e r thickness but i t s 

p o s i t i o n was unchanged. The casing loss core was however seen to 

move away from the endwall. I n h i s review Dunham (1970) quotes 

r e s u l t s obtained by Wolf (1961) f o r the systematic v a r i a t i o n of 

i n l e t boundary l a y e r thickness. I t had been concluded t h a t 

t h i c k e n i n g a t h i n i n l e t boundary l a y e r had an important e f f e c t , 

whereas t h i c k e n i n g an already t h i c k one had l i t t l e e f f e c t . This 

statement may go some way towards e x p l a i n i n g the n e g l i g i b l e 

d i f f e r e n c e i n losses seen f o r changes i n i n l e t boundary l a y e r 

thickness by some researchers. 

Another important i n l e t boundary l a y e r e f f e c t , t h a t has 

received l i t t l e a t t e n t i o n from researchers, i s t h a t of skewing. 

Three studies have been reported using l i n e a r cascades. Moore and 

Richardson (1957) used a i r j e t s t o produce a cross-flow p r o f i l e i n 

order to simulate the e f f e c t o f skewing the i n l e t boundary l a y e r 

i n compressors. They were unable t o r e p o r t on the e f f e c t of skew 
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on t h e secondary l o s s e s s i n c e t h e y d i d n o t t a k e measurements i n 

t h e e x i t p l a n e . I t was, however, r e p o r t e d t h a t i n t h e skewed case 

t h e cascade showed a s m a l l e r r e d u c t i o n o f t h e b l a d e p r e s s u r e f o r c e 

near t o t h e e n d w a l l . I t w o u l d be e x p e c t e d t h a t i n l e t skew w o u l d 

n o t be so i m p o r t a n t i n compressors s i n c e t h e skew w o u l d oppose t h e 

t r a n s v e r s e p r e s s u r e g r a d i e n t i n t h e b l a d e passage, whereas i n 

t u r b i n e s t h e skew would r e i n f o r c e t h e t r a n s v e r s e p r e s s u r e 

g r a d i e n t . C a r r i c k (1977) i n v e s t i g a t e d t h e e f f e c t o f i n l e t skew i n 

a cascade o f t u r b i n e i m p u l s e b l a d e s u s i n g a moving b e l t u p s tream 

o f t h e cascade t o s i m u l a t e t h e skew. I t was shown t h a t t h e 

secondary f l o w s were i n t e n s i f i e d and t h a t t h e secondary l o s s e s 

were s i g n i f i c a n t l y i n c r e a s e d by t h e skew. Much o f t h e f l o w 

measurement i n t h e b l a d e passage was u n d e r t a k e n w i t h t h r e e - h o l e 

p r e s s u r e probes w h i c h d i d n o t a l l o w t h e spanwise movement o f t h e 

f l o w t o be r e c o r d e d . Kingcombe (1976) a t t e m p t e d t o assess t h e 

e f f e c t o f skew i n a l i n e a r cascade o f t u r b i n e i m p u l s e b l a d e s 

w i t h o u t t h e e f f e c t o f shear. A B e l t r a m i f l o w , i n w h i c h t h e 

s t a g n a t i o n p r e s s u r e i s c o n s t a n t b u t a v o r t i c i t y component may be 

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

i n l e t t o t h e cascade. The f l o w f i e l d was measured a t two 

downstream p l a n e s u s i n g a t h r e e - h o l e p r e s s u r e probe. For v e r y low 

l e v e l s o f skew (+10^) i t was f o u n d t h a t secondary f l o w t h e o r y 

c o u l d be a d a p t e d t o a d e q u a t e l y d e s c r i b e t h e b e h a v i o u r o f B e l t r a m i 

f l o w t h r o u g h a cascade. Bindon (1979, 1980) a t t e m p t e d t o measure 

t h e e f f e c t o f i n l e t skew i n S j d a n d e r ' s a n n u l a r cascade o f low 

a s p e c t r a t i o , low t u r n i n g , t u r b i n e b l a d e s . I t was shown t h a t t h e 

e f f e c t o f skew was t o decrease t h e l o s s e s . The t r a v e r s i n g was 
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l i m i t e d t o o n l y p a r t o f t h e b l a d e span and was c a r r i e d o u t w i t h a 

t h r e e - h o l e p r e s s u r e probe. I t i s d i f f i c u l t t o j u d g e t h e e f f e c t o f 

skew a l o n e i n t h e r e s u l t s p r e s e n t e d due t o t h e geomeky o f t h e 

cascade. The t u n n e l was n o t speed c o n t r o l l e d and t h e r e f o r e 

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

The r o t a t i n g hub extended t o a s l o t i m m e d i a t e l y u p stream o f t h e 

l e a d i n g edge o f t h e b l a d e s . The s l o t was shown, u s i n g f l o w 

v i s u a l i s a t i o n , t o have a g r e a t e r e f f e c t t h a n t h e skew s i n c e t h e 

i n l e t boundary l a y e r was e f f e c t i v e l y sucked o f f . Duncan e t a l 

(1960) have shown t h a t as w e l l as removing t h e boundary l a y e r t h e 

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

r e s u l t may be t o f o r m a c o m p l e t e l y new boundary l a y e r downstream 

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

u n f a v o u r a b l e t o f a v o u r a b l e f o r some d i s t a n c e u p s t r e a m and 

downstream. Lawrenz (1984) used a s i m i l a r cascade t o measure t h e 

e f f e c t o f i n l e t skew on n o z z l e g u i d e vanes. However, i t was c l e a r 

t h a t t h e e f f e c t o f t h e s l o t ahead o f t h e cascade was s i g n i f i c a n t 

s i n c e even a t i n l e t t o t h e b l a d e row t h e r e was no e v i d e n c e o f 

skew. K l e i n (1966) c o n d u c t e d a s e r i e s o f t e s t s i n an a n n u l a r 

c o n f i g u r a t i o n t o d e t e r m i n e t h e e f f e c t o f t i p c l e a r a n c e . The case 

o f z e r o c l e a r a n c e a t t h e hub was a s i m i l a r case t o t h o s e o f Bindon 

and o f Lawrenz. The cascade, w h i c h c o n s i s t e d o f steam t u r b i n e 

b l a d e s o f 66^ t u r n i n g w i t h a v e r y t h i c k l e a d i n g edge and a t h i n 

t r a i l i n g edge, was t r a v e r s e d w i t h a t h r e e - d i m e n s i o n a l c o n i c a l 

p r o b e . The f u l l e f f e c t o f t h e skew i s d i f f i c u l t t o a s c e r t a i n 

s i n c e o n l y t h e l o w e r h a l f span o f t h e f l o w f i e l d was measured. 

The l o s s e s were however seen t o i n c r e a s e w i t h skew. A l l o f t h e 
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above a n n u l a r cascade s t u d i e s l i m i t e d t h e i r measurements t o 

l o c a t i o n s u p s tream and downstream o f t h e cascade. B o l e t i s e t a l 

(1983) and B o l e t i s (1984) p r e s e n t t h e r e s u l t s o f a major 

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

o f i n l e t skew was measured i n an a n n u l a r cascade o f low a s p e c t 

r a t i o , h i g h t u r n i n g t u r b i n e n o z z l e g u i d e vanes. Two cases o f 

i n l e t skew were i n v e s t i g a t e d by h a v i n g d i f f e r e n t upstream 

c o n d i t i o n s . To produce t h e r e q u i r e d i n l e t c o n d i t i o n s t h e f i r s t 

case used a r o t a t i n g hub and t h e second a complete s t a g e . I t was 

f o u n d t h a t t h e e f f e c t o f skew was s i g n i f i c a n t . The s u c t i o n 

s u r f a c e e n d w a l l f l o w s were r e i n f o r c e d and a r a d i a l movement o f t h e 

f l u i d t owards midspan was seen t o c o u n t e r a c t t h e movement f r o m t i p 

t o hub u s u a l l y seen i n a n n u l a r c o n f i g u r a t i o n s . I t was a l s o shown 

t h a t t h e s i m p l e e n t r a i n m e n t approach, produced by t h e r o t a t i n g hub 

u p s t r e a m o f t h e b l a d e row, was n o t a good model f o r t h e f l o w 

downstream o f a complete s t a g e . T h i s r e s u l t i s n o t s u r p r i s i n g 

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

t h e f l o w f i e l d a t i n l e t t o t h e b l a d e row w o u l d be v e r y complex. 

An a d d i t i o n a l s t u d y i s r e q u i r e d i n t h i s case u s i n g more 

s o p h i s t i c a t e d i n s t r u m e n t a t i o n i n o r d e r t o o b t a i n more d e t a i l t h a n 

can be o b t a i n e d f r o m c i r c u m f e r e n t i a l a v e r a g i n g o f t h e f l o w f i e l d . 

2.5 OTHER EFFECTS 

I n t h e r e v i e w o f cascade d a t a Dunham (1970) i d e n t i f i e d 

v a r i o u s f a c t o r s t h a t appeared t o a f f e c t secondary l o s s e s . I t was 

c l e a r t h a t t h e l o s s e s were i n v e r s e l y p r o p o r t i o n a l t o a s p e c t r a t i o . 

More r e c e n t l y A t k i n s (1985) c o n f i r m e d t h i s r e s u l t and showed t h a t 
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i t h e l d f o r a s p e c t r a t i o s as Low as 0.3. J i l e k (1986) f o u n d t h a t 

as l o n g as t h e secondary f l o w r e g i o n s d i d n o t i n t e r a c t t h e 

downstream f l o w p a t t e r n was a l s o u n a f f e c t e d by a s p e c t r a t i o . 

Moore and Ransmayr (1984) used a g e o m e t r i c a l l y s i m i l a r 

cascade t o t h a t o f L a n g s t o n e t a l (1977) t o i n v e s t i g a t e two 

d i f f e r e n t l e a d i n g edge p r o f i l e s ( c i r c u l a r and wedged). They f o u n d 

t h a t t h e s t a t i c p r e s s u r e d i s t r i b u t i o n s a round t h e t h r o a t o f t h e 

passage were i n d e p e n d e n t o f t h e shape o f t h e l e a d i n g edge. I t was 

c o n c l u d e d t h a t s i n c e t h e s i z e o f t h e horseshoe v o r t e x was s m a l l 

compared t o t h e t h i c k n e s s o f t h e i n l e t boundary l a y e r i t d i d n o t 

s i g n i f i c a n t l y i n f l u e n c e t h e passage v o r t e x as f a r as t h e l o c a l 

w a l l s t a t i c p r e s s u r e d i s t r i b u t i o n was concerned. A t r a v e r s e w i t h 

a f i v e - h o l e p r e s s u r e probe downstream o f t h e cascade showed o n l y 

m i n o r d i f f e r e n c e s i n t h e f l o w f i e l d due t o t h e change i n shape o f 

t h e l e a d i n g edge. I t was t h e r e f o r e c o n c l u d e d t h a t t h e shape o f 

t h e l e a d i n g edge and t h e d e t a i l s o f t h e f l o w c l o s e t o i t may have 

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

some cascades. 

The shape o f t h e e n d w a l l has r e c e i v e d some a t t e n t i o n . 

M o r r i s and Hoare (1975) showed t h a t m e r i d i o n a l w a l l p r o f i l i n g can 

s i g n i f i c a n t l y reduce t h e secondary l o s s e s i n l i n e a r cascades. 

A t k i n s ( 1 9 8 5 ) , however, f o u n d t h a t e n d w a l l p r o f i l i n g had 

s u r p r i s i n g l y l i t t l e e f f e c t on t h e secondary f l o w s and l o s s e s . 

B o l e t i s (1984) had some success w i t h t i p e n d w a l l c o n t o u r i n g . 

S i e v e r d i n g and W i l p u t t e (1981) a t t e m p t e d t o i n v e s t i g a t e 

t h e e f f e c t o f Mach number and, a l t h o u g h t h e y d e t e c t e d l o s s e s 

i n c r e a s i n g w i t h i n c r e a s i n g Mach number, t h e y were u n a b l e t o 
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a s c e r t a i n whether t h e y were l o o k i n g a t a Mach number o r a Reynolds 

number e f f e c t . They a l s o showed t h a t t h e i n j e c t i o n o f c o o l i n g 

f l u i d may have a s i g n i f i c a n t e f f e c t on t h e e n d w a l l f l o w f i e l d . 

2.6 SECONDARY LOSS CORRELATIONS 

I n o r d e r t o use e x p e r i m e n t a l d a t a o b t a i n e d f r o m cascades 

i n t h e d e s i g n o f turbomachines a number o f c o r r e l a t i o n s have been 

developed. Methods o f c o r r e l a t i n g t h e secondary l o s s e s were 

r e v i e w e d by Dunham (1970) who f o u n d a d i s t u r b i n g l a c k o f agreement 

between t h e v a r i o u s c o r r e l a t i o n s i n common use. 

Blade row secondary l o s s i s g e n e r a l l y r e p r e s e n t e d by a 

s i n g l e f i g u r e 

Averaged S t a g n a t i o n P r e s s u r e Loss 
Y = 

O u t l e t Dynamic Head 

E x p e r i m e n t a l l y t h e gr o s s secondary l o s s i s f o u n d by 

s u b t r a c t i n g t h e p r o f i l e l o s s , u s u a l l y t a k e n as t h e midspan l o s s , 

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

a s p e c t r a t i o b l a d e s o n l y . A t e c h n i q u e used f o r low a s p e c t r a t i o 

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

t w o - d i m e n s i o n a l model. The n e t secondary l o s s i s f o u n d by 

s u b t r a c t i n g t h e i n l e t l o s s f r o m t h e gr o s s secondary l o s s . Dunham 

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

by an e x p r e s s i o n based on t h e A i n l e y and M a t h i e s o n (1951) b l a d e 

l o a d i n g p arameter 
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Y 
s 

cosa cos a 

S/C cost? cos a m 

where a = t a n (1/2 (tana.. + t a n a ) ) 

1/2 5 (3 and f 0.0055 + 0.078 

Dunham d i d n o t s p e c i f y whether t h e above f o r m u l a was f o r 

n e t o r gr o s s secondary l o s s . The f u n c t i o n o f i n l e t boundary l a y e r 

d i s p l a c e m e n t t h i c k n e s s has i t s e l f been t h e s u b j e c t o f r e v i e w and 

c o r r e c t i o n . Dunham and Came (1970) s u g g e s t e d t h e r e l a t i o n s h i p 

(J) = 0.0334 

when t h e i n l e t boundary l a y e r d i s p l a c e m e n t t h i c k n e s s i s 

n o t known. T h i s r e s u l t was based on l o s s e s measured i n r e a l 

machines as opposed t o cascades. Came (1973) c o r r e c t e d t h e 

e a r l i e r r e s u l t s o f Dunham and sugg e s t e d t h a t t h e r e l a t i o n s h i p 

0.008 + 0.64 

be used t o g i v e t h e gr o s s secondary l o s s . M o r r i s and 

Hoare (1975) s u g g e s t e d an ammended f o r m f o r t h e g r o s s secondary 

l o s s 
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O.0L1 + 0.294 

More r e c e n t l y Chen and D i x o n (1986) have s u g g e s t e d t h a t 

t h e n e t secondary l o s s i s c o r r e l a t e d by t h e e q u a t i o n 

/c) V 
cos a 

0.0055 SN h \cos cos a m 

28/h 

G 9 
( 3 n + l ) 

2n 

6 / X \ -0 2 - - 0.379 [ - ) Re U , 
h W x 

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

f l o w d i r e c t i o n and n i s t h e i n d e x f o r a power law f i t t e d t o t h e 

v e l o c i t y p r o f i l e a t i n l e t . 

These c o r r e l a t i o n s h i g h l i g h t what may be c o n s i d e r e d t o be 

t h e most i m p o r t a n t p a r a m e t e r s a f f e c t i n g t h e magnitude o f t h e 

l o s s e s . A spect r a t i o , b l a d e l o a d i n g , i n l e t b oundary l a y e r 

t h i c k n e s s and b l a d e geometry appear t o be i m p o r t a n t p a r a m e t e r s f o r 

i n c o m p r e s s i b l e f l o w s . 

There are numerous o t h e r c o r r e l a t i o n s t h a t have been 

c r i t i c a l l y r e v i e w e d by H i r c h and Denton (1981) and by S i e v e r d i n g 

( 1 9 8 4 ) . I n r e a l i t y a l l c o r r e l a t i o n s r e l y on b l a d e p r o f i l e 
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s i m i l a r i t y and t h e i r a p p l i c a t i o n i s t h e r e f o r e l i m i t e d . The 

n e c e s s i t y o f a d j u s t i n g c o r r e l a t i o n s t o o b t a i n agreement between 

cascade and r e a l machine r e s u l t s i s a c l e a r i n d i c a t i o n o f t h e i r 

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

2.7 THEORETICAL SECONDARY FLOWS 

Greg o r y - S m i t h (1984) has r e c e n t l y g i v e n a r e v i e w o f 

secondary f l o w t h e o r y . The t h e o r e t i c a l s o l u t i o n f o r t h e i n c r e a s e 

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

cascade, was g i v e n by S q u i r e and W i n t e r ( 1 9 5 1 ) . The s o l u t i o n has 

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

a n a l y s i s . P a r t i c u l a r c o n t r i b u t o r s were Hawthorne ( 1 9 5 5 ) , Smith 

(1955) and Lakshminarayana and H o r l o c k (1973) . Came and Marsh 

(1974) p r e s e n t e d an a l t e r n a t i v e s i m p l e r approach t h a t u sed v o r t e x 

t r a c i n g i n c o n j u n c t i o n w i t h K e l v i n ' s c i r c u l a t i o n theorem. The 

e q u a t i o n s f o r t h e components o f v o r t i c i t y ( t r a i l i n g f i l a m e n t , 

t r a i l i n g shed and d i s t r i b u t e d secondary) were g i v e n f o r a many 

b l a d e d cascade. Marsh (1974) extended t h i s approach t o t a k e 

a c c o u n t o f t h e a x i a l v e l o c i t y r a t i o i n cascades. T h i s e f f e c t may 

be caused by n o n - p a r a l l e l e n d w a l l s , o r b l o c k a g e due t o e n d w a l l 

b o u n dary l a y e r g r o w t h , o r s t r e a m l i n e s h i f t due t o n o n - f r e e v o r t e x 

d e s i g n . Marsh (1976) f u r t h e r e x tended t h e t h e o r y t o c o m p r e s s i b l e 

f l o w s and showed t h a t f o r a c c e l e r a t i n g f l o w s i n t u r b i n e s t h e 

e f f e c t was n e g l i g i b l e w i t h i n a g i v e n range o f i n c i d e n c e . Glynn 

and Marsh (1980) p r e s e n t e d an a n a l y s i s f o r t h e secondary f l o w i n 

an a n n u l a r cascade. The a n a l y s i s was i n terms o f a secondary f l o w 

s t r e a m f u n c t i o n t h a t was d e f i n e d i n t h e t r a i l i n g edge p l a n e . The 
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t e c h n i q u e was used t o s i m p l i f y t h e a n a l y s i s f o r a n n u l a r 

c o n f i g u r a t i o n s h a v i n g n o n - c o n s t a n t p r i m a r y e x i t f l o w a n g l e s a l o n g 

t h e span o f t h e b l a d e s . Glynn (1982) p r e s e n t e d a method t o t a k e 

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

cascades. A B e r n o u l l i s u r f a c e i s one o f c o n s t a n t s t a g n a t i o n 

p r e s s u r e . 

An i n t e r e s t i n g a p p l i c a t i o n o f secondary f l o w t h e o r y o f 

p a r t i c u l a r r e l e v a n c e has been g i v e n by Kingcombe ( 1 9 7 6 ) . A 

f a c t o r , K, was d e r i v e d t o show t h e r e l a t i v e e f f e c t o f skewing t h e 

i n l e t boundary l a y e r on t h e secondary v o r t i c i t y a t e x i t f r o m a 

cascade. I t was shown t h a t 

e s 2 s i n ( a x - p2) 

- cos (°rV / r s 
( ^ S 2 ) c o l a t , (. C°S V 

2 t a n a ^ - t a n a ^ I I + ^--
\^ cos a^y 

where i s t h e r o t o r a i r i n l e t a n g l e , i s t h e r o t o r a i r 

e x i t a n g l e and fi^ i s t h e upstream s t a t o r a i r e x i t a n g l e . However 

t h i s r e s u l t i s n o t a p p r o p r i a t e t o t h e case i n w h i c h we s h a l l be 

i n t e r e s t e d . I t was assumed t h a t i n t h e c o l a t e r a l case t h e n o r m a l 

v o r t i c i t y was g i v e n by 

av 
? n l = az 

and t h e r e f o r e t h a t t h e f r e e s t r e a m v e l o c i t y was n o t t h e 

same i n t h e c o l a t e r a l case as i n t h e skewed case. To compare t h e 
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c o l a t e r a l and skewed cases we r e q u i r e t h e r e l a t i v e f l o w t o t h e 

cascade t o be t h e same, i . e . we r e q u i r e W and £ t o be unchanged 

b u t = 0 f o r t h e c o l a t e r a l case. T h i s r e q u i r e s a s i m p l e 

c o r r e c t i o n t o t h e Kingcombe f o r m u l a 

K 
K 

cos ( o ^ - ^ ) new 

T h i s r e s u l t i s f o r skew a l o n e and s i n c e £ ^ i s unchanged 

t a k e s no a c c o u n t o f t h e e f f e c t o f shear w h i c h may be i m p o r t a n t . 

For an i m p u l s e cascade w i t h = -a^ = 40° and fi^ = 60° i t i - s 

f o u n d t h a t K = 1 . 1 1 . For a h i g h t u r n i n g r o t o r b l a d e w i t h a, = new o o j _ 

42.75, a„ = -68.8 and fl. = 70° i t i s f o u n d t h a t K = 1.10. 2 2 new 

These r e s u l t s show t h a t i n l e t skew i n t h e absence o f shear 

i n c r e a s e s t h e secondary v o r t i c i t y a t e x i t f r o m t h e cascade by 

about 10%. The r e l a t i o n s h i p between b l a d e speed and K i s shown 
new 

i n F i g u r e 2.2. T h i s r e s u l t shows t h a t t h e l e v e l o f i n c r e a s e o f 

e x i t s t r e a m w i s e v o r t i c i t y does, as w o u l d be e x p e c t e d , depend on 

t h e b l a d e speed. 

2.8 FLOW MODELLING 

The more c h a l l e n g i n g p r o b l e m i s t o move away f r o m 

c o r r e l a t i o n s and t o produce models t h a t can be used i n t h e d e s i g n 

p r o c e s s t o p r e d i c t l o s s e s . As has been d e s c r i b e d above, t h e f l o w 

phenomena a r e v e r y complex and t h e r e a r e t h e r e f o r e v e r y few s i m p l e 

models a v a i l a b l e . 
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By c o n s i d e r i n g t h e p h y s i c s a s s o c i a t e d w i t h secondary 

f l o w s G r e g o r y - S m i t h (1982) has produced a s i m p l e method f o r t h e 

p r e d i c t i o n o f secondary f l o w s and l o s s e s . The secondary f l o w 

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

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

v o r t i c i t y a t e x i t f r o m t h e b l a d e row. The secondary l o s s e s , w h i c h 

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

t h r e e components. The f i r s t component i s assumed t o be due t o t h e 

ups t r e a m boundary l a y e r w h i c h i s shed as a l o s s c o r e . T h i s l o s s 

c o r e i s assumed t o be t r i a n g u l a r i n shape and t o have t h e same 

mass f l o w and k i n e t i c e n e r g y d e f i c i t as t h e up s t r e a m boundary 

l a y e r . The second component i s assumed t o be due t o t h e new 

e n d w a l l boundary l a y e r t h a t i s formed downstream o f t h e 

cross-passage s e p a r a t i o n l i n e . T h i s new boundary l a y e r i s assumed 

t o be t u r b u l e n t and t o s t a r t a t t h e passage t h r o a t . The t h i r d 

component i s an e x t r a secondary l o s s t h a t i s assumed t o be e q u a l 

t o t h e secondary k i n e t i c energy c a l c u l a t e d u s i n g c l a s s i c a l 

secondary f l o w t h e o r y . The t h r e e components a re s i m p l y summed t o 

g i v e t h e t o t a l e s t i m a t e d l o s s . Reasonable r e s u l t s were r e p o r t e d 

f o r s e v e r a l t u r b i n e b l a d e rows. 

M o d e l l i n g o f t h e e n d w a l l boundary l a y e r f l o w s i s 

complementary t o t h e m o d e l l i n g o f secondary f l o w s . A number o f 

r e s e a r c h e r s have i n v e s t i g a t e d compressor e n d w a l l boundary l a y e r s 

and, due t o t h e s i m p l i c i t y o f t h e method, have propo s e d models 

based on a momentum-integral approach. Mager ( 1 9 5 4 ) , T a y l o r 

( 1 9 5 9 ) , J o h n s t o n ( 1 9 6 0 ) , D r i n g ( 1 9 7 1 ) , H o r l o c k (1973) and Booth 

(1975) a r e amongst t h e c l a s s i c a l works. The most w e l l known model 
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f o r s m a l l c r o s s f l o w s was t h e t r i a n g u l a r p o l a r p l o t p roposed by 

J o h n s t o n . T h i s model d i d n o t however a l l o w f o r c r o s s o v e r 

c r o s s - f l o w b e h a v i o u r as w o u l d be f o u n d i n a cascade. These 

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

f o r compressors where t h e e n d w a l l boundary l a y e r s can be 

c o n s i d e r e d t o be a s m a l l p e r t u r b a t i o n o f t h e main f l o w . However, 

t h e y a r e u n a b l e t o cope w i t h t u r b i n e s where t h e e n d w a l l boundary 

l a y e r r o l l s up t o f o r m a l o s s c o r e . Moreover, La n g s t o n (1980) 

quotes J o h n s t o n (1976) c o n c l u d i n g t h a t t h e r e was no g e n e r a l 

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

t h r e e - d i m e n s i o n a l boundary l a y e r s i s dependent i n each case on t h e 

boundary c o n d i t i o n s and f l o w h i s t o r y . T h i s l a c k o f g e n e r a l i t y has 

l e d t o t h e abandonment o f t h e momentum-integral based t e c h n i q u e s 

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

The advent o f h i g h speed d i g i t a l computers w i t h i n c r e a s e d 

s t o r a g e c a p a c i t y has encouraged t h e development o f many new 

t h r e e - d i m e n s i o n a l models. A r e v i e w by J a p i k s e (1976) o f 

c o m p u t a t i o n a l methods used f o r t u r b o m a c h i n e r y a n a l y s i s 

c o n c e n t r a t e s a l m o s t e n t i r e l y on t w o - d i m e n s i o n a l methods, such as 

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

m e r i d i o n a l (S2) and b l a d e - t o - b l a d e ( S I ) s u r f a c e s . V e ry l i t t l e 

space was g i v e n t o t h r e e - d i m e n s i o n a l methods s i n c e i t was f e l t 

t h a t t h e y were r a r e l y , i f e v e r , used f o r even i n v i s c i d 

t u r b o m a c h i n e r y d e s i g n s . However, t h e i n v i s c i d t h r e e - d i m e n s i o n a l 

models d e s c r i b e d were r e a l l y q u a s i - t h r e e - d i m e n s i o n a l i n t h a t t h e y 

i t e r a t e d between t h e S I and S2 s u r f a c e s r a t h e r t h a n s o l v e d t h e 

f u l l e q u a t i o n s . Less t h a n t e n y e a r s l a t e r M c N ally and S o c k o l 
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(1985) produced a r e v i e w o f c o m p u t a t i o n a l methods f o r a n a l y s i n g 

t u r b o m a c h i n e r y f l o w s . The emphasis o f t h i s r e v i e w was c o m p l e t e l y 

d i f f e r e n t . The m a j o r i t y o f i t was t a k e n up by r e v i e w s o f f u l l y 

t h r e e - d i m e n s i o n a l models. I t c o n t a i n e d 144 r e f e r e n c e s w h i c h was a 

c l e a r i n d i c a t i o n o f t h e i n t e r e s t and r e s e a r c h e f f o r t t h a t had been 

a p p l i e d i n t h e i n t e r v e n i n g p e r i o d . 

The e v e n t u a l aim o f t h e m o d e l l e r s must be t o s o l v e t h e 

f u l l N a v i e r - S t o k e s e q u a t i o n s . However t h i s i s n o t y e t p o s s i b l e 

and so s i m p l i f i c a t i o n s have t o be made. Models f a l l n a u t r a l l y 

i n t o one o f two c l a s s e s . They are e i t h e r i n v i s c i d , i n w h i c h case 

t h e E u l e r e q u a t i o n s a r e s o l v e d , o r t h e y a r e v i s c o u s , i n w h i c h case 

t h e t i m e - a v e r a g e d N a v i e r - S t o k e s e q u a t i o n s a r e s o l v e d . The f u l l 

s o l u t i o n o f t h e s e e q u a t i o n s i s an e l l i p t i c p r o b l e m . 

A l t h o u g h t h e E u l e r e q u a t i o n s a l l o w e n t r o p y , t o t a l 

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

t h e y do n o t a l l o w t h e g e n e r a t i o n o f l o s s e s . A number o f 

a l g o r i t h m s e x i s t f o r m a r c h i n g t h e time-dependent E u l e r e q u a t i o n s 

t o a s t e a d y s t a t e s o l u t i o n b u t i n g e n e r a l t h e y r e q u i r e l a r g e 

numbers o f i t e r a t i o n s and t h u s computer t i m e . A n o t h e r 

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

v a r i a b l e s may have t o be s t o r e d f o r each g r i d p o i n t i n t h e f l o w 

f i e l d . An example o f an e x p l i c i t method, one i n w h i c h t h e 

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

s t e p , has been g i v e n by Denton (1975) f o r m o d e l l i n g 

t u r b o m a c h i n e r y f l o w f i e l d s . A l t h o u g h t h e model has been 

e x t e n s i v e l y used, Bryce and L i t c h f i e l d ( 1 9 7 5 ) , most o f t h e 

r e p o r t e d examples a r e f o r t w o - d i m e n s i o n a l t r a n s o n i c f l o w . Denton 
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(1983) has r e v i s e d t h e model i n o r d e r t o improve i t s a c c u r a c y and 

speed o f convergence. 

The b a s i c e q u a t i o n s t h a t a r e s o l v e d a re t h o s e f o r t h e 

c o n s e r v a t i o n o f mass, momentum ( i n each c o o r d i n a t e d i r e c t i o n ) , and 

energy. For t w o - d i m e n s i o n a l m o d e l l i n g t h e energy e q u a t i o n i s 

o f t e n r e p l a c e d by an ass u m p t i o n o f i s e n t r o p i c f l o w . A b e t t e r 

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

c o n d i t i o n i s e x a c t f o r a d i a b a t i c s t e a d y f l o w . A s i m i l a r c o n d i t i o n 

o f c o n s t a n t r o t h a l p y a l o n g Sfa4&MAXwi£S \MBuj \A& bt ^hfifrkfe f o r 

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

p r o p e r t i e s i n t h e spanwise d i r e c t i o n . The energy e q u a t i o n i s 

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

I n o r d e r t o ensure t h e s t a b i l i t y o f t h e model upwind 

d i f f e r e n c i n g was used i n t h e streamwise d i r e c t i o n f o r t h e f l u x e s 

o f mass and momentum w h i l s t downwind d i f f e r e n c i n g was used f o r 

p r e s s u r e . C e n t r a l d i f f e r e n c i n g was used f o r a l l q u a n t i t i e s i n t h e 

p i t c h w i s e d i r e c t i o n . The s t a b i l i t y o f t h i s "opposed d i f f e r e n c e " 

scheme was f o u n d t o depend o n l y on t h e a x i a l Mach number r a t h e r 

t h a n on t h e a b s o l u t e Mach number. A m a j o r d i s a d v a n t a g e o f 

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

e n t r o p y changes t h a t appear as s t a g n a t i o n p r e s s u r e changes i n t h e 

f l o w . These e r r o r s do n o t re m a i n l o c a l i s e d b u t appear t o a f f e c t 

t h e whole downstream f l o w f i e l d . The r e v i s e d scheme (Denton 

( 1 9 8 3 ) ) uses a n o n - o v e r l a p p i n g g r i d i n o r d e r t o reduce 

d i f f e r e n c i n g e r r o r s and t h u s improve t h e c o n s e r v a t i o n o f e n t r o p y . 

A n o t h e r d i s a d v a n t a g e i s t h e amount o f computer t i m e r e q u i r e d t o 

o b t a i n a converged s o l u t i o n . The r e v i s e d scheme i n t r o d u c e d a 
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s i m p l e m u l t i g r i d system t h a t a l l o w s t h e o v e r a l l f l o w p a t t e r n t o be 

d e v e l o p e d q u i c k l y on a coarse g r i d , w i t h t h e f i n e d e t a i l b e i n g 

r e s o l v e d on one o r more f i n e r g r i d s . T h i s had t h e e f f e c t o f 

c o n s i d e r a b l y i m p r o v i n g t h e speed o f convergence. A d i s a d v a n t a g e 

o f t h e opposed d i f f e r e n c e scheme i s t h a t r e v e r s e f l o w s cause t h e 

scheme t o become u n s t a b l e . T h i s p r o b l e m i s overcome, a t t h e 

expense o f a c c u r a c y , by u s i n g upwinded v a l u e s o f c o n v e c t e d 

v e l o c i t y when t h e m e r i d i o n a l v e l o c i t y i s n e g a t i v e . E x p e r i e n c e o f 

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

been r e p o r t e d by Sato e t a l (1986a, 1986b). 

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

N a v i e r - S t o k e s e q u a t i o n s pose f o r m i d a b l e problems. For 

t h r e e - d i m e n s i o n a l f l o w t h e r e may be f i v e v a r i a b l e s , two t u r b u l e n c e 

p r o p e r t i e s , and n i n e o r more m e t r i c d e r i v a t i v e s . Each o f t h e s e 

q u a n t i t i e s needs t o be s t o r e d f o r each g r i d p o i n t w h i c h , f o r a 

r e a s o n a b l e g r i d s i z e , i n d i c a t e s t h a t a l a r g e amount o f computer 

s t o r a g e w i l l be r e q u i r e d . However, s i m p l i f y i n g assumptions can be 

made. A p a r t i a l l y p a r a b o l i c a p p r o x i m a t i o n can be p r o d u c e d i f t h e 

p r i m a r y f l o w d i r e c t i o n can be assumed. A sequence o f m a r c h i n g 

f o l l o w e d by a p r e s s u r e update i s r e p e a t e d u n t i l convergence i s 

o b t a i n e d . Moore and Moore (1979) have p r o d u c e d a method t h a t uses 

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

e q u a t i o n s . A n o t h e r a p p r o x i m a t i o n can be made by assuming, i n 

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

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

t h e n i s t h e f u l l y p a r a b o l i c a p p r o x i m a t i o n and o n l y a s i n g l e pass 

i s r e q u i r e d f o r s o l u t i o n . However, t h e e f f e c t s o f f l o w s e p a r a t i o n 
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and r e v e r s a l can o n l y be a d e q u a t e l y m o d e l l e d by f u l l y e l l i p t i c 

codes. There a r e few o f th e s e codes a v a i l a b l e and t h e i r s t a t u s i s 

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

R e c e n t l y Moore and Moore (1985) have p r e s e n t e d r e s u l t s o f 

u s i n g an e l l i p t i c method f o r t h r e e - d i m e n s i o n a l v i s c o u s f l o w s . The 

c o n s e r v a t i o n e q u a t i o n s f o r mass, momentum and energy were c o u p l e d 

w i t h a P r a n d t l m i x i n g l e n g t h model f o r v i s c o s i t y . The v e l o c i t y 

components were o b t a i n e d f r o m the momentum e q u a t i o n and r o t h a l p y 

f r o m t h e energy e q u a t i o n . T h i s model i s a p r e s s u r e c o r r e c t i o n 

method t h a t s o l v e s t h e c o n t i n u i t y e q u a t i o n f o r p r e s s u r e and t h e 

e q u a t i o n o f s t a t e i s t h e n used t o o b t a i n d e n s i t y . Timemarching 

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

t h e n use t h e e q u a t i o n o f s t a t e f o r p r e s s u r e . An advantage o f 

u s i n g t h e p r e s s u r e c o r r e c t i o n t e c h n i q u e i s t h a t i t can be made t o 

converge i n v e r y few i t e r a t i o n s . I m p o r t a n t f e a t u r e s o f t h e model 

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

n u m e r i c a l m i x i n g and upwinded c o n t r o l volumes a r e used t o ensure 

t h e s t a b i l i t y o f t h e scheme. T h i s overcomes t h e e f f e c t o f 

n u m e r i c a l v i s c o s i t y imposed by upwind d i f f e r e n c i n g t h a t i s o f t e n 

used t o f o r c e s t a b i l i t y on schemes. The drawbacks o f t h i s model 

a r e t h a t i t s use i s l i m i t e d t o s t e a d y , s u b s o n i c f l o w s and t h a t 

t h e r e i s no t r a n s i t i o n model programmed. However, r e g i o n s o f t h e 

f l o w f i e l d can be d e s i g n a t e d t o be e i t h e r l a m i n a r o r t u r b u l e n t . 

T h i s model has been used by Moore and Moore (1985) f o r t h e 

f l o w f i e l d i n t h e L a n g s t o n e t a l (1977) cascade. Remarkably good 

r e s u l t s f o r t h e t u r b u l e n t f l o w were o b t a i n e d w i t h o n l y s i x t e e n 

i t e r a t i o n s . However, t h e 7000 g r i d p o i n t s used r e q u i r e d o v e r one 
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hour of CPU time on an IBM 3081 mainframe computer and 3 Mbytes of 

storage. 

Undoubtably the b u l k of the data r e q u i r e d f o r 

three-dimensional flow programs consists of the geometry 

d e s c r i p t i o n . The f u r t h e r development of the three-dimensional 

codes w i l l be hampered by the d i f f i c u l t y of s e t t i n g up the 

r e q u i r e d geometry d e f i n i t i o n u n t i l the process i s automated. 

Furthermore, the amount o f computer storage and operator 

involvement r e q u i r e d f o r modelling j u s t a s i n g l e component i s a 

c l e a r i n d i c a t i o n t h a t running the codes i s not a r o u t i n e matter. 

And f u r t h e r , t h a t the f u l l three-dimensional design o f 

turbomachinery using these codes i s s t i l l a long way o f f . 

There s t i l l remains a requirement f o r simple models, 

maybe based on secondary f l o w theory, t h a t can be used i n the 

i n i t i a l design o p t i m i s a t i o n stages. The v a l i d a t i o n o f the design 

may then be c a r r i e d out using three-dimensional codes. I n order 

t o ensure the v a l i d i t y of these three-dimensional codes t e s t cases 

are r e q u i r e d . The work reported i n t h i s t h e s i s i s intended to at 

l e a s t p a r t i a l l y f i l l t h a t requirement. 
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CHAPTER 3 : EXPERIMENTAL APPARATUS AND TECHNIQUES 

This chapter reviews the experimental apparatus and 
techniques t h a t were used to c o l l e c t data from two large scale, 
low speed, r e c t i l i n e a r cascades. The f i r s t cascade and much of 
the i n s t r u m e n t a t i o n was already i n existence a t the s t a r t o f t h i s 
research p r o j e c t . The second cascade was s p e c i f i c a l l y designed 
and b u i l t to measure the e f f e c t of a skewed i n l e t boundary l a y e r . 
The design d e t a i l s and c o n s t r u c t i o n techniques of t h i s cascade are 
discussed. The data c o l l e c t i o n methodology and a b r i e f a n a l y s i s 
of the experimental accuracy are also discussed. The flow 
v i s u a l i s a t i o n technique t h a t was used i s presented. 

3.1 AIR SUPPLY 

The cascade of blades i s mounted on the e x i t o f a blowing 

wind t u n n e l t h a t exhausts to atmosphere. The a i r f o r the wind 

tun n e l i s d i f f u s e d from a double e n t r y c e n t r i f u g a l fan through 

gauze screens i n t o a large s e t t l i n g chamber. The a i r i s then 

accelerated through a c o n t r a c t i o n and enters, v i a a honeycomb flow 

s t r a i g h t e n e r , the p a r a l l e l w a l l e d working s e c t i o n . I n an e f f o r t 

to cut down the contamination of hot - w i r e anemometry sensors by 

airborne grease and dust p a r t i c l e s , the f a n was completely 

enclosed i n a timber and plywood housing. Three of the w a l l s each 

contained s i x 18" square Vokes general purpose f i l t e r elements i n 

a panel. 
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3.2 CASCADES 

The e a r l y p a r t of t h i s research was c a r r i e d out on a 

large-scale low speed r e c t i l i n e a r cascade t h a t was already i n 

existence. Since the c o n s t r u c t i o n a l d e t a i l s have been f u l l y 

documented by Graves (1985) only b r i e f d e t a i l s w i l l be given here. 

This cascade w i l l be r e f e r r e d t o as the CPG cascade. 

The CPG cascade consisted of seven blades t h a t were 

s u i t a b l y scaled from a midspan h i g h pressure t u r b i n e r e a c t i o n 

blade design. The blades were cast i n epoxy r e s i n , using a 

technique s i m i l a r t o t h a t of Gregory-Smith and Marsh (1971), and 

h e l d i n a framework of timber and plywood at the c o r r e c t stagger 

angle by studs and l o c a t i n g dowels. Two of the blades were 

instrumented w i t h surface s t a t i c pressure tappings. A large 

p o r t i o n of one endwall was constructed from perspex to form a 

window i n order t o allow flow v i s u a l i s a t i o n . The opposite 

endwall, which was made from plywood, was s l o t t e d a t the 

appropriate a x i a l planes f o r t r a v e r s i n g w i t h the probes (Figure 

3.1). U n f o r t u n a t e l y the c o n s t r u c t i o n methods employed prevented 

the removal of the perspex window and the blades w i t h o u t 

d e s t r o y i n g the cascade box. 

I t was decided to c o n s t r u c t a new f a c i l i t y t h a t would 

al l o w the i n v e s t i g a t i o n of the e f f e c t of skewing the i n l e t 

boundary l a y e r . The r i g design was to incorporate features to 

overcome the p r a c t i c a l problems associated w i t h the CPG cascade. 

Other features t h a t were r e q u i r e d included a c a n t i l e v e r blade 

mounting so t h a t the r i g could be used a t a l a t e r date t o 
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i n v e s t i g a t e the e f f e c t s of over t i p leakage flows and a more 

r e p r e s e n t a t i v e i n l e t boundary la y e r thickness. 

The blade p r o f i l e needed m o d i f i c a t i o n f o r o p e r a t i o n a t low 

speed. When a blade designed to operate at transonic Mach numbers 

i s placed i n t o a low speed incompressible flow there i s a large 

amount of s u c t i o n surface d i f f u s i o n . This adversely a f f e c t s the 

phenomena under i n v e s t i g a t i o n and so removes the t e s t f u r t h e r from 

r e a l i t y . The reason f o r the s u c t i o n surface d i f f u s i o n may be 

explained by the e f f e c t of c o m p r e s s i b i l i t y i n the a c c e l e r a t i n g 

r e g i o n up t o the t h r o a t o f the blade passage. Consider R where 

Mean v e l o c i t y across passage upstream of t h r o a t 
R = --

V e l o c i t y a t t h r o a t 

(pA) t h r o a t 

(pA) upstream 

where p i s density and A i s the cr o s s - s e c t i o n a l area i n the 

passage. Since f o r incompressible f l o w p « constant and f o r 

compressible f l o w P ( ; < p^ then i n c o m p r e s s i b l e > Compressible-

Hence i n incompressible c o n d i t i o n s the s u c t i o n surface peak 

v e l o c i t y would be expected to be greater r e l a t i v e to the t h r o a t 

v e l o c i t y . The r e s u l t i n g d i f f u s i o n w i l l a l t e r the p r o f i l e loss and 

also probably a f f e c t the secondary flows. 

When designing the new cascade, which w i l l be r e f e r r e d to 

as the JAW cascade, i t was decided to modify the p r o f i l e o f the 

adopted blade s e c t i o n i n order to reduce the s u c t i o n surface 

d i f f u s i o n a t low speed. This would also delay the onset of the 
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laminar separation bubble which was found i n the CPG cascade. 

Thus the p r o f i l e t h a t was used was designed t o give aerodynamic 

s i m i l a r i t y r a t h e r than geometric s i m i l a r i t y t o a t y p i c a l h i g h 

pressure t u r b i n e blade section. The model t u r b i n e blade p r o f i l e 

t h a t had been used as the basis f o r the CPG cascade had undergone 

a redesign since t h a t cascade was b u i l t . Since the e f f e c t of 

i n l e t skew was to be i n v e s t i g a t e d i t was decided t o base the JAW 

cascade on the r o o t s e c t i o n of the redesigned blade. 

The m o d i f i c a t i o n of the blade p r o f i l e f o r use i n the JAW 

cascade was c a r r i e d out using a quasi-three-dimensional computer 

program based on the streamline curvature technique. D e t a i l s of 

the design process and model have been presented by Morgan (1984) 

and by Jennions and Stow (1985a, 1985b). The s t a t i c pressure 

c o e f f i c i e n t d i s t r i b u t i o n s (Figure 3.2) c l e a r l y show the e f f e c t of 

modifying the p r o f i l e . The aim was t o reduce the p r e d i c t e d 

s u c t i o n surface d i f f u s i o n l e v e l o f 44% i n the low speed c o n d i t i o n s 

to the design c o n d i t i o n s p r e d i c t e d l e v e l o f 14%. However, t h i s 

was found t o be impossible t o achieve since t o a l t e r the l i f t 

c o e f f i c i e n t the p i t c h to chord r a t i o would have t o be changed. A 

p r e d i c t e d s u c t i o n surface d i f f u s i o n of 28% was achieved by 

reducing the t h r o a t opening by 8% and the f l o w i n l e t angle by 

about 7°. A laminar separation bubble was p r e d i c t e d to occur a t 

about 70% of an a x i a l chord from the l e a d i n g edge of the blade and 

i t s p o s i t i o n i s p r e d i c t e d to be v i r t u a l l y i n s e n s i t i v e t o v a r i a t i o n 

i n incidence because of the r e l a t i v e l y l a r g e radius used f o r the 

le a d i n g edge. I t was found t h a t the m o d i f i c a t i o n of the blade 
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p r o f i l e reduced the Zweifel blade loading c o e f f i c i e n t from the 

design value of 1.09 to 0.97. 

The blades were cast i n epoxy r e s i n from an aluminium 

master using a technique s i m i l a r to t h a t reported by Gregory-Smith 

and Marsh (1971). I n order to ensure t h a t the blades were 

ac c u r a t e l y mounted i n t o the cascade box a f u l l s ize computer p l o t 

of the blades a t the c o r r e c t stagger angle was produced and f i x e d 

to the endwall. The two blades t h a t form the c e n t r a l passage were 

instrumented w i t h surface s t a t i c pressure tappings by c a s t i n g 

hypodermic t u b i n g under the surface running i n the spanwise 

d i r e c t i o n . The l o c a t i o n s of the tappings are shown i n Figure 3.4. 

The tappings were d r i l l e d at appropriate spanwise distances from 

one endwall and when not i n use the holes on the surface of the 

blade were covered w i t h t h i n p l a s t i c tape t o preserve t h e i r 

i n t e g r i t y . The hypodermic t u b i n g was l e d out through the endwall 

on which the blades were mounted, and could then be connected v i a 

p l a s t i c t u b i n g t o an i n c l i n e d m u l t i t u b e d manometer. A s t e e l spine 

was also cast i n t o the blades i n order to give s t i f f n e s s t o the 

blades since a c a n t i l e v e r mounting was being used. A stud was 

f i t t e d i n t o the end of each blade a f t e r i t had been cut to s i z e 

and t h i s was the f i x i n g t o the s o l i d endwall. I n order to ensure 

t h a t the blades always went i n t o the cascade box a t the c o r r e c t 

o r i e n t a t i o n a 'D'-washer arrangement was used w i t h the studs being 

cut a p p r o p r i a t e l y (Figure 3.3). Since the blades are e f f e c t i v e l y 

supported by only one endwall i t was constructed from 1.75" 

hardwood cored blockboard. The r e s t of the cascade box was 

manufactured from timber and 0.75" plywood. A perspex window, 
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large enough to allow the removal of the two instrumented blades 

f o r f l o w v i s u a l i s a t i o n documentation purposes, was f i t t e d i n t o the 

plywood endwall. The endwall on which the blades were mounted had 

s l o t s cut at appropriate a x i a l planes f o r t r a v e r s i n g w i t h the 

probes (Figure 3.4). 

As w i t h the CPG cascade, the JAW cascade was manufactured 

w i t h seven blades i n the cascade box although only s i x were used 

i n t h i s research t o form f i v e passages i n the flow. The seventh 

blade could be used a t a l a t e r date t o study the e f f e c t o f an 

incidence change. The design parameters of both cascades are 

summarised below:-

TABLE 3.1: CASCADE DESIGN DATA 

CPG JAW 

Flow i n l e t angle 
f&Otfc AAM OuPffe 
FluA e x i t angle 
6(aj/e DuLt OMCjk 
Blade chord ^ 

42.75° 

216 mm 

42.75° 

-68.8 

224 mm 

A x i a l chord 175 mm 181 mm 

Span 457 mm 400 mm 

Blade p i t c h 191 mm 191 mm 

Zw e i f e l loading c o e f f i c i e n t 1.07 0.97 

Cascade Re 4 x 10 5 4 x 10 5 

A r i g h t handed axis system i s defined f o r the cascades i n 

the usual way by the a x i a l , t a n g e n t i a l and spanwise ( or r a d i a l ) 

d i r e c t i o n s (Figure 3.5). 
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3.3 SKEWED INLET BOUNDARY LAYER RIG 

I t was decided to i n v e s t i g a t e the e f f e c t o f skewing the 

i n l e t boundary la y e r separately from the e f f e c t s o f r a d i a l 

pressure gradients and other e f f e c t s t h a t may be found i n annular 

cascades. The e x i s t i n g low speed f a c i l i t y was t h e r e f o r e modified 

by p l a c i n g a moving b e l t 15% of an a x i a l chord upstream of the 

cascade box t o produce the r e q u i r e d skewing e f f e c t . This 

technique can be j u s t i f i e d by considering the boundary la y e r 

developed on the b e l t t o be the kinematic equivalent of the 

boundary l a y e r from a s t a t o r passing through a cascade o f moving 

blades. C a r r i c k (1977) used a s i m i l a r design t o study the e f f e c t 

of i n l e t skew i n a l i n e a r cascade of impulse blades. 

I t can be deduced from the v e l o c i t y t r i a n g l e (Figure 3.6) 

t h a t the r a t i o of b e l t speed to a i r speed i s a f u n c t i o n o f the 

s t a t o r o u t l e t angle, ^, and the r o t o r i n l e t angle, (JSC I n modern 

p r a c t i c e a t y p i c a l value f o r ^ i s 70° and f o r the design 

c o n d i t i o n s i n the JAW cascade i t can be shown t h a t the r e q u i r e d 

r a t i o of b e l t speed t o a i r speed i s 1.339. The w i d t h o f the b e l t 

can be approximately determined from the r e q u i r e d thickness of the 

boundary l a y e r . I f i t i s assumed t h a t there i s no pressure 

g r a d i e n t i n the working s e c t i o n of the tu n n e l , and thus across the 

b e l t , the w e l l known f l a t p l a t e approximation f o r boundary la y e r 

thickness can be used: 

-0 2 
S = 0.371x Re x 
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where 6 i s the boundary l a y e r thickness 

x i s the distance along the b e l t 

and Re^ i s the Reynolds number based on x. 

The r e q u i r e d b e l t w i d t h i s then given by 

w = x COSQ 

For an 800mm wide b e l t , the size t h a t was e v e n t u a l l y 

selected, one would expect a boundary la y e r thickness of about 

42mm. The cascade and moving b e l t system were supported by a 

framework i n a t w i n goalposts arrangement constructed from s t e e l 

s e c t i o n 50mm square by 4mm t h i c k (Figure 3.7). The two p u l l e y s 

were turned from hardened s t e e l w i t h a maximum diameter of 150mm 

on the crown and they were dynamically balanced. The upper p u l l e y 

was mounted i n plummer blocks and d r i v e n by a 4kW t h y r i s t o r 

c o n t r o l l e d motor v i a a t i m i n g b e l t . A smaller motor was i n i t i a l l y 

used t o d r i v e the system but, i n c o n j u n c t i o n w i t h i t s associated 

c o n t r o l l e r , i t was unable t o provide s u f f i c i e n t torque t o overcome 

the i n e r t i a o f the system a t s t a r t u p . The t i m i n g b e l t d r i v e was 

geared t o step up from the motor and give a maximum p u l l e y speed 

of about 3,400 rev/min. The lower p u l l e y was mounted on takeup 

u n i t s t h a t were f i t t e d onto s l i d i n g r a i l s to allow the b e l t to be 

tensioned and tracked. 

The b e l t was mounted so t h a t i t formed one endwall of the 

working s e c t i o n of the tunnel upstream of the cascade box (Figure 

3.8). The b e l t used was a Habasit type SNB-8E, 800mm wide by 

5892mm long, and i t was made from p o l y e s t e r w i t h a pvc covering. 
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Since the tunnel pressure was above atmospheric pressure i t was 

found t h a t the b e l t ran f l a t against the formica covered 

backboard. I n an attempt to reduce f r i c t i o n compressed a i r was 

i n j e c t e d between the b e l t and backboard to provide an a i r bearing. 

This produced no n o t i c e a b l e change i n the performance so t h a t a l l 

the t e s t s were done w i t h o u t the a i r bearing. Seals t h a t were made 

from Melinex were designed to be used a t the upstream and 

downstream edges of the b e l t . At the upstream edge of the b e l t 

the a i r flow helped t o maintain the contact between the edge of 

the seal and the b e l t surface whereas a t the downstream edge the 

a c t i o n o f the f l o w was to l i f t the edge o f the seal away from the 

b e l t surface. Thus a t the downstream edge of the b e l t , f o r the 

non-stationary cases, i t was d i f f i c u l t to get the balance r i g h t 

between the seal pressing hard enough to remain i n contact w i t h 

the b e l t surface but not so hard as t o damage the b e l t . Flow 

v i s u a l i s a t i o n (Figure 3.9) showed t h a t the seals were only 

necessary f o r the s t a t i o n a r y b e l t case since when the b e l t was not 

tensioned i t had a tendancy to c u r l s l i g h t l y a t the edge. 

Upstream of the b e l t there was a short l e n g t h o f f a l s e 

w a l l the backface of which l e d i n t o a bleed opening (Figure 3.10). 

To ensure t h a t the t u n n e l was balanced a s t a t i c pressure tapping 

was embedded i n t o each side of t h i s w a l l and connected to a 

d i f f e r e n t i a l pressure transducer. The bleed opening was set to 

give a reading of near t o zero and i t was found t h a t the s e t t i n g 

d i d not need to be a l t e r e d . A disc w i t h s i x vanes cut i n t o i t was 

mounted on the s h a f t o f the d r i v e p u l l e y and was used as an 

i n t e r u p t e r f o r an o p t o - e l e c t r o n i c device. This enabled the s h a f t 
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speed of the b e l t p u l l e y t o be kept constant. The r e l a t i o n s h i p 

between b e l t speed and sh a f t speed was c a l i b r a t e d w i t h a hand h e l d 

d i g i t a l tachometer w i t h surface wheel. The c a l i b r a t i o n was 

checked from time to time t o ensure t h a t the b e l t was not 

s l i p p i n g . 

Although the design s p e c i f i c a t i o n and manufacture of most 

of the skewed boundary la y e r r i g were completed w i t h i n the 

Engineering Department, the produc t i o n of the d e t a i l e d design 

drawings was put out t o c o n t r a c t . 

3.4 INSTRUMENTATION 

The i n s t r u m e n t a t i o n used i n t h i s research was already i n 

existence and since f u l l d e t a i l s are given by Graves (1985) only 

b r i e f d e t a i l s w i l l be given here except where techniques or 

equipment have changed. 

The experiments were run by a C i f e r microcomputer 

programmed i n Fortran. The C i f e r read data from up t o e i g h t 

channels of analogue t o d i g i t a l converter t h a t i n p u t data from the 

p o s i t i o n a l transducers and the d i f f e r e n t i a l pressure transducers 

or h ot w i r e anemometers. The C i f e r also c o n t r o l l e d a u n i t t h a t 

operated solenoid valves t o s e l e c t the appropriate pressure 

combinations from the pressure sensing probes f o r connection to 

the d i f f e r e n t i a l pressure transducer. 

L i m i t e d analysis o f the data was c a r r i e d out by the C i f e r 

before the data was t r a n s f e r r e d v i a a f l o p p y d i s k t o the mainframe 

computer where a f u l l a n alysis and p r e s e n t a t i o n of r e s u l t s was 

c a r r i e d out. 
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Data from the blade's surface s t a t i c pressure tappings was 

recorded manually from an i n c l i n e d m u l t i - t u b e d manometer. 

Probe t r a v e r s e s l o t s were cut i n t o one endwall, a t 

appropriate a x i a l p o s i t i o n s , p a r a l l e l t o the t a n g e n t i a l plane 

(Figures 3.1 and 3.4). The probe t r a v e r s i n g gear, which had been 

designed t o accept both pressure sensing and hot-wire probes, was 

a l i g n e d w i t h the r e q u i r e d s l o t by a d j u s t i n g the whole assembly on 

T - s l o t t e d r a i l s t h a t were b o l t e d t o the cascade endwall. The 

traverse gear consisted of f l a t s l i d e r s i n the t a n g e n t i a l and 

spanwise d i r e c t i o n s and a c a l i b r a t e d r o t a r y t a b l e (Figure 3.11). 

The t a n g e n t i a l and spanwise s l i d e r assemblies were f i t t e d w i t h 

potentiometers t h a t acted as p o s i t i o n a l transducers. 

Three-hole and f i ^ e - h o l e pressure sensing probes of the 
(see GKW*S (iftsy 

cobra t y p e ^ were used to traverse the cascade f l o w f i e l d . The 

sensing heads were constructed of 0.5 mm bore hypodermic t u b i n g 

and had been designed so t h a t the measuring volume remained f i x e d 

i n cascade coordinate space as the probe was r o t a t e d . A 

p i t o t - s t a t i c tube was placed upstream and was used f o r reference 

purposes. Data was recorded simultaneously from both the 

m u l t i - t u b e d probe and the reference probe. 

The c a l i b r a t i o n of the f i v e - h o l e pressure sensing probe 

was c a r e f u l l y checked before each series o f t e s t s to ensure t h a t 

i t was s t i l l v a l i d . The probe was placed i n a c a l i b r a t i o n 

p o s i t i o n i n the working s e c t i o n o f the tunnel mounted on a 

compound mount formed from two r o t a r y mounts and a p a i r of angle 

brackets. The probe was set a t various t w i s t and t i l t angles a t 

which data was recorded and then l a t e r run through the a n a l y s i s 
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programs t o recover the t u r r e t s e t t i n g angles from the c a l i b r a t i o n 

maps. Since the c a l i b r a t i o n was found not to have a l t e r e d the 

probe d i d not r e q u i r e r e c a l i b r a t i o n . 

The three-hole pressure sensing probe was r e c a l i b r a t e d 

several times since i t was e a s i l y damaged. The probe was only 

c a l i b r a t e d f o r v a r y i n g t w i s t angle since i t does not record p i t c h 

angle ( i . e . spanwise) v a r i a t i o n . 

The CPG cascade f l o w f i e l d was also traversed w i t h two 

mi n i a t u r e t w i n h ot-wire sensors (DISA 55P53 and 55P54). The 

measuring plane of the two sensor types d i f f e r e d by 90° r e l a t i v e 

to the sensor support (DISA 55H24). A probe stem had been 

constructed t o ensure t h a t the measuring planes f o r both types of 

hot-wire sensor were i n v a r i a n t w i t h probe r o t a t i o n . The 

in s t r u m e n t a t i o n used f o r hot-wire anemometry i s very complex and a 

great deal o f care has t o be taken i n order t o o b t a i n good q u a l i t y 

r e s u l t s . The two wires of the sensor being used were analysed 

separately. Each wire was l e d i n t o a constant temperature bridge 

c i r c u i t (DISA 55M01). The output o f the bridge was fed i n t o a 

l i n e a r i s e r (PROSSER 6130) which was c a l i b r a t e d to provide a d i r e c t 

r e l a t i o n s h i p between the bridge output voltage and the a i r 

v e l o c i t y . The l i n e a r i s e r output was taken t o a s i g n a l c o n d i t i o n e r 

(PROSSER 6141). I n order to increase accuracy the d i f f e r e n c e 

between the mean and rms values of the s i g n a l was maximised by 

removing a large amount o f DC and a m p l i f y i n g the remaining 

p o r t i o n . This ensured t h a t the f u l l range of the analogue t o 

d i g i t a l converters was used. This output was then f e d i n t o a u n i t 

t h a t separated the mean and rms p o r t i o n s of the s i g n a l and also 
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i n t o a turbulence processor (DISA 52B25) to provide c o r r e l a t i o n 

data. The r e s u l t s of these processes were i n p u t t o the analogue 

to d i g i t a l converters f o r c o l l e c t i o n by the C i f e r microcomputer. 

An upstream p i t o t - s t a t i c tube was used f o r reference purposes and 

to check t h a t the tunnel conditions d i d not change. 

Hot-wire sensors need to be c a l i b r a t e d i n a r e g i o n of flow 

i n which the v e l o c i t y can be v a r i e d over the range t h a t i s to be 

measured. Graves (1985) c a l i b r a t e d h i s sensors i n a j e t of 

compressed a i r . However, i t i s s u f f i c i e n t i f not p r e f e r a b l e to 

c a l i b r a t e the sensors a t a low turbulence p o s i t i o n i n the r i g i n 

which the measurements w i l l be taken (Perry (1982)). Therefore 

the c a l i b r a t i o n was c a r r i e d out i n a downstream s l o t ( s l o t 10) of 

the cascade between the blade wakes. Each wire o f each sensor was 

i n d i v i d u a l l y c a l i b r a t e d . A f t e r the cable resistance was balanced 

out and the overheat r a t i o set, the sensor was placed i n t o the 

f l o w and i t s response t o a 3kHz square wave optimised. With the 

sensor a l i g n e d w i t h the flow, and a p i t o t - s t a t i c tube placed 

downstream o f i t on the same stream surface but s l i g h t l y displaced 

i n the spanwise d i r e c t i o n to avoid i n t e r f e r e n c e e f f e c t s , the 

bridge output voltage and the flow v e l o c i t y were recorded f o r 

d i f f e r e n t f an speeds ( t y p i c a l l y f i f t e e n ) . Wire s e n s i t i v i t y and 

l i n e a r i s e r s e t t i n g s were then c a l c u l a t e d using a f o u r t h order 

polynomial f i t t e d by l e a s t squares. The performance of the 

l i n e a r i s e r s were checked using an e x t e r n a l voltage source. 
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3.5 EXPERIMENTAL TECHNIQUE 

Since the data c o l l e c t i o n and the c o n t r o l of the 

experiments were c a r r i e d out by the microcomputer most of the 

experimental technique was embedded i n the computer programs t h a t 

were used. Much of the a c t u a l process of c o l l e c t i n g the data has 

been described by Graves (1985) but the software was f u r t h e r 

developed d u r i n g t h i s p r o j e c t to cope w i t h the skewed i n l e t 

boundary l a y e r experiments. 

To ensure the consistency of the r e s u l t s the experiments 

were always c a r r i e d out a t the same Reynolds number defined by the 

e x i t v e l o c i t y and blade chord. I n a question and answer approach 

the atmospheric c o n d i t i o n s were inp u t i n t o the microcomputer and 

using a standard day set of c o n d i t i o n s the dynamic head f o r 

s e t t i n g the t u n n e l was c a l c u l a t e d . I n the case of i n l e t skew the 

r e q u i r e d b e l t v e l o c i t y was c a l c u l a t e d from t h i s dynamic head to 

maintain the consistency. 

The probe t h a t was being used to t r a v e r s e the cascade 

f l o w f i e l d was placed through the endwall a t the appropriate 

s l o t t e d a x i a l p o s t i o n (Figures 3.1 and 3.A). The probe was 

traversed away from the opposite endwall i n the spanwise d i r e c t i o n 

f o r each of a s e r i e s of pre-determined t a n g e n t i a l p o s i t i o n s 

( u s u a l l y twelve i n the case of a traverse i n s i d e the blade 

passage). At each t a n g e n t i a l p o s i t i o n the p o r t i o n s o f the s l o t 

not being used were taped over to ensure t h a t there was no b u l k 

i n f l o w or o u t f l o w of a i r . Slots not being used had T-shaped 

f i l l e r s t h a t were manufactured to present a smooth endwall surface 

t o the flow. 
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I n the case of pressure sensing probe measurements Graves 

(1985) described a method of c o n d i t i o n a l sampling to be used f o r 

the data c o l l e c t i o n . This scheme was appropriate when an e a r l i e r 

research fan was used which d i d not give steady f l o w c o n d i t i o n s . 

The removal of the c o n d i t i o n a l sampling c r i t e r i a was accomplished 

w i t h o u t a major r e w r i t e of the software by making the acceptance 

band of the scheme much wider. This had the e f f e c t of speeding up 

the t r a v e r s i n g w h i l s t s t i l l g i v i n g good r e s u l t s . A s t a t i s t i c a l 

t e s t was r e t a i n e d to ensure t h a t s u f f i c i e n t data was c o l l e c t e d a t 

each traverse p o i n t i n the f l o w t o give a 99% confidence t h a t the 

mean was w i t h i n 1% of the value of each pressure reading. At the 

s t a r t o f each traverse the probe was set to the approximate 

midspan f l o w angle. With the development o f the skewed i n l e t 

boundary l a y e r r i g i t was expected t h a t f l o w d i r e c t i o n s would 

change r a p i d l y . A f a c i l i t y was t h e r e f o r e introduced t o allow the 

t u r r e t s e t t i n g angle t o be changed d u r i n g the run. This ensured 

t h a t the f l o w angle was always w i t h i n the c e n t r a l p a r t of the 

probe c a l i b r a t i o n region. This m o d i f i c a t i o n meant t h a t there were 

s i g n i f i c a n t l y fewer occasions on which r e s u l t s had to be 

e x t r a p o l a t e d f o r data l y i n g outside o f the c a l i b r a t i o n region. 

When t r a v e r s i n g w i t h h ot-wire sensors the f l o w f i e l d had to 

be traversed separately by each of the two types o f sensor. The 

probe was i n s e r t e d , very c a r e f u l l y , i n t o the f l o w f i e l d as 

described above. At each p o s i t i o n a t which data was r e q u i r e d the 

probe was a l i g n e d w i t h the yaw angle found by the pressure sensing 

probes ( u s u a l l y the f i v e - h o l e probe). Hot-wire anemometry i s very 

user i n t e n s i v e and requires a great deal o f e f f o r t and care f o r 
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successful t r a v e r s i n g . The s i g n a l s from the sensors were 

continuously monitored w i t h an o s c i l l o s c o p e t o ensure t h a t the 

whole i n p u t range of the analogue to d i g i t a l converters was used 

i n an e f f o r t to maximise s e n s i t i v i t y and accuracy. Care had t o be 

taken to avoid c l i p p i n g the s i g n a l s by o v e r - a m p l i f i c a t i o n . At the 

s t a r t of a t r a v e r s i n g session a c a l i b r a t i o n check p o s i t i o n was 

selected. At the end of each t a n g e n t i a l traverse the probe was 

returned t o t h a t p o s i t i o n to check t h a t i t s performance was not 

s i g n i f i c a n t l y a l t e r e d due f o r example to wire contamination. The 

f i l t e r i n g o f the a i r a t i n l e t t o the fan g r e a t l y reduced the 

occurrence o f t h i s phenomenon. I f the w i r e c h a r a c t e r i s t i c s had 

changed s l i g h t l y the anemometer probe was cleaned and rechecked. 

I f the w i r e c h a r a c t e r i s t i c s had changed s i g n i f i c a n t l y the traverse 

was redone w i t h a f r e s h probe. At several p o i n t s i n the f l o w f i e l d 

data was recorded on a f o u r channel i n s t r u m e n t a t i o n tape recorder 

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

3.6 DATA ANALYSIS 

For the pressure sensing probes the data c o l l e c t e d f o r 

each t r a v e r s e p o s i t i o n consisted of the p o s i t i o n a l coordinates, 

the t u r r e t s e t t i n g angle and a set o f pressures i n u n i t s of 

m i l l i m e t r e s of water gauge. For the h ot-wire sensors the 

e q u i v a l e n t data c o l l e c t e d consisted of the p o s i t i o n a l coordinates 

and the d i r e c t voltages w i t h the gain and o f f s e t s e t t i n g s . 

For the pressure sensing probes the l o c a l v e l o c i t y , V , 

the f l o w angles ( p i t c h and f o r the f i v e - h o l e probe yaw), and the 

t o t a l and s t a t i c pressures were obtained from c a l i b r a t i o n maps. 
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The n o n - n u l l i n g technique t h a t was used was described by Schaub et 

a l (1964) f o r incompressible flows. The t o t a l pressure loss 

c o e f f i c i e n t i s defined as: 

1/2 p V x
2 

where i s the upstream v e l o c i t y and i s defined as 

2 _ 2 ( p 0 1 " Pl> 
1 

P 

A s i m i l a r expression i s used f o r the s t a t i c pressure loss 

c o e f f i c i e n t . Pitchwise averaged values were obtained by 

i n t e g r a t i n g i n the t a n g e n t i a l d i r e c t i o n across the p i t c h 

/V £ dT J i / ax 
fv dT w ax 

and f o r the yaw angle 

An area average was obtained f o r the a x i a l plane by 

i n t e g r a t i n g the p i t c h averaged values i n the spanwise d i r e c t i o n . 

The streamwise component of v o r t i c i t y was c a l c u l a t e d from the 

v e l o c i t y measurements by f i t t i n g a l e a s t squares b i c u b i c s p l i n e 

surface to the data. This allowed the gradients o f the l o c a l 

v e l o c i t y t o be c a l c u l a t e d i n the t a n g e n t i a l and spanwise 

d i r e c t i o n s . Due to the r e l a t i v e l y wide spacings o f the a x i a l 
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measurement planes the incompressible Helmholtz equation was used 

to o b t a i n an expression f o r the a x i a l g r a dients. D e t a i l s of the 

technique are given by Gregory-Smith e t a l (1987). 

For the hot - w i r e sensors the data was converted to mean 

and f l u c t u a t i n g components of v e l o c i t y using the s e n s i t i v i t i e s 

obtained at c a l i b r a t i o n . The analysis has been described by 

Graves (1985). The data from the separate traverses o f the two 

types of hot-wire sensor were analysed i n p a r a l l e l . Redundancy i n 

the equations was used t o provide an average value f o r the mean 

and f l u c t u a t i n g v e l o c i t i e s i n the a x i a l d i r e c t i o n . 

The data obtained by t r a v e r s i n g w i t h the probes was 

t r a n s f e r r e d v i a a f l o p p y d i s k to the U n i v e r s i t y ' s mainframe 

computer f o r f u l l a n a l y s i s . The r e s u l t s of the data a n a l y s i s w i l l 

be presented as contour or vect o r p l o t s f o r each a x i a l plane. 

Where appropriate the r e s u l t s w i l l also be mass averaged across 

the p i t c h using a four p o i n t quadrature i n t e g r a t i o n scheme. 

3.7 EXPERIMENTAL ACCURACY 

I t i s impossible to estimate the cumulative e f f e c t of 

experimental e r r o r s even though steps were taken to ensure t h a t 

the e r r o r s were minimised at each l i n k i n the chain t h a t formed 

the experiments. The probes were p o s i t i o n e d r e l a t i v e t o the 

windowed endwall and the t r a i l i n g edge plane of the blade to 

w i t h i n 0.5 mm. The d i f f e r e n t i a l pressure transducers were 

r e g u l a r l y r e c a l i b r a t e d t o ensure t h a t pressures were read as 

acc u r a t e l y as po s s i b l e . An i n d i c a t i o n of the accuracy t o which 

the pressures were recorded i s given by the pressure sensing probe 
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c a l i b r a t i o n checks t h a t were r e g u l a r l y c a r r i e d out. The t u r r e t 

s e t t i n g angles t h a t were recovered by the analysis program were 

ge n e r a l l y w i t h i n 0.2 of a degree of the value a c t u a l l y set. For 

hot-wire probes the t u r r e t angle was set to w i t h i n f i v e minutes of 

the angle r e q u i r e d a t each traverse p o s i t i o n . The dynamic head 

and v e l o c i t y of the moving b e l t were both set t o w i t h i n 1% of the 

value r e q u i r e d f o r constant Reynolds number op e r a t i o n and 

continuously monitored and adjusted when necessary. The 

c a l i b r a t i o n of a l l of the e l e c t r o n i c c i r c u i t r y associated w i t h the 

h o t - w i r e anemometry was c a r e f u l l y checked before i t was used. The 

accuracy of the analogue to d i g i t a l converters was continuously 

monitored by comparing the reading obtained by v o l t m e t e r s , 

o s c i l l o s c o p e s and d i g i t a l micromanometers, as a p p r o p r i a t e , to the 

r e s u l t obtained and displayed by the microcomputer. 

Although i t has been shown t h a t reasonable care has been 

taken t o minimise e r r o r s w h i l s t running the experiments i t i s 

necessary to attempt t o determine the u n c e r t a i n t y o f the r e s u l t s . 

Because o f the complexity of c a r r y i n g out an a n a l y s i s such a 

statement o f u n c e r t a i n t y i s i n i t s e l f l i k e l y t o be u n c e r t a i n . A 

number of possible p h y s i c a l e r r o r s f o r pressure sensing probes 

have been i d e n t i f i e d by Blake (1983) f o r incompressible flows. 

There are alignment e r r o r s such as between the probe axis and the 

f l o w v e l o c i t y v e c t o r , or between the probe a x i s and the cascade 

a x i s . The former i s not appropriate since a n o n - n u l l i n g technique 

was used. However t h i s technique r e q u i r e d the probe to be 

c a l i b r a t e d and t h e r e f o r e introduced other e r r o r s such as those 

t h a t are i m p l i c i t i n f i t t i n g a surface t o the c a l i b r a t i o n data. 
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Another e r r o r t h a t can be i d e n t i f i e d i s due to the presence o f 

turbulence which w i l l have the e f f e c t of i n c r e a s i n g the sensed 

value of the mean t o t a l pressure. However the e r r o r i n the 

d i f f e r e n c e between the t o t a l and s t a t i c pressures w i l l probably be 

less than t h a t i n each pressure separately and may even by 

n e g l i g a b l e . Another e r r o r may be due to w a l l p r o x i m i t y e f f e c t s 

t h a t a r i s e when the probe head approaches the endwall and causes 

the d e f l e c t i o n of the streamlines. I n the case of the f i v e - h o l e 

pressure probe the minimum distance of the probe axis from the 

endwall was greater than the suggested minimum of two probe 

diameters. Another possible e r r o r i s due t o the i n f l u e n c e of the 

probe support stem but the cobra design t h a t was used minimised 

t h i s e r r o r . 

The n o n - n u l l i n g technique t h a t was used f o r the pressure 

sensing probes does not f u l l y take i n t o account the v a r i a t i o n o f 

f l o w parameters w i t h respect t o Reynolds number. Schaub e t a l 

(1964) show t h a t the e r r o r i n i g n o r i n g the Reynolds number e f f e c t 

i s l i k e l y t o be +4%. This would i n d i c a t e a maximum e r r o r o f 

approximately ±1° f o r the f l o w angle measurements assuming p e r f e c t 

alignment of the probe axis and cascade axis systems. However a 

f i n e r c a l i b r a t i o n g r i d was used than t h a t suggested by Schaub e t 

a l (1964) so t h a t the a c t u a l e r r o r i s l i k e l y t o be smaller. The 

r e s u l t s f o r the t o t a l pressure loss c o e f f i c i e n t showed an 

unexpected zero s h i f t r e s u l t i n g i n non-zero values i n the midspan 

low loss r e g i o n (between the blade wakes f o r s l o t 10). This zero 

s h i f t could not be s a t i s f a c t o r i l y explained and the values were 

t h e r e f o r e c o r r e c t e d . The absolute l e v e l s o f t o t a l pressure loss 
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may t h e r e f o r e be i n e r r o r by as much as the c o r r e c t i o n t h a t was 

appl i e d . The gradients and r e l a t i v e l e v e l s o f t o t a l pressure loss 

should be more accurate. Because o f the p o t e n t i a l importance of 

the c o r r e c t i o n s they are ta b u l a t e d below. The values were 

obtained by i n t e g r a t i n g the t o t a l pressure loss c o e f f i c i e n t i n a 

regi o n t h a t would be expected t o have a zero value (e.g. between 

the wakes a t a midspan p o s i t i o n f o r s l o t 10). The values i n the 

t a b l e were subtracted from the measured values of t o t a l pressure 

l o s s , and t o maintain consistency from the s t a t i c pressure 

c o e f f i c i e n t as w e l l . These values represent a possible e r r o r o f 

up t o 6% o f the maximum measured value of the t o t a l pressure l o s s . 

TABLE 3.2: CORRECTIONS FOR TOTAL PRESSURE LOSS 

INLET SKEW TYPE 
SLOT NEGATIVE COLATERAL POSITIVE 

1 0.0103 0.0197 0.0172 
3 0.0408 0.0431 0.0403 
5 0.0399 0.0576 0.0491 
8 0.0982 0.1000 0.0962 

10 0.0933 0.0964 0.0959 

(N&: cmecfcc* asso^ed CBASWJ- W-KJI oJCc^) 

I n the case of the hot-wire r e s u l t s there i s very l i t t l e 

i n the l i t e r a t u r e to help determine t h e i r u n c e r t a i n t y . Yavuzkurt 

(1984) i d e n t i f i e d the l a r g e s t source o f c a l i b r a t i o n e r r o r as being 

due t o inaccurate reading o f the micromanometer a t low v e l o c i t i e s . 

I t was also shown t h a t 5% i s a reasonable estimate o f the 

u n c e r t a i n t y f o r the v e l o c i t y and second order c o r r e l a t i o n s f o r a 

s l a n t w i r e i n a two-dimensional f l a t p l a t e boundary l a y e r . I n the 
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absense of any other data the l e v e l of u n c e r t a i n t y f o r the 

hot-wire r e s u l t s w i l l be assumed to be l i m i t e d to 5% although i n 

regions of large p i t c h angle t h i s may be an underestimate of the 

e r r o r s . 

3.8 FLOW VISUALISATION 

Many techniques o f flow v i s u a l i s a t i o n have been reviewed 

by Merzkirch (1974) and by S e t t l e s (1986). Most of the techniques 

are not appropriate f o r t h i s a p p l i c a t i o n due t o the speed of the 

a i r through the cascade. Surface flow v i s u a l i s a t i o n s tudies were 

c a r r i e d out on both cascades using a method described by Maltby 

and Keating (1962). Diesel o i l was mixed w i t h 'Dayglo' pigment i n 

a r a t i o of three t o one by weight f o r p a i n t i n g onto the surface 

of i n t e r e s t . 'Dayglo' pigment i s p a r t i c u l a r l y good f o r t h i s 

purpose since f i n e p a t t e r n s can be produced, w i t h o u t the need f o r 

a d d i t i v e s t o c o n t r o l the size of the f l o e . The p a t t e r n s t h a t are 

produced are c l e a r l y v i s i b l e i n d a y l i g h t and photograph very w e l l 

under u l t r a v i o l e t i l l u m i n a t i o n . 

The endwall and blade surfaces were f i r s t coated w i t h a 

t h i n sheet o f s e l f adhesive p l a s t i c f i l m . The o i l and dye 

mixture was then p a i n t e d on to the covered surfaces and the tunnel 

run. The r e s u l t i n g p a t t e r n s were photographed i n s i t u . I n the 

case of the CPG cascade the p l a s t i c f i l m was c a r e f u l l y removed f o r 

f u r t h e r photographs t o be taken t r y i n g t o minimise the damage t o 

the p a t t e r n s . I n the case of the JAW cascade the perspex endwall 

and blades were removed w i t h the p l a s t i c f i l m i n t a c t f o r f u r t h e r 

photographs to be taken. 
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CHAPTER 4 : EXPERIMENTAL RESULTS (CPG CASCADE1 

This chapter reviews the experimental r e s u l t s t h a t were 

obtained using the CPG cascade. The r e s u l t s o f t r a v e r s i n g 

downstream o f the cascade at s l o t 10 w i t h a f i v e - h o l e pressure 

sensing probe, and the r e s u l t s o f t r a v e r s i n g a t s l o t s 5, 6 and 10 

w i t h hot-wire anemometry, are presented. The r e s u l t s of a b r i e f 

s p e c t r a l study t o determine the nature of the turbulence i n the 

cascade and the r e s u l t s of a flow v i s u a l i s a t i o n study are also 

discussed. 

4.1 FIVE-HOLE PRESSURE PROBE RESULTS FOR SLOT 10 

This was the f i r s t piece of experimental work t h a t was 

undertaken and i t was used t o gain f a m i l i a r i s a t i o n w i t h both the 

in s t r u m e n t a t i o n techniques and the data a n a l y s i s methodology. The 

flow was measured at S l o t 10 which i s 28% o f an a x i a l chord 

downstream o f the cascade (see Figure 3.1). The fl o w a t t h i s 

downstream plane had p r e v i o u s l y been measured by Graves (1985). 

I t was found t h a t the sparse d i s t r i b u t i o n o f measurement p o i n t s 

used i n the blade wake regions was the cause of poor 

r e p e a t a b i l i t y . Extra t a n g e n t i a l traverses (a t o t a l o f 27 instead 

of 19) were t h e r e f o r e concentrated i n the wake regions and the 

measurement g r i d was also r e f i n e d i n the spanwise d i r e c t i o n . 

Problems were encountered w i t h the i n t e g r a t i o n r o u t i n e s t h a t had 

been w r i t t e n assuming e q u a l l y spaced t a n g e n t i a l traverse 

p o s i t i o n s . The use of a numerical quadrature i n t e g r a t i o n 
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technique both increased the accuracy and s i m p l i f i e d the computer 

programs. 

The r e s u l t s of t r a v e r s i n g w i t h a f i v e - h o l e pressure probe 

are presented i n Figure 4.1. The r e s u l t s are q u a l i t a t i v e l y 

s i m i l a r t o those reported by Graves but there are however s l i g h t 

q u a n t i t a t i v e d i f f e r e n c e s . Figure 4.1(a) shows the l o c a t i o n of the 

measurement p o s i t i o n s t h a t were used w i t h i n the a x i a l plane. I n 

Figure 4.1(b) the yaw angle contours show more underturning 

associated w i t h the loss core although t h i s may have been as a 

r e s u l t of the f i n e r d e f i n i t i o n . However, the general shape of 

both the p i t c h (Figure 4.1(c)) and the yaw angle contours has 

remained very s i m i l a r t o those reported by Graves. The t o t a l 

pressure loss c o e f f i c i e n t contours, Figure 4.1 ( d ) , c l e a r l y show 

the two blade wakes w i t h improved r e p e a t a b i l i t y and values of the 

c o e f f i c i e n t were found t o be s i m i l a r to those r e p o r t e d by Graves. 

Evidence of counter v o r t i c e s were seen on the endwall where there 

were skewed regions of high l o s s . The values of loss c o e f f i c i e n t 

were c o r r e c t e d t o ensure t h a t the low loss r e g i o n a t midspan 

between the blade wakes had a value of zero. This technique was 

used but not r e p o r t e d by Graves. Other researchers (eg. Sharma e t 

a l (1985)) have also found i t necessary t o apply a s i m i l a r 

c o r r e c t i o n . The c o r r e c t i o n i s discussed more f u l l y i n Chapter 3. 

The secondary v e l o c i t y v e c t o r s , Figure 4.1(e), where the primary 

f l o w d i r e c t i o n i s defined as being the midspan flow d i r e c t i o n , 

c l e a r l y show the passage v o r t e x and i n d i c a t e the existence of the 

counter v o r t i c e s on the endwall. A weak counter v o r t e x was 

apparent on the midspan side o f the passage v o r t e x . A comparison 
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o f the t o t a l pressure loss contours and the secondary v e l o c i t y 

vectors c l e a r l y shows t h a t the centres of the passage v o r t e x and 

the loss core do not coincide. The streamwise v o r t i c i t y contours, 

Figure 4 . 1 ( f ) , also support the existence of the v o r t i c e s t h a t 

have been i d e n t i f i e d . I n the f i g u r e the s o l i d l i n e s represent 

negative (clockwise r o t a t i o n ) v o r t i c i t y . The p o s i t i v e region of 

v o r t i c i t y extending to midspan was formed from v o r t i c i t y t h a t had 

been shed from the blades and there was also a c o n t r i b u t i o n from 

the endwall counter v o r t i c e s . Figure 4.2 presents p i t c h averaged 

q u a n t i t i e s . The yaw angle p l o t , Figure 4.2(a), presents a t y p i c a l 

example o f the underturning and o v e r t u r n i n g of the flow due to the 

a c t i o n of the secondary flows. The maximum underturning 

corresponded t o the p o s i t i o n of the loss core and the maximum 

ov e r t u r n i n g t o the region o f low t o t a l pressure loss between the 

loss core and the endwall h i g h loss zone. The p i t c h averaged 

t o t a l pressure loss and secondary k i n e t i c energy p l o t s , Figure 

4.2(b), also show the loss core and the hi g h loss zone which was 

associated w i t h the counter v o r t i c e s near to the endwall. The 

p i t c h averaged streamwise v o r t i c i t y p l o t , Figure 4.2.(c), 

i n d i c a t e s some i n t e r e s t i n g f eatures of the flow f i e l d . I n the 

spanwise d i r e c t i o n , u n t i l the f i r s t zero value of v o r t i c i t y , the 

e f f e c t o f the endwall counter v o r t i c i t y can be seen. At about the 

midpoint of t h i s r e g i o n the graph goes close to zero a t a p o i n t 

c o i n c i d i n g w i t h the centres o f the loss cores t h a t were associated 

w i t h the counter v o r t i c e s . I n the reg i o n bounded by the two zero 

v o r t i c i t y values the in f l u e n c e of the passage v o r t e x was c l e a r . 

The l o c a t i o n o f the peak negative v o r t i c i t y value corresponded t o 
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the p o s i t i o n of the centre o f the passage v o r t e x , whereas the 

centre of the loss core was marked by the upper zero crossing 

p o i n t of the graph. The t a b l e below presents the mass averaged 

measured losses. Since the data was c o l l e c t e d over more than a 

p i t c h i n the t a n g e n t i a l d i r e c t i o n the data was analysed twice. 

F i r s t l y over a region t o incorporate f u l l y the l e f t - h a n d wake, and 

secondly over a reg i o n t o incorporate f u l l y the r i g h t hand wake. 

A l l o f the r e s u l t s shown i n the t a b l e are an average o f the two 

values obtained by t h i s procedure. The r e s u l t s of a mixed-out 

loss c a l c u l a t i o n are also presented as an attempt t o remove the 

dependence o f the r e s u l t s on the distance downstream of the 

cascade. The technique used was to c a l c u l a t e the loss f a r 

downstream, i g n o r i n g viscous e f f e c t s , by applying a momentum 

balance. The gross secondary loss was c a l c u l a t e d by s u b t r a c t i n g 

the mixed out p r o f i l e loss from the mixed out loss c o e f f i c i e n t . 

The p r o f i l e loss was assumed t o be equal t o the midspan l o s s . The 

net secondary loss was c a l c u l a t e d by s u b t r a c t i n g the i n l e t loss 

c o e f f i c i e n t , obtained from Graves (1985), from the gross secondary 

l o s s . For comparative purposes r e s u l t s are shown t h a t were based 

on the data c o l l e c t e d by Graves f o r the n a t u r a l i n l e t boundary 

l a y e r case. 

61 



TABLE 4.1: SLOT 10 LOSSES 

WALSH GRAVES 

Measured Loss C o e f f i c i e n t 
Measured P r o f i l e Loss 

0.237 
0.097 

0.287 
0.115 

Mixed-Out Loss C o e f f i c i e n t 
Mixed-Out P r o f i l e Loss 

0.293 
0.104 

0.321 
0.099 

Gross Secondary Loss 0.189 0.222 

I n l e t Loss 0.084 0.084 

Net Secondary Loss 0.105 0.138 

4.2 HOT-WIRE RESULTS FOR SLOT 5 

Results o f t r a v e r s i n g w i t h a f i v e - h o l e pressure probe, 

taken from Graves (1985) and Gregory-Smith e t a l (1987) , are shown 

i n Figure 4.3. The r e s u l t s o f t r a v e r s i n g w i t h the hot-wires are 

presented i n Figure 4.4. Figure 4.4(a) shows the g r i d of 

measurement p o i n t s which were used and, due t o the probe 

dimensions, contains eleven t a n g e n t i a l traverses compared to the 

twelve used f o r the f i v e - h o l e pressure probe (Figure 4 . 3 ( a ) ) . The 

r e s u l t s obtained from the hot-wire mean v e l o c i t y data show good 

q u a l i t a t i v e agreement w i t h the corresponding f i v e - h o l e pressure 

probe r e s u l t s . I n d e t a i l there are, however, q u a n t i t a t i v e 

d i f f e r e n c e s . I n p a r t i c u l a r the f i v e - h o l e pressure probe produced 

negative p i t c h angles t h a t were approximately 5° lower than those 

measured by the hot-wire probes. The p o s i t i v e values o f p i t c h 

angle compare f a i r l y w e l l . The lack o f agreement was probably due 

62 



t o the hot-wires not being a l i g n e d w i t h the fl o w d i r e c t i o n w i t h 

respect t o the p i t c h angle and t h a t there was large p i t c h angle 

v a r i a t i o n . This s i t u a t i o n should be compared t o t h a t f o r the yaw 

angles where e x c e l l e n t agreement was obtained between the hot - w i r e 

probe and pressure probe r e s u l t s . However, the hot-wires were 

acc u r a t e l y a l i g n e d w i t h the f l o w d i r e c t i o n w i t h respect t o yaw 

angle and the assumption of only a small v a r i a t i o n of the fl o w 

d i r e c t i o n from the sensing plane was t h e r e f o r e c o r r e c t i n t h i s 

case. The secondary v e l o c i t y vectors obtained using both types of 

in s t r u m e n t a t i o n also compare w e l l . The t u r b u l e n t k i n e t i c energy, 

which has been normalised by the upstream v e l o c i t y (Figure 4 . 4 ( f ) ) 

may be compared to the t o t a l pressure loss shown i n Figure 4.3(d). 

This i s an i n t e r e s t i n g comparison since the produc t i o n of 

turbulence i s the f i r s t step i n l o s i n g energy from the (steady) 

flow. I t can be seen t h a t the centre of the loss core and the 

p o s i t i o n o f peak t u r b u l e n t k i n e t i c energy d i d not coincide. The 

centre o f the loss core appeared f u r t h e r from the s u c t i o n surface 

but at the same spanwise distance from the endwall. The peak 

t u r b u l e n t k i n e t i c energy p o s i t i o n d i d however appear very close t o 

the v o r t e x centre as shown i n Figure 4.4(e). The turbulence 

i n t e n s i t y l e v e l s , Figure 4 . 4 ( i - k ) , appeared t o be s i m i l a r f o r each 

of the v e l o c i t y components i n d i c a t i n g a f a i r degree of i s o t r o p y . 

The w' component was however s l i g h t l y l a r g e r than the other two 

components. The shear stresses are important since they give an 

i n d i c a t i o n of the d i s s i p a t i o n of the k i n e t i c energy of the mean 

f l o w by conversion t o t u r b u l e n t k i n e t i c energy. This loss o f mean 

f l o w k i n e t i c energy also depends on the r e l e v a n t v e l o c i t y 
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gradient. I t i s d i f f i c u l t t o describe other than q u a l i t a t i v e 

features o f the shear s t r e s s contours shown i n Figure 4 . 4 ( f - g ) . 

The u'w' contours appear t o have a number of l o c a l peaks which may 

be an i n d i c a t i o n of numerical e r r o r . The two shear stresses 

appear t o undergo a sign change i n the r e g i o n corresponding to the 

centre of the loss core. Of the two shear stresses t h a t were 

measured the u'v' would appear t o be the l a r g e s t . However, the 

shear s t r e s s t h a t was not measured, v'w', was found a t a 

downstream plane by Moore e t a l (1986) t o be at l e a s t twice as 

b i g as the other two. They concluded t h a t the v'w' shear s t r e s s 

was t h e r e f o r e the main d i s s i p a t o r of the mean flow k i n e t i c energy. 

The p i t c h averaged r e s u l t s , Figure 4.5, show t h a t the peak 

t u r b u l e n t k i n e t i c energy and t o t a l pressure loss values occured a t 

the same spanwise distance from the endwall. The l o c a t i o n o f peak 

v o r t i c i t y d i d not coincide w i t h the other two peaks but was found 

to be nearer t o the endwall. 

4.3 HOT-WIRE RESULTS FOR SLOT 6 

Results of t r a v e r s i n g w i t h a f i v e - h o l e pressure probe, 

taken from Graves (1985) and Gregory-Smith e t a l (1987), are shown 

i n Figure 4.6. Corresponding r e s u l t s obtained w i t h h ot-wire 

probes are shown i n Figure 4.7. Figure 4.7(a) shows the l o c a t i o n 

of the measurement p o s i t i o n s w i t h i n the a x i a l plane. The probe 

dimensions meant t h a t only ten t a n g e n t i a l p o s i t i o n s were traversed 

compared to the twelve traversed w i t h the f i v e - h o l e pressure probe 

(Figure 4 . 6 ( a ) ) . Good q u a l i t a t i v e agreement was again obtained 

between the pressure probe and hot-wire r e s u l t s t h a t were derived 
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from the mean v e l o c i t y data. S i m i l a r q u a n t i t a t i v e d i f f e r e n c e s i n 

p i t c h angle measurements to those found at S l o t 5 were again 

detected. The yaw angle was seen t o dip lower i n the hot-wire 

r e s u l t s . The combined e f f e c t of the d i f f e r e n c e s i n both p i t c h and 

yaw angles can be seen i n a comparison of the secondary v e l o c i t y 

v e c t o r p l o t s . I n the hot-wire r e s u l t s , Figure 4.7(e), a 

s i g n i f i c a n t spanwise v e l o c i t y was detected even out a t midspan 

near t o the s u c t i o n surface t h a t was not detected by the f i v e - h o l e 

pressure probe. A comparison o f the t u r b u l e n t k i n e t i c energy 

contours, Figure 4 . 7 ( f ) , and the t o t a l pressure loss contours, 

Figure 4.6(d), again show the non-coincidence of the peak values. 

Rather, the peak t u r b u l e n t k i n e t i c energy was t o be found on the 

pressure surface side o f the loss core. This i s to be compared t o 

s l o t 5 where the peak t u r b u l e n t k i n e t i c energy appeared on the 

s u c t i o n surface side o f the t o t a l pressure loss core. Both o f the 

peak values have, however, moved f u r t h e r from the endwall. The 

t u r b u l e n t k i n e t i c energy contours do not show evidence of the 

suc t i o n - s i d e l e g of the horseshow v o r t e x t h a t was seen i n the 

t o t a l pressure loss contours. This was probably due to the 

hot- w i r e probe being unable to tra v e r s e s u f f i c i e n t l y close t o the 

s u c t i o n surface o f the blade. Although the turbulence i n t e n s i t y 

contours, Figure 4 . 7 ( i - k ) , show s i m i l a r q u a l i t a t i v e f eatures f o r 

each o f the v e l o c i t y components, the w' component (spanwise 

d i r e c t i o n ) has the l a r g e s t peak value. The shear stress contours, 

Figure 4.7(g-h), again show the u'v' shear s t r e s s t o be the l a r g e r 

of the two measured. The p i t c h averaged r e s u l t s , Figure 4.8, 

h i g h l i g h t some o f the above f e a t u r e s . The t u r b u l e n t k i n e t i c 
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energy and t o t a l pressure loss c o e f f i c i e n t peak values occured at 

the same spanwise distance from the endwall. These peak values 

coincided w i t h a dip i n the v o r t i c i t y . The p i t c h averaged 

t u r b u l e n t k i n e t i c energy d i d not decrease towards midspan i n the 

same way as was seen i n s l o t 5. There appeared t o be a mechanism 

generating s u f f i c i e n t t u r b u l e n t k i n e t i c energy to delay the 

decrease. The p i t c h averaged v o r t i c i t y shows t h a t t h i s e f f e c t 

coincided w i t h the presence of a s i g n i f i c a n t v o r t i c i t y w i t h the 

same sense o f r o t a t i o n as the passage vor t e x . A possible 

e x p l a n a t i o n might be the presence of the laminar separation 

bubble on the surface of the blade. This e f f e c t was not seen a t 

s l o t 5, because i t i s j u s t upstream o f the separation bubble. The 

p i t c h averaged t o t a l pressure loss d i s t r i b u t i o n i s seen t o 

broaden, compared t o s l o t 5, which may i n d i c a t e greater loss 

production. The major e f f e c t o f a separation bubble i s t o 

increase l o s s . The increase i n t u r b u l e n t k i n e t i c energy may be 

accounted f o r by the unsteady nature of the separation bubble (see 

se c t i o n 4.7). 

4.4 HOT-WIRE RESULTS FOR SLOT 10 

The r e s u l t s o f t r a v e r s i n g w i t h hot-wires are shown i n 

Figure 4.9. These r e s u l t s may be compared to the f i v e - h o l e 

pressure probe r e s u l t s t h a t were presented e a r l i e r i n Figure 4.1. 

I t can be seen t h a t there i s good q u a l i t a t i v e agreement between 

the pressure probe r e s u l t s and the r e s u l t s t h a t have been derived 

from the ho t - w i r e mean v e l o c i t y data. The discussion concerning 

the q u a n t i t a t i v e d i f f e r e n c e s between the p i t c h and yaw angles 
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using the two types of i n s t r u m e n t a t i o n i n s l o t s 5 and 6 i s also 

appropriate f o r t h i s s l o t . The negative p i t c h angles were 

c o n s i s t e n t l y lower i n the hot-wire case than i n the pressure probe 

case. The yaw angles and secondary v e l o c i t y vectors showed very 

good agreement f o r both types of ins t r u m e n t a t i o n . The comparison 

between the t o t a l pressure loss contours, Figure 4.1(d), and the 

t u r b u l e n t k i n e t i c energy contours, Figure 4 . 9 ( f ) , i s i n t e r e s t i n g 

since w i t h i n the loss core the p o s i t i o n s of the peak values 

coincide. There were also regions of high t u r b u l e n t k i n e t i c 

energy due t o the presence o f the endwall counter v o r t i c e s . The 

turbulence i n t e n s i t y contours, Figure 4 . 9 ( i - k ) , showed a h i g h 

degree o f i s o t r o p y since a l l three f l u c t u a t i n g components of 

v e l o c i t y have very s i m i l a r i n t e n s i t y l e v e l s and f e a t u r e s . The 

shear s t r e s s contours, Figure 4.9(g-h), can only be commented on 

from a q u a l i t a t i v e p o i n t o f view. I n p a r t i c u l a r the u'v' contours 

have a number of l o c a l peaks t h a t make i n t e r p r e t a t i o n d i f f i c u l t . 

However, there were s i g n changes t h a t cut across the loss core 

r e g i o n c o i n c i d i n g w i t h changes i n sign of the gradi e n t of the 

v e l o c i t y contours. The u'v' contours showed an a l t o g e t h e r much 

sparser p i c t u r e w i t h o u t s i g n changes d i v i d i n g the loss core 

region. The p i t c h averaged r e s u l t s , Figure 4.10, showed a 

remarkable s i m i l a r i t y between the t o t a l pressure loss and the 

t u r b u l e n t k i n e t i c energy. The approximate p r o p o r t i o n s o f 

t u r b u l e n t k i n e t i c energy, contained i n the regions c h a r a c t e r i s e d 

by the various elements o f streamwise v o r t i c i t y , are presented i n 

the t a b l e below. 
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TABLE 4.2: SLOT 10 TURBULENT KINETIC ENERGY 

Proport i o n of Area 
V o r t i c i t y Region Averaged Turb. K.E. 

Endwall Counter 
Vortex 0.37 

Passage Vortex 0.34 

Shed V o r t i c i e s 0.29 

This r e s u l t shows t h a t a t t h i s downstream l o c a t i o n the 

l a r g e s t p r o p o r t i o n of t u r b u l e n t k i n e t i c energy i s concentrated 

i n t o the small region associated w i t h the endwall counter v o r t e x . 

I n the more general sense t h i s r e s u l t shows t h a t the regions o f 

h i g h streamwise v o r t i c i t y were associated w i t h h i g h t u r b u l e n t 

k i n e t i c energy. 

4.5 SPECTRAL ANALYSIS 

Because such h i g h l e v e l s o f turbulence were detected 

f u r t h e r work was c a r r i e d out i n order t o determine i t s nature. 

The s i g n a l from the XZ hot-wire probe was recorded f o r several 

p o s i t i o n s i n various s l o t s on an i n s t r u m e n t a t i o n q u a l i t y tape 

recorder. A l i m i t e d s p e c t r a l analysis of the data was c a r r i e d out 

and t y p i c a l r e s u l t s obtained f o r s l o t s 1, 6 and 10 are shown i n 

Figure 4.11. At both s l o t s 1 and 6 i t was d i f f i c u l t t o i d e n t i f y 

any dominant frequencies i n the range analysed. The spectra f o r 

these two s l o t s , Figure 4.11(a-b), showed t h a t the turbulence 

a c t i v i t y was eq u a l l y spread over a l l frequencies and was t h e r e f o r e 

random i n nature. However, i t i s evident from the r e s u l t s f o r 

s l o t 10, Figure 4.11(c), t h a t the frequency c o n t a i n i n g the most 
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energy i n the spectrum i s i n the band 27.5Hz to 32.5Hz. This i s a 

s u r p r i s i n g r e s u l t and cannot be due t o v o r t e x shedding from the 

t r a i l i n g edge. For a t r a i l i n g edge thickness o f 5mm, an e x i t 

v e l o c i t y of 30m/s, and a Strouhal number, S , of 0.2 where 

f d 
S = --n v 

a frequency, f , o f 1200 Hz would be expected as a r e s u l t of the 

shedding of t r a i l i n g edge v o r t i c e s . Working back the other way by 

f i x i n g the frequency a t 30 Hz, a "thickness" o f 200 mm i s obtained 

which i s close t o the p i t c h . This r e s u l t would appear t o i n d i c a t e 

a b u l k unsteadiness o f the f l u i d w i t h i n the blade passage. I t was 

i n i t i a l l y thought t h a t the unsteadiness was due t o the presence of 

a laminar separation bubble on the s u c t i o n surface o f the blade. 

However, t h i s e x p l a n a t i o n i s u n l i k e l y since the frequency was not 

detected a t s l o t 6 which i s downstream o f the l o c a t i o n o f the 

separation bubble (Figure 4.l3). Recently Pernet (1986) has 

r e p o r t e d the r e s u l t s o f using the same p r o f i l e i n a very low speed 

water f l o w v i s u a l i s a t i o n experiment. I t was found t h a t there was 

a low frequency o s c i l l a t i o n o f the f l u i d a t the l e a d i n g edge of 

the blade. However, once again the s p e c t r a l a n a l y s i s r e s u l t s do 

not i n d i c a t e the presence of the low frequency a t s l o t 1. I t may 

be t h a t s l o t 1 i s too f a r upstream t o detect t h i s e f f e c t which i s 

l i k e l y t o be associated w i t h the presence o f the horseshoe vo r t e x . 

This does not however e x p l a i n why the e f f e c t i s not seen a t s l o t 

6. Although the two e f f e c t s discussed above may have c o n t r i b u t e d 

to the unsteadiness w i t h i n the cascade, i t i s probable t h a t the 
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dominant frequency t h a t was detected i s a r e s u l t o f the the 

passage v o r t e x being shed from the passage. I t may be t h a t t h i s 

shedding frequency i s a unique f e a t u r e t h a t could be used f o r 

i d e n t i f y i n g v o r t i c e s . 

4.6 DEVELOPMENT THROUGH THE CASCADE 

A d d i t i o n a l h ot-wire r e s u l t s have been presented by Graves 

(1985) f o r s l o t s 1 and 8 and by Fulton (1983) f o r s l o t 7. The 

hot-w i r e r e s u l t s i n c o n j u n c t i o n w i t h the f i v e - h o l e pressure probe 

r e s u l t s have allowed the growth of t o t a l pressure l o s s , t u r b u l e n t 

k i n e t i c energy and v o r t i c i t y through the cascade t o be compared 

(Figure 4.12). The e r r o r bands given f o r s l o t s 1, 8 and 10 were 

obtained by i n t e g r a t i n g over d i f f e r e n t regions of the plane f o r 

p i t c h averaging. The e r r o r bands give a measure of r e p e a t a b i l i t y 

and i n the case of s l o t 8 the poor r e p e a t a b i l i t y was due t o the 

sparseness o f traverse p o i n t s i n the wake regions. The t o t a l 

pressure loss was seen t o grow throughout the cascade w i t h a jump 

a t the t r a i l i n g edge. This i s d i f f e r e n t t o Langston e t a l (1977) 

and to Marchal and Sieverding (1977) who found t h a t the losses d i d 

not s t a r t t o grow u n t i l w e l l i n t o the passage, f o l l o w e d by a large 

increase i n loss a t the t r a i l i n g edge. This was probably due t o 

both of these experiments being c a r r i e d out w i t h t r i p wires 

attached t o the blades i n order t o avoid the for m a t i o n of a 

laminar separation bubble on the s u c t i o n surface of the blade. I t 

i s t h e r e f o r e probable t h a t the p r o f i l e loss i n the CPG cascade 

increased i n the blade passage due t o the t r a n s i t i o n o f the 

boundary l a y e r from laminar t o t u r b u l e n t f o l l o w i n g the separation 
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bubble. However, the loss continued to grow downstream of the 

cascade due t o the presence of the endwall. The t u r b u l e n t k i n e t i c 

energy was seen to grow i n the same way as the t o t a l pressure 

loss. The value a t s l o t 6 seems to be too h i g h since i t would not 

seem pos s i b l e f o r the d i f f e r e n c e between the t o t a l pressure loss 

and t u r b u l e n t k i n e t i c energy to decrease a t a l l . The r e s t of the 

p l o t would appear to i n d i c a t e t h a t the growth i n t o t a l pressure 

loss appeared as an increase i n t u r b u l e n t k i n e t i c energy thus 

implying only small d i r e c t viscous a c t i o n . The v o r t i c i t y was seen 

to grow more negative through the cascade up t o s l o t 4. An 

unexpected large increase i n the negative d i r e c t i o n was seen a t 

s l o t s 6 and 7 f o l l o w e d by a jump towards zero at the t r a i l i n g 

edge. This jump towards zero was due to the presence o f p o s i t i v e 

v o r t i c i t y t h a t had been shed from the t r a i l i n g edge of the blade. 

The v o r t i c i t y then continued towards a zero value. 

4.7 FLOW VISUALISATION 

T y p i c a l surface f l o w v i s u a l i s a t i o n r e s u l t s are shown f o r 

the endwall and the s u c t i o n surface of the blade i n Figure 4.13. 

The p i c t u r e s show t h a t the flow was very complicated and had a 

strong three-dimensional nature. Figure 4.13(a) shows the flow 

p a t t e r n t h a t occurred on the endwall. U n f o r t u n a t e l y the blade 

p r o f i l e i s not c l e a r due t o the ragged edges of the p l a s t i c f i l m . 

The f l o w p a t t e r n c l e a r l y shows the cross-passage separation l i n e , 

t h a t d i v i d e s the passage, due t o the presence of the pressure-side 

le g of the horseshoe v o r t e x and the passage v o r t e x . There were 

c l e a r l y s trong cross-passage flows on the downstream side of t h i s 

71 



separation t h a t fed low momentum endwall f l u i d i n t o the passage 

v o r t e x . The separation l i n e d i d not q u i t e meet the s u c t i o n 

surface of the blade but was displaced a small distance from i t 

due t o the presence of a counter v o r t e x i n the s u c t i o n surface 

endwall corner. The f a c i l i t i e s used d i d not allow the flow 

v i s u a l i s a t i o n t o extend f a r enough upstream to detect a saddle 

p o i n t near t o the leading edge of blades as reported by other 

workers (Langston e t a l (1977) , Car r i c k (1977), Marchal and 

Sieverding (1977)). Figure 4.13(b) shows a developed view of the 

f l o w p a t t e r n t h a t occurred on the s u c t i o n surface of the blade. 

The flow v i s u a l i s a t i o n was dominated by the presence o f a laminar 

separation bubble. I n i t i a l l y the presence of the bubble was marked 

by a ga t h e r i n g of the o i l and dye mixture which was slowly 

dispersed by the unsteady nature of the bubble. Also c l e a r l y seen 

was a separation l i n e t h a t marked the path o f the passage v o r t e x . 

This separation l i n e was seen t o move f u r t h e r from the endwall as 

the passage v o r t e x grew i n size and there was evidence o f strong 

spanwise flows away from the endwall w i t h i n the passage v o r t e x . 

The separation l i n e due t o the presence o f the su c t i o n - s i d e l e g o f 

the horseshoe v o r t e x was seen t o a t t a c h t o the surface of the 

blade on the midspan side o f the passage v o r t e x separation l i n e . 

The separation l i n e due t o the suction-side l e g o f the horseshoe 

then disappeared, presumably swallowed by the laminar separation 

bubble. This phenomena has not been observed by other workers who 

used a boundary layer t r i p t o avoid the formation of a separation 

bubble on the s u c t i o n surface o f the blade, e.g. Langston e t a l 

(1977), Marchal and Sieverding (1977). Downstream o f the 
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separation bubble the mainstream flow was seen t o r e - a t t a c h and t o 

remain attached u n t i l the t r a i l i n g edge. 
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CHAPTER 5 : EXPERIMENTAL RESULTS (JAW CASCADE) 

T h i s chapter reviews the experimental r e s u l t s t h a t were 

obtained u s i n g the JAW cascade. R e s u l t s were obtained f o r three 

l e v e l s of i n l e t skew u s i n g three-hole and f i v e - h o l e p r e s s u r e 

s e n s i n g probes a t f i v e a x i a l l o c a t i o n s i n the cascade. The 

s u r f a c e s t a t i c p r e s s u r e d i s t r i b u t i o n s and flow v i s u a l i s a t i o n 

r e s u l t s are a l s o presented. 

5.1 INTRODUCTION 

I n l i n e a r cascade t e s t i n g i t i s u s u a l to p r e s e n t uniform 

flow c o n d i t i o n s a t i n l e t to the cascade. However, when the flow 

e n t e r s a r o t o r row i n a r e a l machine the w a l l boundary l a y e r w i l l 

be skewed r e l a t i v e to the b l a d e s . I n a compressor the d i r e c t i o n 

of skew would be such as to a c t to reduce the secondary flows. 

The d i r e c t i o n of skew i n a t u r b i n e would be such t h a t the 

secondary flows i n the blade passage would be r e i n f o r c e d . An 

important reason f o r studying the e f f e c t of skew i n a l i n e a r 

cascade i s t h a t i t i s p o s s i b l e to make v e r y d e t a i l e d measurements 

t h a t w i l l enhance the understanding of the fundamental flow 

s t r u c t u r e . A new low speed f a c i l i t y was t h e r e f o r e c o n s t r u c t e d 

w i t h a moving b e l t upstream of a cascade of blad e s to produce the 

r e q u i r e d skewing e f f e c t . D e t a i l s of the c o n s t r u c t i o n of the 

cascade and the moving b e l t f a c i l i t y are given i n Chapter 3. The 

technique of u s i n g a moving b e l t upstream of the cascade i s 

j u s t i f i e d s i n c e the boundary l a y e r p a s s i n g from the moving b e l t 
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through a s t a t i o n a r y cascade i s the k inematic e q u i v a l e n t of the 

boundary l a y e r p a s s i n g from a s t a t i o n a r y w a l l through a row of 

moving b l a d e s . The b e l t was approximately 800mm wide and i t s 

downstream edge was l o c a t e d a t 15% of an a x i a l chord upstream of 

the cascade. 

From a v e l o c i t y t r i a n g l e , F i g u r e 3.6, i t can be deduced 

t h a t the r a t i o of b e l t speed to a i r speed i s a f u n c t i o n of the 

upstream s t a t o r a i r e x i t angle, y9, and the r o t o r a i r i n l e t angle, 

a. I n modern p r a c t i c e a t y p i c a l v a l u e f o r p i s 70°, and f o r the 

JAW cascade the design v a l u e f o r a i s 42.75°. Then 

V W 
6 6 tan a = — and tan ft = — 

V V x x 

and t h e r e f o r e 

U tan fi - tan a 

V s e c a 

where U i s the b e l t v e l o c i t y and V i s the a i r v e l o c i t y . 

For the s p e c i f i e d c o n d i t i o n s the magnitude of n e g a tive skew, which 

occurs i n a t u r b i n e , i s produced by a r a t i o of b e l t v e l o c i t y to 

a i r v e l o c i t y of -1.34. I t was a l s o decided to t e s t the e f f e c t of 

a p p l y i n g p o s i t i v e skew to the cascade. T h i s would p a r t i a l l y 

s i m u l a t e the e f f e c t s of secondary flows t h a t are produced by an 

upstream s t a t o r and give some i n c r e a s e d i n c i d e n c e onto the r o t o r 

row. P r e d i c t i o n s showed (Chapter 6) t h a t a p o s i t i v e skew produced 

by an equal and opposite b e l t speed a l l but e l i m i n a t e d the 
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secondary flows i n the cascade. A lower b e l t speed was t h e r e f o r e 

used r e s u l t i n g i n a r a t i o o f b e l t v e l o c i t y to a i r v e l o c i t y of 0.68 

f o r the p o s i t i v e skew case. 

The experimental r e s u l t s are presented f o r the three skew 

ca s e s ( n e g a t i v e , zero ( c o l a t e r a l ) and p o s i t i v e ) s i d e by s i d e f o r 

each of the s l o t s to enable easy comparison. The p l o t s are 

presented i n three columns on each page and u n l e s s otherwise 

s t a t e d the l e f t hand column contains the n e g a t i v e skew r e s u l t s , 

t h a t c e n t r e column the c o l a t e r a l r e s u l t s , and the r i g h t hand 

column the p o s i t i v e skew r e s u l t s . I n the blade passage, f o r 

reasons of c l a r i t y only, the ar e a p l o t s are not pr e s e n t e d r i g h t 

out to midspan although the measurements were made. Where 

app r o p r i a t e , such as f o r l o s s , the r e f e r e n c e c o n d i t i o n i s taken as 

being the upstream c o n d i t i o n and the primary flow d i r e c t i o n i s 

assumed to be the same as the midspan flow d i r e c t i o n . 

5.2 SLOT 1 

S l o t 1 i s l o c a t e d a t 14% of an a x i a l chord upstream of the 

cascade and i s thus v e r y c l o s e to the downstream edge of the 

moving b e l t . For the f i v e - h o l e p r e s s u r e probe the l o c a t i o n s of 

the measurement p o s i t i o n s w i t h i n the a x i a l plane were the same f o r 

a l l t hree skew c a s e s and are shown i n F i g u r e 5 . 1 ( a ) . I n the case 

of the t h r e e - h o l e p r e s s u r e probe the l o c a t i o n s used f o r the 

c o l a t e r a l case are shown i n F i g u r e 5 . 1 ( f ) , and f o r the other two 

skew c a s e s i n F i g u r e 5.1(g). The r e s u l t s t h a t were obtained w i t h 

the f i v e - h o l e p r e s s u r e probe are p r e s e n t e d i n F i g u r e 5.2, and 

those obtained w i t h t h r e e - h o l e probe c l o s e to the endwall are 
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presented i n F i g u r e 5.3. P i t c h averaged r e s u l t s are presented f o r 

the f i v e - h o l e p r e s s u r e probe i n Fig u r e 5.4. 

I t i s c l e a r t h a t i n the case of p o s i t i v e skew the r e s u l t s 

c l o s e to the endwall are i n some doubt. T h i s was due to being 

unable to r o t a t e the probe s u f f i c i e n t l y to b r i n g the flow 

d i r e c t i o n w i t h i n the probe measurement cone without the edge of 

the b e l t i n t e r f e r i n g w i t h the probe. For the f i v e - h o l e probe the 

r e s u l t s a t 5mm from the endwall were t h e r e f o r e mainly obtained by 

e x t r a p o l a t i o n and must be t r e a t e d w i t h c a u t i o n . 

The f i v e - h o l e probe r e s u l t s show s i m i l a r g eneral f e a t u r e s 

f o r a l l t h r e e skew c a s e s . The t o t a l p r e s s u r e l o s s c o e f f i c i e n t 

contours a re pr e s e n t e d i n Fi g u r e 5 . 2 ( a - c ) . I n a c o l a t e r a l 

boundary l a y e r the s u r f a c e s of con s t a n t t o t a l p r e s s u r e , or 

B e r n o u l l i s u r f a c e s , would be expected to be p a r a l l e l to the 

endwall. I n a l l t h r e e skew c a s e s the contours i n the outer 

p o r t i o n o f the endwall boundary l a y e r were approximately p a r a l l e l . 

The upstream e f f e c t of the blades was i n d i c a t e d by the presence of 

the horseshoe v o r t e x which i s marked by the s l i g h t i n d e n t a t i o n s i n 

the contours c l o s e to the endwall. The contours c l e a r l y show t h a t 

the e f f e c t of skew was confined to w i t h i n 40mm of the endwall i n 

the spanwise d i r e c t i o n . Another e f f e c t seen i n these contours i s 

t h a t n e g a t i v e skew appeared to t h i c k e n the i n l e t boundary l a y e r 

whereas p o s i t i v e skew appeared to t h i n i t . I n a d d i t i o n the lower 

l e v e l s of t o t a l p r e s s u r e l o s s d e t e c t e d i n the case of p o s i t i v e 

skew i n d i c a t e t h a t a r e - e n e r g i s a t i o n of the i n l e t boundary l a y e r 

had occurred. The secondary v e l o c i t y v e c t o r s , presented i n F i g u r e 

5 . 2 ( d - f ) , show almost zero v a l u e s f o r most of the a x i a l plane. 
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However i n the case of negative skew the upstream e f f e c t of the 

blad e s r e i n f o r c e d by the skew produced r e l a t i v e l y l a r g e secondary 

flows c l o s e to the endwall. I n the case of p o s i t i v e skew the 

v e c t o r s c l o s e to the endwall c l e a r l y i n d i c a t e the u n c e r t a i n t y of 

the r e s u l t s i n t h i s r e g i o n s i n c e u n l i k e l y p i t c h w i s e flows were 

detected. The p i t c h angle contours are presented i n F i g u r e 

5 . 2 ( g - i ) . The i n c r e a s i n g l y n e g a t i v e angles as the endwall was 

approached i n d i c a t e t h a t the flow d i r e c t i o n was towards the 

endwall and t h a t high energy f r e e s t r e a m f l u i d was being moved i n t o 

the endwall region. The e f f e c t was most c l e a r l y seen i n the case 

of n e g a t i v e skew. S i m i l a r l y the yaw angles, F i g u r e 5 . 2 ( j - l ) , were 

found to be i n c r e a s i n g on the endwall which i n d i c a t e d t h a t the 

flow was r o t a t i n g i n the opposite sense to t h a t i n which the 

subsequently formed passage v o r t e x w i l l r o t a t e . I t was c l e a r t h a t 

the combined p i t c h and yaw angle r e s u l t s were p o i n t i n g to the 

presence o f the horseshoe vortex. The s t a t i c p r e s s u r e c o e f f i c i e n t 

contours, F i g u r e 5.2(m-o), show p o s i t i v e v a l u e s i n the r e g i o n 

corresponding to an upstream p r o j e c t i o n of the blade passage. 

T h i s i n d i c a t e s t h a t the v e l o c i t y was i n c r e a s e d i n t h i s r e g i o n 

r e l a t i v e to the upstream r e f e r e n c e v e l o c i t y . There was no s i g n of 

a s t a g n a t i o n p o i n t i n any of the three skew c a s e s . At such a 

p o i n t the l o c a l s t a t i c p r e s s u r e would be equal to the upstream 

t o t a l p r e s s u r e and the s t a t i c p r e s s u r e c o e f f i c i e n t would take a 

v a l u e of -1. The reason f o r not d e t e c t i n g a s t a g n a t i o n p o i n t was 

probably t h a t the measurement plane was too f a r upstream of the 

l e a d i n g edge of the blade. The streamwise v o r t i c i t y contours a re 

pr e s e n t e d i n F i g u r e 5.2(p-r) and n e g a t i v e v a l u e s i n d i c a t e r o t a t i o n 
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i n a c l o c k w i s e d i r e c t i o n . The contours i n d i c a t e the formation of 

p o s i t i v e v o r t i c i t y c l o s e to the endwall i n the c o l a t e r a l and 

negative skew c a s e s . Although the contours f o r the p o s i t i v e skew 

case a l s o show p o s i t i v e v o r t i c i t y c l o s e to the endwall t h i s was 

probably due to e r r o r s i n the numerical d i f f e r e n t i a t i o n of the 

e x t r a p o l a t e d data. I t i s t h e r e f o r e doubtful as to whether t h i s 

was a r e a l e f f e c t . 

The r e s u l t s t h a t were obtained w i t h the th r e e - h o l e probe 

are presented i n F i g u r e 5 . 3 ( a - f ) . The t o t a l p r e s s u r e l o s s 

c o e f f i c i e n t contours, F i g u r e 5 . 3 ( a - c ) , show s i m i l a r p a t t e r n s w i t h 

comparable magnitudes of l o s s to those obtained w i t h the f i v e - h o l e 

probe. I n the non-zero skew c a s e s the l o s s on the endwall t h a t 

would u s u a l l y be a s s o c i a t e d w i t h the horseshoe v o r t e x was smeared 

over a l a r g e p o r t i o n of the endwall. T h i s may have been as a 

r e s u l t of the c l o s e n e s s of the s l o t to the edge of the b e l t . The 

yaw angle contours, F i g u r e 5 . 3 ( d - f ) , show a reasonable l e v e l of 

agreement w i t h the corresponding f i v e - h o l e probe r e s u l t s a p a r t 

from the r e g i o n v e r y c l o s e to the endwall. The r a p i d l y changing 

flow d i r e c t i o n , coupled w i t h the l i m i t a t i o n on the r o t a t i o n of the 

probe due to presence of the b e l t , meant t h a t there was a l o t of 

e x t r a p o l a t i o n from the c a l i b r a t i o n s u r f a c e s i n t h i s r e g i o n 

p a r t i c u l a r l y f o r the non-zero skew c a s e s . 

The r e s u l t s of averaging the measurements made w i t h the 

f i v e - h o l e probe a c r o s s the blade p i t c h a r e p r e s e n t e d i n F i g u r e 

5.4. The p i t c h averaged r e s u l t s are p a r t i c u l a r l y important a t 

s l o t 1 s i n c e they d e f i n e the i n l e t c o n d i t i o n s f o r the cascade and 

t h e r e f o r e f i n d p a r t i c u l a r a p p l i c a t i o n f o r modelling purposes. The 
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p i t c h averaged mass meaned midspan yaw angle was not found to be 

the same as the design i n l e t flow angle of 42.75°. For the 

negative skew case the p i t c h averaged angle was found to be 43.9°, 

f o r the c o l a t e r a l case i t was 45.7° and f o r the p o s i t i v e skew case 

i t was 44.3°. The d i s c r e p a n c y i s an i n d i c a t i o n of the accuracy of 

the c o n s t r u c t i o n of the cascade and of the accur a c y of the 

alignment of the probe and cascade a x i s systems. The p l o t s of 

p i t c h averaged yaw angle, F i g u r e 5 . 4 ( a - c ) , c l e a r l y show the e f f e c t 

of skew. The n e g a t i v e skew case, F i g u r e 5 . 4 ( a ) , shows an 

o v e r t u r n i n g of the flow i n the lower p a r t of the span compared to 

the underturning produced i n the case of p o s i t i v e skew ( F i g u r e 

5 . 4 ( c ) ) . The v a l i d i t y of the endwall p o i n t must however be 

qu e s t i o n a b l e i n both of these skew c a s e s . The s l i g h t o v e r t u r n i n g 

of the flow i n the c o l a t e r a l c ase, F i g u r e 5.4(b), i s an i n d i c a t i o n 

of the e x t e n t o f the upstream i n f l u e n c e of the blade. The r e s u l t s 

of p i t c h averaging the t o t a l p r e s s u r e l o s s c o e f f i c i e n t a r e 

presented i n F i g u r e 5.4(d-f) and the v o r t i c i t y i n F i g u r e 5 . 4 ( g - i ) . 

An e f f e c t t h a t was seen i n the case of negative skew, F i g u r e 

5.4(g), was t h a t n e g a t i v e streamwise v o r t i c i t y was introduced i n t o 

the flow. S i m i l a r l y i n the case of p o s i t i v e skew, F i g u r e 5 . 4 ( i ) , 

p o s i t i v e streamwise v o r t i c i t y was introduced i n t o the flow. I t 

can a l s o be seen t h a t the skew s i g n i f i c a n t l y modified the 

d i s t r i b u t i o n of the normal component of v o r t i c i t y a t i n l e t . These 

r e s u l t s can be t i e d i n w i t h those obtained f o r the t o t a l p r e s s u r e 

l o s s c o e f f i c i e n t . The i n c r e a s e i n l o s s i n the case of negative 

skew, F i g u r e 5.4(d), was seen to correspond to an i n c r e a s e i n 

normal v o r t i c i t y . S i m i l a r l y i n the case of p o s i t i v e skew, F i g u r e 
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5 . 4 ( f ) , the r e d u c t i o n i n l o s s was seen to correspond to a decrease 

i n normal v o r t i c i t y . V o r t i c i t y i s d e f i n e d as the g r a d i e n t of the 

v e l o c i t y so t h a t as the l o s s i n c r e a s e s the v e l o c i t y f a l l s f a s t e r 

and the g r a d i e n t , and thus the v o r t i c i t y , w i l l i n c r e a s e . 

For each of the skew cases an e f f e c t i v e v e l o c i t y p r o f i l e 

was deduced from the p i t c h averaged t o t a l p r e s s u r e l o s s 

c o e f f i c i e n t by assuming t h a t there was no g r a d i e n t of s t a t i c 

p r e s s u r e c o e f f i c i e n t w i t h i n the working s e c t i o n of the tunnel. 

T h i s assumption i m p l i e d t h a t the v e l o c i t y was a f f e c t e d only by the 

f r i c t i o n and would t h e r e f o r e l e a d to the c o r r e c t v a l u e of l o s s . 

The boundary l a y e r t h i c k n e s s e s t h a t are presented i n Table 5.1 

were d e f i n e d i n the streamwise d i r e c t i o n which was taken to be the 

midspan flow d i r e c t i o n . To o b t a i n the t h i c k n e s s e s the endwall 

p o i n t i n the c o l a t e r a l and p o s i t i v e skew c a s e s was smoothed. The 

t a b l e of r e s u l t s i s p resented i n three s e c t i o n s . The f i r s t 

s e c t i o n c o n t a i n s the experimental r e s u l t s f o r the flow 

c h a r a c t e r i s t i c s d e f i n e d r e l a t i v e to the cascade frame of 

r e f e r e n c e . The second s e c t i o n c o n t a i n s the experimental r e s u l t s 

f o r the flow c h a r a c t e r i s t i c s a f t e r t r a n s f o r m a t i o n to the moving 

b e l t frame of r e f e r e n c e . These r e s u l t s are u s e f u l f o r modelling 

purposes and i n d i c a t e whether the flow may be c o n s i d e r e d to be 

c o l a t e r a l to the b e l t . The t h i r d s e c t i o n c o n t a i n s r e s u l t s t h a t 

were obtained by assuming t h a t the v e l o c i t y p r o f i l e r e l a t i v e to 

the cascade could be r e p r e s e n t e d by a simple power law of the form 

n 

( 
u 

u CO 
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to give the ex p e r i m e n t a l l y determined v a l u e s of displacement 

t h i c k n e s s and i n l e t t o t a l p r e s s u r e l o s s . These v a l u e s of n and 8 

are r e q u i r e d f o r one of the l o s s p r e d i c t i o n s i n Chapter 6. 

TABLE 5.1 : INLET BOUNDARY LAYER DATA 

INLET SKEW TYPE 
NEGATIVE COLATERAL POSITIVE 

n 0 430 0 147 0 093 
6 (mm) 41 7 39 6 43 5 
S*(mm) 12 6 6 0 5 1 

1 8 (mm) 6 4 3 6 3 1 
H 2 0 1 7 1 6 
Y 0 077 0 041 0 031 

n 0 153 0 147 0 126 
S (mm) 43 3 39 6 41 3 

2 5*(mm) 5 9 6 0 5 7 
0(mm) 4 6 3 6 3 5 
H 1 3 1 7 1 6 

n 0 249 0 204 0 229 
S (mm) 63 2 37 8 27 4 

3 6 (mm) 8 4 4 5 3 5 
H 1 5 1 4 1 5 

The s l i g h t i n c r e a s e i n boundary l a y e r t h i c k n e s s d e t e c t e d 

i n the non-zero skew c a s e s was a r e s u l t of the e x t r a d i s t a n c e t h a t 

the f l u i d had to t r a v e l due to the movement of the b e l t . The 

e f f e c t of the i n c r e a s e i n i n l e t boundary l a y e r t h i c k n e s s on the 

secondary l o s s was probably not s i g n i f i c a n t ( A t k i n s (1985) and 

Graves ( 1 9 8 5 ) ) . The e f f e c t of skew was however s i g n i f i c a n t as f a r 

as a l l the other boundary l a y e r parameters were concerned. I n 

p a r t i c u l a r the change i n the index n shows t h a t the shape of the 

boundary l a y e r v e l o c i t y p r o f i l e was changed, and the 

&&^Q£A*Jfc show the r e - e n e r g i s a t i o n of the boundary l a y e r as a 
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r e s u l t of p o s i t i v e skew. The r e s u l t s r e l a t i v e to the b e l t show 

t h a t the assumption of c o l a t e r a l flow on the b e l t was probably 

reasonable. When the i n l e t l o s s i s taken i n t o c o n s i d e r a t i o n i t i s 

c l e a r t h a t a power law assumption i s not v a l i d f o r any of the skew 

c a s e s . 

5.3 SLOT 3 

S l o t 3 i s l o c a t e d i n s i d e the blade passage 22% of an a x i a l 

chord from the l e a d i n g edge. The l o c a t i o n s of the measurement 

p o s i t i o n s were the same f o r a l l three skew c a s e s . They are shown 

f o r the f i v e - h o l e p r e s s u r e probe i n Fi g u r e 5.1(b) and f o r the 

three - h o l e probe i n Fi g u r e 5.1(h). The r e s u l t s t h a t were obtained 

w i t h the f i v e - h o l e probe are presented i n F i g u r e 5.5 and those 

obtained w i t h the th r e e - h o l e probe c l o s e to the endwall i n Figu r e 

5.6. P i t c h averaged r e s u l t s a re presented f o r the f i v e - h o l e probe 

i n F i g u r e 5.7. 

The t o t a l p r e s s u r e l o s s c o e f f i c i e n t contours are presented 

i n F i g u r e 5 . 5 ( a - c ) . A comparison w i t h the flow v i s u a l i s a t i o n 

r e s u l t s p resented i n F i g u r e s 5.19 to 5.20 has allowed the regions 

of l o s s to be i d e n t i f i e d . I n the c o l a t e r a l case F i g u r e 5.5(b), 

the contours i n d i c a t e l i t t l e B e r n o u l l i s u r f a c e d i s t o r t i o n beyond 

20mm from the endwall. The s l i g h t i n d e n t a t i o n i n the contours a t 

an approximate t a n g e n t i a l coordinate of 40mm was probably due to 

the presence of the p r e s s u r e - s i d e l e g of the horseshoe v o r t e x . I n 

the negative skew c a s e , F i g u r e 5 . 5 ( a ) , the flow appeared to have 

undergone a s i g n i f i c a n t winding up of the B e r n o u l l i s u r f a c e s . The 

r e s u l t i n g l o s s core appeared to have moved c l o s e r to the s u c t i o n 
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s u r f a c e s i d e of the blade passage and away from the endwall. T h i s 

s t r u c t u r e was seen to have a f f e c t e d the f l o w f i e l d f u r t h e r out 

towards midspan. I n the p o s i t i v e skew case a s m a l l l o s s core was 

seen i n a midpitch p o s i t i o n c l o s e to the endwall. T h i s l o s s core 

was a s s o c i a t e d w i t h the p r e s s u r e - s i d e l e g of the horseshoe v o r t e x 

which, because of the reduced normal v o r t i c i t y a t i n l e t , had not 

completed i t s cross-passage migration. The secondary v e l o c i t y 

v e c t o r s are presented i n F i g u r e 5 . 5 ( d - f ) . These v e c t o r s i n d i c a t e 

the flow f e a t u r e s t h a t were a s s o c i a t e d w i t h the l o s s c o r e s . I n 

the negative skew case, F i g u r e 5.5(d), a r e l a t i v e l y s t rong 

r o t a t i o n a l flow was detected. T h i s v o r t e x f e a t u r e was c l o s e r to 

the s u c t i o n s i d e of the passage and f u r t h e r from the endwall than 

the corresponding f e a t u r e t h a t was d e t e c t e d i n the c o l a t e r a l case 

( F i g u r e 5 . 5 ( e ) ) . The p o s i t i v e skew case, F i g u r e 5 . 5 ( f ) , showed 

the r o t a t i o n a l flow c e n t r e d on the p r e s s u r e - s i d e l e g of the 

horseshoe v o r t e x c l o s e to a midpitch p o s i t i o n and near to the 

endwall. The p i t c h angle contours are p r e s e n t e d i n F i g u r e 

5 . 4 ( g - i ) . The p r o g r e s s i o n from negative skew to p o s i t i v e skew 

shows t h a t the zero contour moved towards the p r e s s u r e s u r f a c e 

s i d e of the passage although i t appeared to meet the endwall a t 

approximately the same po i n t i n a l l three skew c a s e s . A change of 

s i g n of p i t c h angle i s evidence of the flow winding up and may 

i n d i c a t e the formation of the passage v o r t e x . T h i s e f f e c t was 

most marked i n the n e g a t i v e skew case, F i g u r e 5.5(g), where the 

p i t c h angles were of a s i g n i f i c a n t l y l a r g e r magnitude than those 

measured i n e i t h e r of the other two skew c a s e s . T h i s was a r e s u l t 

of the l a r g e r spanwise v e l o c i t i e s . I n the n e g a t i v e skew case the 
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zero contour appeared to run along a midpitch l i n e f o r a l a r g e 

p o r t i o n of the span. Near to the s u c t i o n s u r f a c e endwall corner 

there was a bunching of contours corresponding to the p o s i t i o n of 

the p r e s s u r e - s i d e l e g of the horseshoe v o r t e x . However i t i s not 

c l e a r how the p r e s s u r e - s i d e l e g of the horseshoe v o r t e x and the 

passage v o r t e x merge together so tha t i t i s d i f f i c u l t to determine 

which was the d r i v i n g phenomenon. The p o s i t i v e skew contours, 

F i g u r e 5 . 5 ( i ) , showed a spanwise and p i t c h w i s e v a r i a t i o n of p i t c h 

angle t h a t was confine d to a midpitch r e g i o n c l o s e to the endwall 

a s s o c i a t e d w i t h the sma l l v o r t e x t h a t was detected. The yaw angle 

contours are presented i n Fi g u r e 5 . 5 ( j - l ) . A c l e a r p r o g r e s s i o n 

through the skew c a s e s i s again d e t e c t a b l e . Going from negative 

skew to p o s i t i v e skew there i s a r e d u c t i o n i n the l e v e l of 

ov e r t u r n i n g near to the endwall with the e f f e c t extending l e s s i n 

the spanwise d i r e c t i o n . I n the c o l a t e r a l case, F i g u r e 5 . 5 ( k ) , the 

e f f e c t s were confin e d to w i t h i n 20mm of the endwall i n the 

spanwise d i r e c t i o n . I n the negative skew case, F i g u r e 5 . 5 ( j ) , 

t h i s r e g i o n extended to about 30mm from the endwall i n the 

spanwise d i r e c t i o n . The presence of the p r e s s u r e - s i d e l e g of the 

horseshoe v o r t e x , or the passage v o r t e x , was marked by the 

d e v i a t i o n of the contours from t h e i r midpitch d i r e c t i o n . I n the 

case of p o s i t i v e skew, Fig u r e 5 . 5 ( 1 ) , the contours appeared to be 

conf i n e d to a r e g i o n even c l o s e r to the endwall r e s u l t i n g i n an 

appar e n t l y s t e e p e r endwall g r a d i e n t . The s t a t i c p r e s s u r e 

c o e f f i c i e n t contours are presented i n Fi g u r e 5.5(m-o). I n a l l 

three skew ca s e s there was a cross - p a s s a g e s t a t i c p r e s s u r e 

g r a d i e n t a t midspan. From the p r e s s u r e s u r f a c e s i d e of the 
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passage to the approximate midpitch p o s i t i o n a l l three skew cases 

showed a s i m i l a r p i c t u r e . As the s u c t i o n s u r f a c e s i d e of the 

passage was approached the contours show t h a t there was a r a p i d 

i n c r e a s e i n the c o e f f i c i e n t and t h e r e f o r e the l o c a l v e l o c i t y . The 

v a l u e s obtained from the s t a t i c p r e s s u r e tappings on the blade 

s u r f a c e have been annotated onto the p l o t s . The probe dimensions 

d i d not a l l o w t r a v e r s i n g to be c a r r i e d out c l o s e to the s u r f a c e s 

of the blade so t h a t i t i s d i f f i c u l t to t i e the two s e t s of 

r e s u l t s together p a r t i c u l a r l y on the s u c t i o n s u r f a c e . On the 

p r e s s u r e s u r f a c e there was a reasonable l e v e l of agreement between 

the two s e t s of v a l u e s . On the s u c t i o n s u r f a c e the v a l u e s 

obtained from the tappings showed t h a t the s t a t i c p r e s s u r e 

c o e f f i c i e n t , and thus the v e l o c i t y , continued to i n c r e a s e c l o s e to 

s u r f a c e of the blade. The streamwise v o r t i c i t y contours are 

p r e s e n t e d i n F i g u r e 5 . 5 ( p - r ) . I n a l l three skew c a s e s the major 

p o r t i o n of the a x i a l plane was found to have a zero v a l u e of 

v o r t i c i t y . I n the c o l a t e r a l case, F i g u r e 5.5(q), there was a 

s m a l l amount of negative v o r t i c i t y on the endwall. There was a 

s m a l l peak of negative v o r t i c i t y i n the s u c t i o n s u r f a c e endwall 

corner which was probably due to the p r e s s u r e - s i d e l e g of the 

horseshoe v o r t e x . I n the negative skew case, F i g u r e 5.5(p), there 

was n e g a t i v e v o r t i c i t y spread along the whole of the endwall and 

a l s o up the lower p a r t of the blade to about 40mm i n the spanwise 

d i r e c t i o n . The contour p l o t f o r p o s i t i v e skew, F i g u r e 5 . 5 ( r ) , 

shows a r e g i o n of negative v o r t i c i t y on the endwall t h a t was 

a s s o c i a t e d w i t h the p r e s s u r e - s i d e l e g of the horseshoe v o r t e x . 

There was an a d d i t i o n a l r e g i o n of negative v o r t i c i t y on the 
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s u c t i o n surface of the blade and also a r e g i o n of p o s i t i v e 

v o r t i c i t y on the endwall. I t was unclear whether these regions 

marked r e a l e f f e c t s or whether, since there was no supporting 

evidence i n any of the other p l o t s , they were e r r o r s generated as 

a r e s u l t o f the surface f i t t i n g and numerical d i f f e r e n t i a t i o n t h a t 

were used to o b t a i n the streamwise v o r t i c i t y . 

The r e s u l t s t h a t were obtained w i t h the three-hole probe 

are presented i n Figure 5.6. The t o t a l pressure loss contours, 

Figure 5.6(a-c), showed the same q u a l i t a t i v e f eatures t h a t had 

been detected by the f i v e - h o l e probe. The magnitude of the losses 

t h a t were detected were s i m i l a r f o r both types of probe although 

the losses were s l i g h t l y higher f o r the three-hole probe. I n both 

the negative skew (Figure 5.6(a)) and the c o l a t e r a l (Figure 

5.6(b)) cases the endwall f l o w appeared to be swept towards the 

loss core associated w i t h the pressure-side l e g of the horseshoe 

v o r t e x or the passage vo r t e x . The e f f e c t was most c l e a r l y seen i n 

the case o f negative skew where the contours close t o the endwall 

appeared to be p u l l e d back towards the loss core. I n the 

p o s i t i v e skew case, Figure 5.6(c), the loss core associated w i t h 

the pressure-side l e g of the horseshoe v o r t e x was seen to extend 

a l l the way t o the endwall. I t was not c l e a r whether the small 

r e g i o n o f endwall loss on the s u c t i o n surface side of the loss 

core was a r e a l e f f e c t . The yaw angle contours, Figure 5 . 6 ( d - f ) , 

also show good q u a l i t a t i v e agreement w i t h the f i v e - h o l e probe 

r e s u l t s . I n the c o l a t e r a l case, Figure 5.6(e), the r e s u l t s close 

to the endwall are o f a poorer q u a l i t y than f o r the other two skew 

cases. This was because the f a c i l i t y t h a t allowed the probe 
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t u r r e t angle t o be v a r i e d d u r i n g t r a v e r s i n g was not introduced 

u n t i l the e f f e c t of skew was being i n v e s t i g a t e d . Even i n the 

c o l a t e r a l case there was too much v a r i a t i o n o f the flow angle f o r 

the probe c a l i b r a t i o n t o cope. However the other two skew cases 

proved the value of the m o d i f i c a t i o n t o the t r a v e r s i n g technique 

since apparently good r e s u l t s were obtained even i n the regions of 

r a p i d l y changing flow angle. 

The r e s u l t s o f averaging the f i v e - h o l e probe measurements 

across the blade p i t c h are presented i n Figure 5.7. The p i t c h 

averaged mass meaned yaw angles, Figure 5.7(a-c), c l e a r l y show 

t h a t the presence of i n l e t skew had a s i g n i f i c a n t e f f e c t on the 

flow. The i n t r o d u c t i o n of negative skew at i n l e t r e s u l t e d i n an 

increased l e v e l of o v e r t u r n i n g of the flow when compared to t h a t 

produced i n the c o l a t e r a l case. The i n t r o d u c t i o n o f p o s i t i v e skew 

at i n l e t r e s u l t e d i n the apparent removal o f the o v e r t u r n i n g t o 

give the appearance o f a uniform flow. The r e s u l t s o f p i t c h 

averaging the t o t a l pressure loss c o e f f i c i e n t and the secondary 

k i n e t i c energy are shown i n Figure 5 . 7 ( d - f ) . With the exception 

of a s l i g h t increase i n the secondary k i n e t i c energy the r e s u l t s 

f o r the c o l a t e r a l case remained unchanged from the r e s u l t s 

obtained f o r s l o t 1. With the exception of the endwall p o i n t , the 

v a l i d i t y o f which was i n any case found to be u n c e r t a i n f o r s l o t 

1, the same comment can be a p p l i e d t o the r e s u l t s t h a t were 

obtained f o r the case of p o s i t i v e skew. However the r e s u l t s t h a t 

were obtained i n the negative skew case show t h a t a s u b s t a n t i a l 

development of the f l o w f i e l d had occurred since s l o t 1. The 

growth o f loss was seen to f a l l away close t o the endwall and 
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there was a corresponding s u b s t a n t i a l increase i n the secondary 

k i n e t i c energy c o n s i s t e n t w i t h the r o l l i n g up of the B e r n o u l l i 

surfaces as the passage v o r t e x developed. The r e s u l t s o f p i t c h 

averaging the streamwise v o r t i c i t y are presented i n Figure 

5 . 7 ( g - i ) . For comparative purposes the t h e o r e t i c a l streamwise 

v o r t i c i t y , c a l c u l a t e d using the formula of Came and Marsh (1974), 

has also been p l o t t e d . The comparison between the experimental 

and the t h e o r e t i c a l r e s u l t s i s discussed i n Chapter 6. I n a l l of 

the skew cases the p o s i t i v e v o r t i c i t y detected a t s l o t 1 was 

masked by the increase i n negative v o r t i c i t y . I n the case of 

negative skew the v o r t i c i t y associated w i t h the passage v o r t e x was 

c l e a r l y i d e n t i f i a b l e . I n the c o l a t e r a l case there was also a 

s i g n i f i c a n t r egion o f negative v o r t i c i t y c l o s e r to the endwall 

t h a t was associated w i t h the pressure-side l e g of the horseshoe 

v o r t e x or the passage vo r t e x . I n the case o f p o s i t i v e skew there 

was a very intense r e g i o n of negative v o r t i c i t y t h a t extended very 

close t o the endwall. However the v a l i d i t y o f t h i s r e s u l t must be 

i n some doubt due t o the presence of hi g h v e l o c i t y gradients i n 

t h i s r e g i o n t h a t may have adversely a f f e c t e d the numerical 

d i f f e r e n t i a t i o n . 

5.4 SLOT 5 

Sl o t 5 i s l o c a t e d i n s i d e the blade passage a t 55% of an 

a x i a l chord from the leading edge. The l o c a t i o n s of the 

measurement p o i n t s were the same f o r a l l three skew cases. They 

are shown f o r the f i v e - h o l e probe i n Figure 5.1(c) and f o r the 

three-hole probe i n Figure 5 . 1 ( i ) . The r e s u l t s t h a t were obtained 
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w i t h the f i v e - h o l e probe are presented i n Figure 5.8 and those 

obtained w i t h the three-hole probe close t o the endwall i n Figure 

5.9. P i t c h averaged r e s u l t s are presented f o r the f i v e - h o l e probe 

i n Figure 5.10. 

The main f e a t u r e o f the f i v e - h o l e probe r e s u l t s was t h a t 

they showed the continued development of the passage v o r t e x . The 

t o t a l pressure loss contours are presented i n Figure 5.8(a-c). I n 

the c o l a t e r a l case, Figure 5.8(b), s i g n i f i c a n t B e r n o u l l i surface 

d i s t o r t i o n was detected which suggested t h a t the f l o w had s t a r t e d 

winding up t o produce a loss core. I n the negative skew case, 

Figure 5.8(a), a f u l l y developed loss core was already present 

w i t h s i g n i f i c a n t l y greater l e v e l s of loss than was detected i n 

e i t h e r of the other two skew cases. Although the p o s i t i v e skew 

case, Figure 5.8(c), e x h i b i t e d a s i m i l a r maximum value of loss t o 

t h a t detected i n the c o l a t e r a l case the general d i s t r i b u t i o n o f 

loss w i t h i n the passage was very d i f f e r e n t . I n the p o s i t i v e skew 

case the B e r n o u l l i surfaces appeared to have wrapped around the 

h i g h loss core t h a t was associated w i t h the pressure-side l e g of 

the horseshoe v o r t e x . The secondary v e l o c i t y v ectors are 

presented i n Figure 5 . 8 ( d - f ) . Going from negative t o p o s i t i v e 

skew there are several progressions t h a t are c l e a r l y i d e n t i f i a b l e . 

F i r s t l y the distance o f the passage v o r t e x from the endwall was 

g r e a t e s t i n the case o f negative skew (Figure 5.8(d)) and l e a s t i n 

the case of p o s i t i v e skew (Figure 5 . 8 ( f ) ) . Secondly the distance 

of the passage v o r t e x from the s u c t i o n surface side of the passage 

was l e a s t i n the case of negative skew and g r e a t e s t i n the case of 

p o s i t i v e skew. F i n a l l y the extent t o which the passage v o r t e x 
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a f f e c t e d the freestream flow was greatest i n the case of negative 

skew and l e a s t i n the case of p o s i t i v e skew. The p i t c h angle 

contours, Figure 5 . 8 ( g - i ) , showed two features common to a l l three 

skew cases. F i r s t l y the passage v o r t e x appeared to have migrated 

towards the s u c t i o n surface side of the passage. Secondly the 

magnitude of the v e l o c i t y i n the spanwise d i r e c t i o n was much 

increased which would imply a much stronger passage v o r t e x . This 

was probably due to the a c c e l e r a t i o n of the flow t h a t occurred 

between s l o t s 3 and 5. The negative skew case (Figure 5.8(g)) 

again showed a more developed f l o w p i c t u r e than t h a t seen f o r the 

c o l a t e r a l case (Figure 5 . 8 ( h ) ) . The p o s i t i v e skew case, Figure 

5 . 8 ( i ) , appeared to have remained i n f l u e n c e d by the pressure-side 

l e g o f the horseshoe v o r t e x as i n s l o t 3. The yaw angle contours, 

Figure 5 . 8 ( j - l ) , showed the hi g h o v e r t u r n i n g o f the fl o w t h a t 

occurred near t o the endwall. For the negative skew case, Figure 

5 . 8 ( j ) , the f l o w features were seen to extend f u r t h e r i n t o the 

blade passage i n the spanwise d i r e c t i o n . The f l o w features were 

also seen to appear c l o s e r t o the s u c t i o n surface side o f the 

passage. Both of these e f f e c t s were seen to be less s i g n i f i c a n t 

i n the other two skew cases. The s t a t i c pressure c o e f f i c i e n t 

contours, Figure 5.8(m-o), again showed the cross-passage grad i e n t 

out t o midspan f o r a l l three skew cases. There was also a 

s i m i l a r i t y i n the p i c t u r e s from the pressure surface side o f the 

passage t o the mid p i t c h p o s i t i o n . From the mid p i t c h p o s i t i o n to 

the s u c t i o n surface side of the passage the e f f e c t of the loss 

core was seen, p a r t i c u l a r l y i n the s u c t i o n surface endwall corner. 

The r e s u l t s t h a t were obtained from the s t a t i c pressure tappings 
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on the surface o f the blade have been annotated onto the p l o t s . 

The tappings show a uniform s t a t i c pressure g r a d i e n t over the 

pressure surface f o r a l l of the skew cases w i t h a negative value 

i n d i c a t i n g low v e l o c i t i e s . On the s u c t i o n surface the two sets of 

r e s u l t s i n the negative skew case, Figure 5.8(m), are the easiest 

to t i e together due to the r e l a t i v e l y developed f l o w p i c t u r e . I n 

general the values obtained from the tappings on the s u c t i o n 

surface f o r a l l of the skew cases d i d not appear to be 

i n c o n s i s t e n t w i t h the probe r e s u l t s . The contours of streamwise 

v o r t i c i t y , Figure 5 . 8 ( p - r ) , also showed the continued development 

of the passage v o r t e x . The negative skew case, Figure 5.8(p), 

showed a more developed f l o w f i e l d p i c t u r e than was apparent i n 

e i t h e r of the other two skew cases. I n the c o l a t e r a l case, Figure 

5.8(q), the v o r t i c i t y appeared to be concentrated on the endwall 

r a t h e r than on the s u c t i o n surface of the blade as i n the negative 

skew case. I n the p o s i t i v e skew case, Figure 5 . 8 ( r ) , the 

erroneous regions of p o s i t i v e v o r t i c i t y t h a t were detected i n s l o t 

3 have disappeared. The contours s t i l l i n d i c a t e t h a t the 

f l o w f i e l d was dominated by the pressure-side l e g o f the horseshoe 

vo r t e x . This f e a t u r e was seen to have remained i n the centre of 

the passage. 

The r e s u l t s t h a t were obtained w i t h the three-hole probe 

are presented i n Figure 5.9. The t o t a l pressure loss c o e f f i c i e n t 

contours, Figure 5.9(a-c), showed s i m i l a r gross features to those 

t h a t had been detected w i t h the f i v e - h o l e probe. The magnitude o f 

the losses t h a t were detected was s i m i l a r f o r both types o f probes 

i n the c o l a t e r a l case (Figure 5 . 9 ( b ) ) . However i n the other two 

92 



cases the losses detected w i t h the three-hole probe were higher 

than those detected w i t h the f i v e - h o l e probe. This may be due to 

the r e l a t i v e fineness of the measurement g r i d used f o r the 

three-hole probe. I n the negative skew case, Figure 5.9(a), the 

contours show t h a t the endwall flow was being swept i n t o the loss 

core. I n the s u c t i o n surface endwall corner there was a small 

a d d i t i o n a l r e g i o n of loss t h a t may have been associated w i t h a 

counter v o r t e x . A s i m i l a r p i c t u r e was detected i n the c o l a t e r a l 

case; the endwall f l o w being swept i n t o a developing loss core, 

and a p o s s i b l e endwall counter v o r t e x . I n the p o s i t i v e skew case, 

Figure 5.9(c), the p i c t u r e was dominated by the pressure-side l e g 

o f the horseshoe v o r t e x . On the endwall there was a small region 

of loss t h a t may have been associated w i t h an endwall counter 

v o r t e x . The yaw angle contours, Figure 5 . 9 ( d - f ) , showed good 

agreement w i t h the corresponding r e s u l t s t h a t were obtained w i t h 

the f i v e - h o l e probe. However the r e s u l t s showed the h i g h l e v e l of 

o v e r t u r n i n g o f the f l o w t h a t occurred close to the endwall. I n 

a l l o f the skew cases the endwall counter v o r t e x was seen to cause 

the contours t o appear to bend back on themselves. 

The r e s u l t s of averaging the f i v e - h o l e probe measurements 

across the blade p i t c h are presented i n Figure 5.10. The p i t c h 

averaged mass meaned yaw angles, Figure 5.10(a-c), show t h a t there 

was s i g n i f i c a n t o v e r t u r n i n g of the f l o w i n a l l three skew cases. 

I n the negative skew case, Figure 5.10(Q), the region of 

o v e r t u r n i n g extended f u r t h e r i n the spanwise d i r e c t i o n than i n the 

other two skew cases. I n the negative skew case there appeared to 

be more underturning o f the flow than was detected i n the 
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c o l a t e r a l case (Figure 5.10(b)). The p o s i t i v e skew case, Figure 

5.10(c), showed a lower l e v e l of o v e r t u r n i n g than had been 

detected i n both of the other two skew cases, and also showed 

v i r t u a l l y no underturning of the flow. The r e s u l t s of p i t c h 

averaging the t o t a l pressure loss c o e f f i c i e n t and the secondary 

k i n e t i c energy are presented i n Figure 5.10(d-f). A l l three skew 

cases showed t h a t the loss decreased close t o the endwall. This 

was as a r e s u l t of the loss core moving away from the endwall i n 

the spanwise d i r e c t i o n . I n the case o f negative skew, Figure 

5.10(d), the loss d i s t r i b u t i o n had a second peak close t o the 

endwall t h a t was associated w i t h the endwall counter v o r t e x . The 

secondary k i n e t i c energy was seen t o grow as the endwall was 

approached. The negative skew and c o l a t e r a l cases were seen t o 

have s i m i l a r maximum values of secondary k i n e t i c energy. The 

p o s i t i v e skew case, Figure 5 . 1 0 ( f ) , showed the same t r e n d as i n 

the other two skew cases but had a s i g n i f i c a n t l y lower maximum 

value. The o v e r a l l d i s t r i b u t i o n of secondary k i n e t i c energy was 

very d i f f e r e n t i n the c o l a t e r a l and negative skew cases. The 

negative skew case had s i g n i f i c a n t l y more secondary k i n e t i c energy 

i n the spanwise re g i o n associated w i t h the passage v o r t e x which 

was c o n s i s t e n t w i t h the higher secondary v e l o c i t i e s t h a t were 

detected. The r e s u l t s o f p i t c h averaging the streamwise v o r t i c i t y 

are presented i n Figure 5 . 1 0 ( g - i ) . The cases of p o s i t i v e and 

negative skew both showed regions of hi g h negative v o r t i c i t y a t 

approximately the same spanwise distance from the endwall. The 

peak value i n the case of negative skew (Figure 5.10(g)) was 

however approximately twice the peak value detected i n the case of 
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p o s i t i v e skew (Figure 5 . 1 0 ( i ) ) . I n the c o l a t e r a l case, Figure 

5.10(h), the close p r o x i m i t y of the passage v o r t e x to the endwall, 

and thus the high v e l o c i t y g r a d i e n t s , caused problems f o r the 

numerical c a l c u l a t i o n of the d i f f e r e n t i a l s r e q u i r e d t o determine 

the v o r t i c i t y . The magnitude of the v o r t i c i t y on the endwall must 

i n t h i s case be i n some doubt. 

5.5 SLOT 8 

S l o t 8 i s located j u s t upstream of the t r a i l i n g edge of 

the blade a t 97% of an a x i a l chord from the leading edge. The 

l o c a t i o n o f s l o t 8 i s s l i g h t l y d i f f e r e n t f o r the JAW cascade 

compared t o the l o c a t i o n used f o r the CPG cascade. The l o c a t i o n s 

of the measurement p o s i t i o n s were the same f o r a l l three skew 

cases. They are shown f o r the f i v e - h o l e probe i n Figure 5.1(d) 

and f o r the three-hole probe i n Figure 5 . 1 ( j ) . The r e s u l t s t h a t 

were obtained w i t h the f i v e - h o l e probe are presented i n Figure 

5.11 and those obtained w i t h the three-hole probe close t o the 

endwall i n Figure 5.12. P i t c h averaged r e s u l t s are presented f o r 

the f i v e - h o l e probe i n Figure 5.13. 

The r e s u l t s t h a t were obtained w i t h the f i v e - h o l e probe 

show t h a t the f l o w f i e l d had continued t o develop and t h a t i n a l l 

three skew cases i t was dominated by the presence of strong 

streamwise v o r t i c i t y i n the blade passage. The t o t a l pressure 

loss c o e f f i c i e n t contours, Figure 5.11(a-c), show t h a t the 

f l o w f i e l d had undergone s i g n i f i c a n t changes since s l o t 5. I n a l l 

three skew cases the pressure surface side o f the passage was 

covered by low loss freestream f l u i d . A comparison w i t h the flow 
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v i s u a l i s a t i o n r e s u l t s , Figures 5.19 and 5.20, has allowed the 

regions o f loss t o be i d e n t i f i e d . I n the c o l a t e r a l case, Figure 

5.11(b), there were three regions of l o s s . Close t o the endwall 

there was a r e g i o n of loss t h a t was associated w i t h an endwall 

counter v o r t e x . Further from the endwall there was a r e g i o n of 

loss t h a t had developed as a consequence o f the a c t i o n of the 

passage v o r t e x . The contours also show t h a t the endwall f l o w was 

being swept i n t o t h i s loss core. Further from the endwall was a 

re g i o n o f loss t h a t was attached to the region associated w i t h the 

passage v o r t e x . This r e g i o n of loss was caused by the presence of 

the s u c t i o n - s i d e l e g of the horseshoe v o r t e x . Nearly h a l f o f the 

s u c t i o n surface o f the blade i n the spanwise d i r e c t i o n was seen t o 

be covered by low loss freestream f l u i d . I n the negative skew 

case, Figure 5.11(a), a s i m i l a r but more developed p i c t u r e o f the 

f l o w f i e l d was obtained. The loss core associated w i t h the passage 

v o r t e x was seen t o have grown as most of the endwall f l u i d was 

swept i n t o the core. As a consequence the loss core had extended 

f u r t h e r across the passage towards the pressure surface side. 

This r e g i o n appeared t o have two peaks and gave the impression of 

the loss core breaking i n t o two, w i t h one h a l f s t a y i n g close t o 

the s u c t i o n surface of the blade and the other moving out i n t o the 

passage. As i n the c o l a t e r a l case there was a region of loss 

close t o the s u c t i o n surface of the blade attached to the midspan 

side o f the loss core associated w i t h the passage v o r t e x . The 

f l o w v i s u a l i s a t i o n r e s u l t s showed t h a t the su c t i o n - s i d e l e g o f the 

horseshoe v o r t e x was d i s s i p a t e d before i t could appear on the 

s u c t i o n surface of the blade. This loss r e g i o n must t h e r e f o r e 
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have been associated w i t h a loss core t h a t had developed, i n the 

absence o f the suction-side l e g of the horseshoe v o r t e x to 

counterbalance the passage v o r t e x . I n the case of p o s i t i v e skew, 

Figure 5.11(c), the regions o f high loss were seen t o be almost 

separate. Close t o the endwall there was a region of loss t h a t 

was associated w i t h the endwall counter v o r t e x t h a t was of a lower 

l e v e l than had been detected i n e i t h e r of the other two skew 

cases. There was a loss core close t o the s u c t i o n surface of the 

blade t h a t was i d e n t i f i e d from the f l o w v i s u a l i s a t i o n r e s u l t s as 

being associated w i t h the separation l i n e t h a t marked the edge of 

the passage v o r t e x . There was also a loss core close t o the 

midp i t c h p o s i t i o n which was associated w i t h the passage v o r t e x as 

i t grew out of the pressure-side l e g of the horseshoe v o r t e x . The 

secondary v e l o c i t y v e c t o r p l o t s are presented i n Figure 5.11(d-f). 

I n a l l o f the skew cases they show a f u l l y developed passage 

v o r t e x t h a t had expanded t o i t s boundaries i n the pi t c h w i s e 

d i r e c t i o n . I n p a r t i c u l a r f o r the p o s i t i v e skew case the vectors 

showed the e f f e c t o f the mid p i t c h v o r t e x extending t o the s u c t i o n 

surface side of the passage. This then accounted f o r the presence 

of the separation l i n e running along the s u c t i o n surface of the 

blade and i t s associated r e g i o n of l o s s . The p i t c h angle contours 

are presented i n Figure 5 . 1 1 ( g - i ) . The d i f f e r e n c e s between the 

skewed cases appeared less marked than had been n o t i c e d i n the 

e a r l i e r s l o t s . The passage v o r t e x appeared clo s e r t o the s u c t i o n 

surface side of the passage i n the c o l a t e r a l case (Figure 5.11(h)) 

than i n the negative skew case (Figure 5.11(g)). I n the l a t t e r 

case the movement of the passage v o r t e x away from the s u c t i o n 
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surface of the blade was probably due t o i t s increased s i z e . 

However the yaw angle contours, Figure 5 . 1 1 ( j - l ) , showed t h a t the 

distance of the passage v o r t e x from the endwall was very s i m i l a r 

i n both the c o l a t e r a l and negative skew cases. I n the case of 

p o s i t i v e skew, Figure 5.11(1), the c e n t r a l flow f e a t u r e appeared 

to be s i g n i f i c a n t l y c l o s e r t o the endwall. I n a l l three skew 

cases the s t a t i c pressure c o e f f i c i e n t contours, Figure 5.11(m-o), 

showed v i r t u a l l y no cross-passage gradient c o n s i s t e n t w i t h being 

close t o the t r a i l i n g edge of the blade. L o c a l l y h i g h values of 

the c o e f f i c i e n t were detected w i t h i n the passage vo r t e x i n the 

c o l a t e r a l and negative skew cases. I n the case of p o s i t i v e skew, 

Figure 5.11(o), the peak value of the c o e f f i c i e n t coincided w i t h 

the centre o f the loss core associated w i t h the pressure-side l e g 

of the horseshoe v o r t e x . I n the other two skew cases the peak 

value o f the c o e f f i c i e n t d i d not coincide w i t h the peak value of 

the t o t a l pressure loss c o e f f i c i e n t although i t d i d coincide w i t h 

a h i g h value o f t o t a l pressure l o s s . I n these two skew cases the 

peak s t a t i c pressure c o e f f i c i e n t value also coincided w i t h the 

centre o f the passage v o r t e x as shown by the secondary v e l o c i t y 

v e c t o r s . The values o f s t a t i c pressure c o e f f i c e n t obtained from 

the tappings on the s u c t i o n surface o f the blade have been 

annotated onto the p l o t s . There were no tappings on the pressure 

surface since the thickness o f the blade a t t h i s a x i a l l o c a t i o n 

d i d not a l l o w i t . I t i s not easy t o t i e the two sets of r e s u l t s 

together since the probe dimensions d i d not allow t r a v e r s i n g to 

occur any close to the s u c t i o n surface o f the blade. However the 

values t h a t were obtained from the tappings do not appear t o be 
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unreasonable when compared t o those obtained w i t h the probe. The 

streamwise v o r t i c i t y contours are presented i n Figure 5.11(p-r). 

I n both the c o l a t e r a l and negative skew cases the passage v o r t e x 

was marked by the negative contours. I n the case o f p o s i t i v e 

skew, Figure 5 . 1 1 ( r ) , the negative v o r t i c i t y was concentrated 

around the pressure-side l e g o f the horseshoe v o r t e x which had 

taken on the r o l e of the passage v o r t e x . I n the p o s i t i v e skew 

case there appeared to be some p o s i t i v e v o r t i c i t y on the endwall 

a t t a n g e n t i a l coordinates of -80 t o -30 t h a t d i d not correspond to 

any i d e n t i f i a b l e f l o w f e a t u r e . This e r r o r was probably due to the 

presence of large v e l o c i t y gradients very close to the endwall 

t h a t caused problems f o r the numerical d i f f e r e n t i a t i o n . The 

r e g i o n o f p o s i t i v e v o r t i c i t y close t o the s u c t i o n surface of the 

blade corresponded t o the separation l i n e detected i n the f l o w 

v i s u a l i s a t i o n t h a t marked the edge of the passage v o r t e x . This 

r e g i o n was also present i n the c o l a t e r a l case, Figure 5.11(q), 

where there were a d d i t i o n a l regions of p o s i t i v e v o r t i c i t y . These 

regions marked the presence o f the counter v o r t e x i n the s u c t i o n 

surface endwall corner and also the suction-side l e g of the 

horseshoe v o r t e x on the midspan side of the passage v o r t e x . These 

regions o f p o s i t i v e v o r t i c i t y were seen even more c l e a r l y i n the 

case o f negative skew (Figure 5.11(p)). However i n t h i s case the 

r e g i o n o f p o s i t i v e v o r t i c i t y on the midspan side of the passage 

v o r t e x was probably generated, i n the absence of the suc t i o n - s i d e 

l e g o f the horseshoe v o r t e x , t o counterbalance the opposing 

v o r t i c i t y of the passage vo r t e x . An important a d d i t i o n a l f e a t u r e 
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was t h a t the regions of p o s i t i v e v o r t i c i t y had developed f u r t h e r 

i n t o the f l o w f i e l d away from the s u c t i o n surface of the blade. 

The r e s u l t s t h a t were obtained w i t h the three-hole probe 

are presented i n Figure 5.12. The t o t a l pressure loss c o e f f i c i e n t 

contours, Figure 5.12(a-c), showed the same gross features t h a t 

had been detected w i t h the f i v e - h o l e probe. For example i n the 

case of p o s i t i v e skew, Figure 5.12(c), the m i d p i t c h loss core was 

detected a t the same l o c a t i o n a l b e i t w i t h a m a r g i n a l l y lower l e v e l 

of l o s s . The three-hole probe r e s u l t s also showed t h a t there was 

loss spread along much of the endwall i n a l l three skew cases. 

The r e s u l t s f o r the p o s i t i v e skew case showed the endwall counter 

v o r t e x loss core and the passage vo r t e x loss core t o be separate. 

This i s t o be compared i n p a r t i c u l a r w i t h the c o l a t e r a l case, 

Figure 5.12(fc), where the two loss cores appeared to mix. The yaw 

angle contours, Figure 5.12(d-f), again showed good agreement 

w i t h those obtained using the f i v e - h o l e probe. 

The f i v e - h o l e probe measurements were averaged across the 

p i t c h and the r e s u l t s are presented i n Figure 5.13. The p i t c h 

averaged mass meaned yaw angles, Figure 5.13(a-c), showed t h a t the 

development of the f l o w f i e l d was dominated by the passage vo r t e x 

i n a l l three skew cases. The l e v e l s of o v e r t u r n i n g and 

unde r t u r n i n g o f the f l o w were g e n e r a l l y increased. The 

underturned r e g i o n had developed i n t o a d i s t i n c t peak which had 

moved away from the endwall c o n s i s t e n t w i t h the movement of the 

passage v o r t e x . The peak was f u r t h e s t from the endwall i n the 

case o f negative skew (Figure 5.13(a)) and c l o s e s t t o the endwall 

i n the case o f p o s i t i v e skew (Figure 5.13(c)). The r e s u l t s of 
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p i t c h averaging the t o t a l pressure loss c o e f f i c i e n t and the 

secondary k i n e t i c energy are presented i n Figure 5.13(d-f). The 

magnitude of the main peak of the t o t a l pressure loss had remained 

v i r t u a l l y unchanged since s l o t 5, however i t had moved away from 

the endwall i n the spanwise d i r e c t i o n . I n the c o l a t e r a l (Figure 

5.13(e)) and negative skew (Figure 5.13(d)) cases the loss was 

seen to increase on the endwall as the counter v o r t e x continued to 

developed. A l l three skew cases appeared to have developed double 

peaks i n the d i s t r i b u t i o n of l o s s . The peak on the midspan side 

was associated w i t h a region o f p o s i t i v e v o r t i c i t y . I n the 

negative and p o s i t i v e skew cases t h i s r e g i o n was a r e s u l t of the 

separation l i n e t h a t marked the edge of the passage v o r t e x on the 

s u c t i o n surface o f the blade. The c o l a t e r a l and negative skew 

cases also showed a peak o f secondary k i n e t i c energy. I n the case 

of negative skew the growth of secondary k i n e t i c energy on the 

endwall t h a t had been detected a t s l o t 5 was no longer present. 

I n the c o l a t e r a l and p o s i t i v e skew cases the endwall growth of 

secondary k i n e t i c energy was present although a t a reduced, l e v e l . 

The r e s u l t s of p i t c h averaging the streamwise v o r t i c i t y are 

presented i n Figure 5 . 1 3 ( g - i ) . I n the cases o f p o s i t i v e skew 

(Figure 5 . 1 3 ( i ) ) and negative skew (Figure 5.13(g)) there was a 

l a r g e peak o f negative v o r t i c i t y associated w i t h the passage 

v o r t e x . The c o l a t e r a l case, Figure 5.13(h), showed two smaller 

peaks separated by a r e g i o n o f p o s i t i v e v o r t i c i t y as a r e s u l t of 

the p o s i t i v e v o r t i c i t y near to the s u c t i o n surface o f the blade as 

seen i n the area p l o t s . On the midspan side of the negative peak 

there was a small peak o f p o s i t i v e v o r t i c i t y due, i n the c o l a t e r a l 

101 



case, t o the suction-side l e g of the horseshoe v o r t e x . I n the 

other two skew cases t h i s region of p o s i t i v e v o r t i c i t y coincided 

w i t h the separation l i n e marking the edge of the passage vo r t e x . 

5.6 SLOT 10 

S l o t 10 i s lo c a t e d downstream of the t r a i l i n g edge of the 

blade, 28% of an a x i a l chord from the t r a i l i n g edge. The 

l o c a t i o n s o f the measurement p o s i t i o n s were the same f o r a l l three 

skew cases and are shown i n Figure 5.1(e). The r e s u l t s t h a t were 

obtained w i t h the f i v e - h o l e probe are presented i n Figure 5.14 and 

the p i t c h averaged r e s u l t s i n Figure 5.15. 

The r e s u l t s obtained w i t h the f i v e - h o l e probe show the 

unbounded development o f the flow features downstream of the 

cascade. The t o t a l pressure loss c o e f f i c i e n t contours are 

presented i n Figure 5.14(a-c). The presence o f the blade wakes i s 

immediately apparent i n a l l three skew cases. A d d i t i o n a l l y the 

wi d t h o f the wake i s s i m i l a r a t midspan, as might have been 

expected, f o r a l l three skew cases. The p o s i t i v e and negative 

skew cases had the same t a n g e n t i a l coordinate f o r the wake 

c e n t r e l i n e whereas i n the c o l a t e r a l case, Figure 5.14(b), the 

c e n t r e l i n e appeared t o be approximately 10mm f u r t h e r over i n the 

negative t a n g e n t i a l d i r e c t i o n . I n the negative skew case, Figure 

5.14(a), the loss associated w i t h the s u c t i o n surface endwall 

counter v o r t e x was seen t o be h i g h l y skewed. I n the c o l a t e r a l 

case, Figure 5.14(b), the skewed re g i o n was seen t o have been 

p u l l e d around t o p o i n t a t the wake c e n t r e l i n e . I n the p o s i t i v e 

skew case, Figure 5.14(c), t h i s r e g i o n appeared i n a r e l a t i v e l y 
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unskewed c o n d i t i o n on t h e e n d w a l l . The development o f t h e c o u n t e r 

v o r t e x may i n t h i s case have been i n h i b i t e d by t h e f l o w f e a t u r e s 

a s s o c i a t e d w i t h t h e o t h e r l o s s cores t h a t were a l s o p r e s e n t . I n 

b o t h t h e n e g a t i v e skew and c o l a t e r a l cases t h e r e appeared t o be 

two d i s t i n c t peaks w i t h i n t h e l o s s c o r e . The n e g a t i v e skew case 

had m a r g i n a l l y h i g h e r v a l u e s o f l o s s . The p o s i t i v e skew case a l s o 

e x h i b i t e d two peaks w i t h i n t h e l o s s c o r e . The peak t h a t was i n 

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

t h e n e g a t i v e skew and c o l a t e r a l cases. The o t h e r peak had a 

s i g n i f i c a n t l y l o w e r v a l u e . There was a l s o a n o t h e r s e p a r a t e l o s s 

c o r e t h a t was a s s o c i a t e d w i t h t h e p a s s i n g o f t h e p r e s s u r e - s i d e l e g 

o f t h e horseshoe v o r t e x t h r o u g h t h e cascade. The secondary 

v e l o c i t y v e c t o r s a r e p r e s e n t e d i n F i g u r e 5 . 1 4 ( d - f ) . I n a l l skew 

cases t h e r e was a c l e a r l y d e f i n e d passage v o r t e x w i t h a r e g i o n o f 

c o u n t e r v o r t i c i t y on t h e midspan s i d e o f i t . C lose t o t h e e n d w a l l 

t h e e f f e c t o f t h e e n d w a l l c o u n t e r v o r t e x c o u l d be seen on t h e 

secondary f l o w s . The p i t c h a n g l e c o n t o u r s , F i g u r e 5 . 1 4 ( g - i ) , show 

a p r o g r e s s i o n t h r o u g h t h e skew cases. I t was a p p a r e n t t h a t i n 

t h e case o f n e g a t i v e skew, F i g u r e 5 . 1 4 ( g ) , t h e c o n t o u r s e x t e n d e d 

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

o b t a i n e d f o r t h e c o l a t e r a l case ( F i g u r e 5 . 1 4 ( h ) ) . The c o n t o u r s 

o b t a i n e d f o r p o s i t i v e skew, F i g u r e 5 . 1 4 ( i ) , e x t e n d e d l e s s i n t h e 

spanwise d i r e c t i o n t h a n those o b t a i n e d f o r t h e c o l a t e r a l case. 

The yaw a n g l e c o n t o u r s , F i g u r e 5 . 1 4 ( j - l ) , a l s o showed t h i s 

p r o g r e s s i o n w i t h i n what o t h e r w i s e m i g h t have been d e s c r i b e d as 

t y p i c a l p i c t u r e s o f t h e o v e r t u r n i n g and u n d e r t u r n i n g o f t h e f l o w . 

The s t a t i c p r e s s u r e c o e f f i c i e n t c o n t o u r s , F i g u r e 5.15(m-o), showed 
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t h a t s i g n i f i c a n t m i x i n g had o c c u r r e d i n a l l t h r e e skew cases. The 

c o n t o u r s d e f i n i n g t h e r e g i o n s a s s o c i a t e d w i t h t h e v o r t i c e s were no 

l o n g e r as d i s t i n c t as t h e y were i n t h e e a r l i e r s l o t s . The r e s u l t 

was most c l e a r l y i l l u s t r a t e d i n t h e case o f p o s i t i v e skew ( F i g u r e 

5 . 1 4 ( o ) ) . I n t h e o t h e r two cases t h e presence o f t h e passage 

v o r t e x was t h e most c l e a r l y marked f e a t u r e . I n t h e case o f 

n e g a t i v e skew, F i g u r e 5.14(m), t h e e n d w a l l c o u n t e r v o r t e x was a l s o 

a p p a r e n t . The streamwise v o r t i c i t y c o n t o u r s , F i g u r e 5 . 1 4 ( p - r ) , 

c l e a r l y show t h e r e g i o n s o f p o s i t i v e v o r t i c i t y on t h e e n d w a l l and 

i n t h e b l a d e wakes f o r a l l t h r e e skew cases. The r e g i o n c l o s e s t 

t o t h e e n d w a l l and e x t e n d i n g i n t o t h e wakes i n a l l t h r e e skew 

cases was a s s o c i a t e d w i t h t h e e n d w a l l c o u n t e r v o r t e x . The c o r e o f 

p o s i t i v e v o r t i c i t y t h a t appeared above t h i s r e g i o n i n t h e spanwise 

d i r e c t i o n i n a l l t h r e e skew cases was t h e shed v o r t i c i t y . T h i s 

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

v o r t i c i t y o f c l a s s i c a l secondary f l o w t h e o r y . I n b o t h t h e 

n e g a t i v e skew ( F i g u r e 5 . 1 4 ( p ) ) and t h e c o l a t e r a l ( F i g u r e 5 . 1 4 ( q ) ) 

cases t h e passage v o r t e x was marked by t h e presence o f h i g h 

n e g a t i v e v o r t i c i t y . I n t h e case o f p o s i t i v e skew, F i g u r e 5 . 1 4 ( r ) , 

t h e r e appeared t o be a s m a l l peak o f n e g a t i v e v o r t i c i t y a t t h e 

p o i n t where t h e passage v o r t e x m i g h t have been e x p e c t e d t o be 

c e n t r e d . However t h i s r e g i o n was swamped by t h e a t t a c h e d s t r o n g e r 

r e g i o n o f n e g a t i v e v o r t i c i t y t h a t was a s s o c i a t e d w i t h t h e 

p r e s s u r e - s i d e l e g o f t h e horseshoe v o r t e x . The p o s i t i v e v o r t i c i t y 

d e t e c t e d between t h i s r e g i o n and t h e e n d w a l l was p r o b a b l y n o t a 

r e a l e f f e c t . 
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The r e s u l t s o f a v e r a g i n g t h e f i v e - h o l e probe measurements 

a c r o s s t h e b l a d e p i t c h a r e p r e s e n t e d i n F i g u r e 5.15. The p i t c h 

a v eraged mass meaned yaw a n g l e s , F i g u r e 5 . 1 5 ( a - c ) , show t h e 

c o n t i n u e d development o f t h e f l o w f i e l d i n a l l t h r e e skew cases. 

The n e g a t i v e skew case, F i g u r e 5 . 1 5 ( a ) , showed a t y p i c a l p i c t u r e 

o f t h e o v e r t u r n i n g and u n d e r t u r n i n g o f t h e f l o w due t o t h e a c t i o n 

o f t h e secondary f l o w s . The d i s t r i b u t i o n s f o r t h e c o l a t e r a l and 

p o s i t i v e skew cases were f o u n d t o have remained s i m i l a r t o t h e 

d i s t r i b u t i o n s d e t e c t e d a t s l o t 8. However a peak o f u n d e r t u r n i n g 

had d e v e l o p e d c l o s e t o t h e e n d w a l l i n b o t h o f these cases. I n a l l 

t h r e e skew cases t h e o v e r t u r n i n g peak was f o u n d t o have moved 

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

passage v o r t e x . The r e s u l t s o f p i t c h a v e r a g i n g t h e t o t a l p r e s s u r e 

l o s s c o e f f i c i e n t and t h e secondary k i n e t i c energy are p r e s e n t e d i n 

F i g u r e 5 . 1 5 ( d - e ) . The p l o t s show t h a t i n a l l t h r e e skew cases 

t h e r e had been a s i g n i f i c a n t r e d u c t i o n i n secondary k i n e t i c energy 

s i n c e s l o t 8. T h i s was p a r t i c u l a r l y n o t i c a b l e c l o s e t o t h e 

e n d w a l l . The t o t a l p r e s s u r e l o s s r e s u l t s showed t h a t t h e l o s s 

a s s o c i a t e d w i t h t h e b l a d e wakes had appeared w i t h i n t h e 

d i s t r i b u t i o n . I t was a l s o a p p a r e n t t h a t t h e l o s s on t h e e n d w a l l 

had c o n t i n u e d t o grow s i n c e s l o t 8. The r e s u l t s o f p i t c h 

a v e r a g i n g t h e streamwise v o r t i c i t y a r e p r e s e n t e d i n F i g u r e 

5 . 1 5 ( g - i ) . I n g e n e r a l these r e s u l t s c o n f i r m t h e r e d u c e d s t r e n g t h 

o f t h e passage v o r t e x s i n c e t h e l e v e l s o f v o r t i c i t y were l o w e r 

t h a n f o r a t s l o t 8. I n t h e case o f p o s i t i v e skew, F i g u r e 5 . 1 5 ( i ) , 

t h e v a l u e o f v o r t i c i t y f o r t h e e n d w a l l p o i n t seems t o be a l i t t l e 

u n c e r t a i n s i n c e t h e o t h e r two skew cases i n d i c a t e d a r e d u c t i o n i n 
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v o r t i c t y on t h e e n d w a l l . A l l t h r e e skew cases showed an i n c r e a s e 

i n p o s i t i v e v o r t i c i t y on t h e midspan s i d e o f t h e passage v o r t e x 

due t o t h e presence o f t h e t r a i l i n g shed and t r a i l i n g f i l a m e n t 

v o r t i c i t y components. The t a b l e below p r e s e n t s t h e mass averaged 

l o s s e s d e f i n e d w i t h r e s p e c t t o t h e i n l e t dynamic p r e s s u r e . The 

r e s u l t s o f a mixed-out l o s s c a l c u l a t i o n a r e a l s o p r e s e n t e d i n t h e 

t a b l e t o remove t h e dependence o f t h e r e s u l t s on t h e d i s t a n c e o f 

th e measurement p l a n e downstream o f t h e cascade. The gross 

secondary l o s s was c a l c u l a t e d by s u b t r a c t i n g t h e m i x e d - o u t p r o f i l e 

l o s s (assumed t o be e q u a l t o t h e mi x e d - o u t midspan l o s s 

c o e f f i c i e n t ) f r o m t h e mixed-out l o s s c o e f f i c i e n t . The n e t 

secondary l o s s was c a l c u l a t e d by s u b t r a c t i n g t h e i n l e t l o s s 

c o e f f i c i e n t f r o m t h e g r o s s secondary l o s s . 

TABLE 5.2: SLOT 10 SECONDARY LOSSES 

INLI 
NEGATIVE 

5T SKEW TY 
COLATERAL 

PE 
POSITIVE 

Measured Loss C o e f f i c i e n t 
Measured P r o f i l e Loss 

0.272 
0.090 

0.211 
0.094 

0.168 
0.091 

Mixed-Out Loss C o e f f i c i e n t 
Mixed-Out P r o f i l e Loss 

0.352 
0.096 

0.249 
0.102 

0.206 
0.110 

Gross Secondary Loss 0.256 0.147 0.096 

I n l e t Loss 0.077 0.041 0.031 

Net Secondary Loss 0.179 0.106 0.065 

(H&: CV»echey> applied ^ «Wv5K UA ToJ&t Sy 
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The r e s u l t s g i v e n i n t h i s t a b l e show t h a t i n l e t skew has a 

v e r y s i g n i f i c a n t e f f e c t on t h e magnitude o f t h e secondary l o s s e s . 

I n t h e case o f n e g a t i v e skew t h e n e t secondary l o s s was i n c r e a s e d 

by a f a c t o r o f 1.7 and i n t h e case o f p o s i t i v e skew i t was reduced 

by a f a c t o r o f 0.6. 

5.7 AREA AVERAGED RESULTS 

The a r e a averaged r e s u l t s f o r t o t a l p r e s s u r e l o s s and 

secondary k i n e t i c energy a r e p r e s e n t e d i n F i g u r e 5.16. For 

c o m p a r a t i v e purposes r e s u l t s based on d a t a r e p o r t e d by Graves 

(1985) a r e a l s o p l o t t e d . I t i s n o t s t r i c t l y f a i r t o compare t h e 

two s e t s o f r e s u l t s s i n c e t h e y a r e f o r d i f f e r e n t spans. However 

i m p o r t a n t comparisons can be made c o n c e r n i n g t h e shapes o f t h e 

p l o t s i f n o t t h e i r magnitudes. The t o t a l p r e s s u r e l o s s , F i g u r e 

5 . 1 6 ( a ) , showed t h e c o l a t e r a l and p o s i t i v e skew cases t o have a 

s i m i l a r l e v e l o f l o s s a t i n l e t . I n t h e n e g a t i v e skew case t h e 

i n l e t l o s s was much h i g h e r . However i n t h e case o f p o s i t i v e skew 

t h e i n l e t boundary l a y e r appeared t o be r e - e n e r g i s e d r e s u l t i n g i n 

a r e d u c e d v a l u e o f l o s s . I n t h e c o l a t e r a l and p o s i t i v e skew 

cases t h e l o s s was seen t o r e m a i n a l m o s t c o n s t a n t i n t h e f i r s t 

h a l f o f t h e b l a d e passage. I n t h e n e g a t i v e skew case t h e r e was a 

s l i g h t i n c r e a s e i n t h e l o s s t o t h e h a l f w a y p o i n t . I n a l l t h r e e 

skew cases t h e l o s s was t h e n seen t o i n c r e a s e t o t h e t r a i l i n g edge 

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

The r e s u l t s based on t h e d a t a o f Graves (1985) show t h e l o s s 

i n c r e a s i n g r i g h t t h r o u g h t h e passage w i t h a f u r t h e r i n c r e a s e a t 

t h e t r a i l i n g edge. The g r o w t h o f l o s s f o r t h e skewed cases has a 
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s i m i l a r p a t t e r n t o t h a t r e p o r t e d by L a n g s t o n e t a l (1977) and 

Ma r c h a l and S i e v e r d i n g (1977) where t r i p p e d b l a d e p r o f i l e s were 

used. The secondary k i n e t i c energy r e s u l t s , F i g u r e 5 . 1 6 ( b ) , 

showed t h a t t h e r e was gr o w t h r i g h t t h r o u g h t h e passage. The 

secondary k i n e t i c energy was t h e n d i s s i p a t e d downstream o f t h e 

cascade. The n e g a t i v e skew case appeared t o have h i g h e r l e v e l s o f 

secondary k i n e t i c energy t h a n t h e o t h e r two cases. The r e s u l t s 

based on Graves' d a t a showed a s i m i l a r d i s t r i b u t i o n o f secondary 

k i n e t i c energy g r o w t h and d i s s i p a t i o n . 

I t i s i n t e r e s t i n g t o p l o t t h e mass f l o w r a t e c a l c u l a t e d a t 

each s l o t s i n c e t h i s g i v e s an i n d i c a t i o n o f t h e a c c u r a c y o f t h e 

e x p e r i m e n t a l method and o f t h e i n t e g r a t i o n t e c h n i q u e s . The mass 

f l o w r a t e s n o r m a l i s e d by t h e mass f l o w r a t e a t i n l e t t o t h e 

cascade a r e p r e s e n t e d i n F i g u r e 5.17. A p o s s i b l e e x p l a n a t i o n f o r 

t h e s c a t t e r , p a r t i c u l a r l y i n t h e e a r l y p a r t o f t h e passage, i s 

t h a t i t was n o t p o s s i b l e t o t r a v e r s e c l o s e enough t o t h e b l a d e s t o 

i n c l u d e t h e f l u i d t h a t was i n t h e s u r f a c e boundary l a y e r s . The 

mass f l o w r a t e s c a l c u l a t e d by Graves (1985) have a l s o been p l o t t e d 

and t h e y show a s i m i l a r l e v e l o f s c a t t e r . 

5.8 MOVEMENT OF THE PASSAGE VORTEX 

An a p p r e c i a t i o n o f t h e complex t h r e e - d i m e n s i o n a l n a t u r e o f 

t h e f l o w f i e l d i n t h e cascade can be o b t a i n e d by t r a c k i n g t h e 

movement o f t h e c e n t r e o f t h e passage v o r t e x and t h e movement o f 

t h e peak v a l u e o f i t s a s s o c i a t e d l o s s c o r e . The passage v o r t e x 

c e n t r e was d e f i n e d as b e i n g t h e p o i n t o f i n t e r s e c t i o n o f t h e 

p r i m a r y f l o w a n g l e c o n t o u r and t h e z e r o c r o s s f l o w a n g l e c o n t o u r i n 
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t h e probe t r a v e r s e p l a n e . The l o c i o f t h e p o s i t i o n o f t h e v o r t e x 

c e n t r e and t h e peak v a l u e i n i t s a s s o c i a t e d l o s s c o r e a r e 

p r e s e n t e d i n F i g u r e 5.18. The arrows show t h e d i r e c t i o n o f 

movement s t a r t i n g a t s l o t 3 and f i n i s h i n g a t s l o t 10. I n a l l skew 

cases t h e passage v o r t e x , o r a t t h i s s t a g e t h e p r e s s u r e - s i d e l e g 

o f t h e horseshoe v o r t e x , i n i t i a l l y moved towards t h e s u c t i o n 

s u r f a c e o f t h e b l a d e and i n t h e c o l a t e r a l case towards t h e 

e n d w a l l . As t h e passage v o r t e x grew i n s i z e i t moved away f r o m 

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

o f t h e cascade t h e unbounded passage v o r t e x headed back towards 

t h e wake c e n t r e l i n e . T h i s e f f e c t was most marked i n t h e non-zero 

skew cases. I n t h e c o l a t e r a l and n e g a t i v e skew cases t h e peak 

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

passage v o r t e x w h i l e i n t h e b l a d e passage. Downstream t h e peak 

v a l u e and t h e passage v o r t e x c e n t r e were a t a p p r o x i m a t e l y t h e same 

d i s t a n c e f r o m t h e wake c e n t r e l i n e , b u t t h e peak v a l u e o f l o s s was 

f u r t h e r f r o m t h e e n d w a l l . I n t h e p o s i t i v e skew case t h e p i c t u r e 

appeared t o be v e r y compressed i n t h a t a l l o f t h e movement 

o c c u r r e d w i t h i n a r e g i o n c l o s e r t o t h e e n d w a l l . I n t h i s case t h e 

peak v a l u e o f t o t a l l o s s appeared t o be much more m o b i l e r e l a t i v e 

t o t h e passage v o r t e x . R e s u l t s p r o d u c e d by Graves (1985) were 

s i m i l a r t o t h e c o l a t e r a l case, as w o u l d be ex p e c t e d . 

5.9 FLOW VISUALISATION 

The r e s u l t s o f a f l o w v i s u a l i s a t i o n s t u d y a r e p r e s e n t e d i n 

F i g u r e s 5.19 and 5.20. The s u r f a c e f l o w t e c h n i q u e t h a t was used 

has been d e s c r i b e d i n Chapter 3. The main f e a t u r e o f t h e e n d w a l l 
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f l o w , F i g u r e 5 . 1 9 ( a - c ) , was t h e cross-passage s e p a r a t i o n l i n e due 

t o t h e movement o f t h e p r e s s u r e - s i d e l e g o f t h e horseshoe v o r t e x 

and t h e passage v o r t e x . I n t h e c o l a t e r a l case, F i g u r e 5 . 1 9 ( b ) , 

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

b l a d e by t h e r e l a t i v e l y weak c o u n t e r v o r t e x i n t h e s u c t i o n s u r f a c e 

e n d w a l l c o r n e r . On t h e p r e s s u r e s u r f a c e s i d e o f t h e cross-passage 

s e p a r a t i o n l i n e t h e r e was e v i d e n c e o f s t r o n g secondary f l o w s as a 

r e s u l t o f t h e e n d w a l l f l o w b e i n g swept i n t o t h e passage v o r t e x . 

On t h e s u c t i o n s u r f a c e s i d e o f t h e cross-passage s e p a r a t i o n l i n e 

t h e f l o w appeared t o be swept o n t o t h e s u c t i o n s u r f a c e o f t h e 

b l a d e . I n p a r t i c u l a r t h e s u c t i o n - s i d e l e g o f t h e horseshoe v o r t e x 

was seen t o be swept on t o t h e s u c t i o n s u r f a c e o f t h e b l a d e . The 

f l o w v i s u a l i s a t i o n d i d n o t e x t e n d f a r enough u p s t r e a m o f t h e 

cascade t o d e t e c t t h e s t a g n a t i o n r e g i o n t h a t i s a s s o c i a t e d w i t h 

t h e horseshoe v o r t e x . I n t h e case o f n e g a t i v e skew, F i g u r e 

5 . 1 9 ( a ) , t h e r e were some i m p o r t a n t d i f f e r e n c e s i n t h e f l o w 

v i s u a l i s a t i o n r e s u l t s . When compared t o t h e c o l a t e r a l case t h e 

cross-passage s e p a r a t i o n l i n e was seen t o have moved c l o s e r t o t h e 

s u c t i o n s u r f a c e s i d e o f t h e passage e a r l i e r i n t h e passage. On 

t h e p r e s s u r e s u r f a c e s i d e o f t h e cross-passage s e p a r a t i o n l i n e 

t h e r e was e v i d e n c e o f s t r o n g e r secondary f l o w s t h a n had been 

d e t e c t e d i n t h e c o l a t e r a l case. On t h e s u c t i o n s i d e o f t h e 

cross-passage s e p a r a t i o n l i n e t h e r e was a s e p a r a t i o n l i n e t h a t 

marked t h e presence o f t h e s u c t i o n - s i d e l e g o f t h e horseshoe 

v o r t e x . T h i s s e p a r a t i o n l i n e d i d n o t go o n t o t h e s u r f a c e o f t h e 

b l a d e b u t appeared t o merge w i t h t h e cross-passage s e p a r a t i o n 

l i n e . T h i s w o u l d appear t o i n d i c a t e t h a t t h e s u c t i o n - s i d e l e g o f 
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t h e horseshoe v o r t e x was d i s s i p a t e d by t h e a c t i o n o f t h e passage 

v o r t e x . There was e v i d e n c e o f t h e s u c t i o n s u r f a c e e n d w a l l c o r n e r 

c o u n t e r v o r t e x . I n t h e case o f p o s i t i v e skew, F i g u r e 5 . 1 9 ( c ) , t h e 

cross-passage s e p a r a t i o n l i n e moved c l o s e r t o t h e p r e s s u r e s u r f a c e 

s i d e o f t h e passage t h e n f o r t h e c o l a t e r a l case. The s e p a r a t i o n 

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

passage b e f o r e moving c l o s e t o t h e s u c t i o n s u r f a c e o f t h e b l a d e . 

The secondary f l o w s on t h e p r e s s u r e s u r f a c e s i d e o f t h e 

cross-passage s e p a r a t i o n l i n e appeared t o be weaker t h a n i n t h e 

o t h e r two skew cases. On t h e s u c t i o n s u r f a c e s i d e o f t h e 

c ross-passage s e p a r a t i o n l i n e t h e r e was e v i d e n c e o f t h e e n d w a l l 

c o u n t e r v o r t e x . The s u c t i o n - s i d e l e g o f t h e horseshoe v o r t e x was 

n o t a t a l l c l e a r and i f i t was p r e s e n t i n t h i s case i t was i n a 

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

s u c t i o n s u r f a c e o f t h e b l a d e a r e shown i n F i g u r e 5 . 2 0 ( a - c ) . The 

main f e a t u r e s i n a l l t h r e e skew cases were t h e presence o f a 

l a m i n a r s e p a r a t i o n b u b b l e , w i t h i t s upstream edge a t about 80% o f 

an a x i a l c h o r d f r o m t h e l e a d i n g edge o f t h e b l a d e , and t h e 

s e p a r a t i o n l i n e m a r k i n g t h e edge o f t h e passage v o r t e x on t h e 

s u c t i o n s u r f a c e o f t h e b l a d e . I n t h e c o l a t e r a l case, F i g u r e 

5 . 2 0 ( b ) , t h e r e was a second s e p a r a t i o n l i n e on t h e midspan s i d e o f 

t h e passage v o r t e x t h a t was a s s o c i a t e d w i t h t h e s u c t i o n - s i d e l e g 

o f t h e horseshoe v o r t e x . These two s e p a r a t i o n l i n e s r emained 

a p a r t a l l t h e way t o t h e t r a i l i n g edge o f t h e b l a d e . W i t h i n t h e 

passage v o r t e x t h e f l o w s appeared h i g h l y skewed. I n t h e case o f 

n e g a t i v e skew, F i g u r e 5 . 2 0 ( a ) , t h e s u c t i o n - s i d e l e g o f t h e 

horseshoe v o r t e x d i d n o t go on t o t h e s u c t i o n s u r f a c e o f t h e 
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b l a d e . The s e p a r a t i o n l i n e on t h e midspan s i d e o f t h e passage 

v o r t e x must t h e r e f o r e have marked t h e presence o f a c o u n t e r v o r t e x 

t h a t d e v e l o p e d t o c o u n t e r b a l a n c e t h e passage v o r t e x . I n t h e case 

o f p o s i t i v e skew, F i g u r e 5 . 2 0 ( c ) , i t was n o t p o s s i b l e t o d e t e c t 

t h e s u c t i o n - s i d e l e g o f t h e horseshoe v o r t e x o r a b a l a n c i n g 

c o u n t e r v o r t e x . However t h e passage v o r t e x appeared much reduced 

i n s i z e compared t o t h e o t h e r two skew cases. 

R e c e n t l y Sharma and B u t l e r (1986) a t t e m p t e d t o c o r r e l a t e 

Z_„ t h e p e n e t r a t i o n h e i g h t o f t h e passage v o r t e x s e p a r a t i o n l i n e 

a t t h e t r a i l i n g edge o f t h e b l a d e . They p r o p o s e d t h e f o l l o w i n g 

e m p i r i c a l r e a l t i o n s h i p 

0.15 ( a TE ax 

where 

A v a l u e o f 58mm i s o b t a i n e d f o r a l l t h r e e skew cases u s i n g 

t h i s f o r m u l a . However measurements t a k e n f r o m t h e f l o w 

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

85mm f o r t h e n e g a t i v e skew case, 64mm f o r t h e c o l a t e r a l case, and 

45mm f o r t h e p o s i t i v e skew case. I t i s n o t s u r p r i s i n g t h a t t h e 

c o r r e l a t i o n g i v e s r e a s o n a b l e r e s u l t s o n l y f o r t h e c o l a t e r a l case 

s i n c e i t was e m p i r i c a l l y based on l i n e a r cascade r e s u l t s f o r 

u n i f o r m i n l e t f l o w c o n d i t i o n s ( a p a r t i c u l a r cascade t e s t used t o 

d e r i v e t h e c o r r e l a t i o n was t h a t o f Graves ( 1 9 8 5 ) ) . However f o r 

t h e skewed cases p r e s e n t e d h e r e t h e i n l e t boundary l a y e r t h i c k n e s s 
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was c o n s t a n t and t h e r e f o r e was n o t a good i n d i c a t o r o f t h e 

cha n g i n g f l o w c o n d i t i o n s . 

5.10 SURFACE STATIC PRESSURE DISTRIBUTION 

The s t a t i c p r e s s u r e d i s t r i b u t i o n was measured on t h e 

s u r f a c e o f t h e b l a d e a t s i x spanwise d i s t a n c e s f r o m t h e e n d w a l l 

f o r each o f t h e skew cases. The l o c a t i o n s o f t h e t a p p i n g s a r e 

shown i n F i g u r e 3.4 and t h e r e s u l t s a r e p r e s e n t e d i n F i g u r e 5.21 

and 5.22. 

d i s t r i b u t i o n o f t h e c o e f f i c i e n t on t h e p r e s s u r e s u r f a c e o f t h e 

b l a d e was s i m i l a r . The d i s t r i b u t i o n o f t h e c o e f f i c i e n t on t h e 

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

l e a d i n g edge as t h e e n d w a l l was approached. T h i s r e d u c t i o n was 

most marked i n t h e case o f n e g a t i v e skew and l e a s t n o t i c a b l e i n 

th e case o f p o s i t i v e skew. A s l i g h t l o a d i n g e f f e c t was a l s o seen 

a t t h e t r a i l i n g edge o f t h e b l a d e . N e g a t i v e skew appeared t o 

s l i g h t l y reduce t h e b l a d e l o a d i n g , and p o s i t i v e skew i n c r e a s e i t , 

r e l a t i v e t o t h e c o l a t e r a l case. The p o s i t i o n o f t h e peak s u c t i o n 

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

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

f l o w v i s u a l i s a t i o n r e s u l t s . F i g u r e 5.22 compares t h e midspan 

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

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

I n F i g u r e 5.21 i t can be seen t h a t i n a l l cases t h e 

b l a d e p r o f i l e . W i t h i n e x p e r i m e n t a l l i m i t s t h e r e was 
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agreement. The r e s u l t s o b t a i n e d f r o m t h e t a p p i n g s have been 

compared w i t h t h e r e s u l t s o b t a i n e d w i t h p r e s s u r e s e n s i n g probes 

and d i s c u s s e d e a r l i e r i n t h i s c h a p t e r . 

114 



4 4 + 4 4 4 4 4 4 + + + • + + • + • + * + + + + + + + + + * 

+ + + 4 4 + + + + 4 + + + + + • + • + + + + + + + • • + + + 

4 4 4 4 4. + + 4 4 4 4 4 4 + 4 4,44 + 4-44 + +.+ ++ + + * 

4 4 4 + 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 + 4 4 4 4 4 + 4 

+ 4 + 4 4 4 4 4 4 4 

4 4 4 4 + + 4 + + + 

• 4 + + + 4 4 + + + 4 4 + + + * + 4 4 4 4 4 4 4 4 4 4 4 4 4 

+ + + + + + 4 4 4 + 4 4 4 + + + + * + + + + + + + + + + + + 

4 + * 4 4 + + * 4 + 

+ + 4 4 4 + 4 4 - 4 4 

4 + + 4 + + + 4 - + 4 4 4 4 4 4 4 4 4 4 4 + 4 + + * + + * + + 
4 •» 4 + + + + 4 4 4 4 4 4 + 4 4 4 4 4 4 4 4 + + + + + + + + 

o in o in — r- m c\» 

t i l l 

4 4 4 4 4 4 4 4 4 + 4 4 + + + 4 4 4 4 4 

+ 4 4 4 + 4 + 4 + • + * 4 4 4 4 4 4 4 1 

+ + + + + + + + + 4 4 . 4 4 + 4 4 4 4 4 4 : 

+ + + + + + + 4 4 4 4 4 4 4 4 + + + + +; 

4 + 4 + 4 4 4 4 4 4 4 4 4 4 4 4 + 4 4 + ! 

+ + + + • + + + 4 4 4 . 4 4 4 4 4 + 4 44! 

4.4+ 4 4 + + + + +.+++4.4+4+44. 

+ + + 4 4 4 4 

4 + 4 4 

• 4 + * + 

4 4 4 4 4 + 4 4 

+ + 4 4 

4 4 4 4 + + 

I I 1 f I I I 
4 + 4 + 4 4 4 * . 4 + + + + + + + + + + + 4 + +..+ + + + + + +: 
4 4 4 4 4 4 4 4 4 4 " 
4 4 4 4 4 + 4 4 4 4 + 4 4 4 4 + + + + + + * + + + + + 4 4 4 
4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 + 4 + 4 4 4 4 + 4 4 4 4 4 4 4 
4 4 4 4. 4 4 4 4 4 4 + + + + + + + + + + + + + + + + + + + + 
* + 4 + + + * + + 
4 4 4 4 4 4 4 + 4 4 4 4 4 4 4 4 + 4 4 4 4 4 4 4 4 4 4 + 4 + 
• + * + + + • * + + + • • • + • + + + + + + + + + + • • + + 
4 4 4 4 4 + 4 4 4 4 
+ + + + + + 4 4 4 4 + 4 4 . 4 4 4 + 4 4 4 4 , 4 , 4 4 * 4 4 + 44; 
+ + + + + + + + + + + + + + + +;44 + -t + 4 + 4 + + + + 4 4 
+ + + 4 4 4 4 4 4 + 4 + : + + + + : + 4 4 + * + + 4 + + + + + + 
+ + 4 + 4 4 4 * + + 

+ 4 4 4 4 4 4 4 4 4 

4 4 4 + + - + + + + + + + + + + + + ++ + +,+ + + + 4 + +.+ + 

4 + 4 4 + 4 + + 4 -4 4 4 + + + + + + * + . * + + + + + + + + +, 

+ 4 4 4 4 4 + 4 4 4 + 4 + + + + + + + + + + + + + + + + + + 

+ + + + 4 4 4 4 4 4 

4 + 4 4 + 4 . 4 4 4 + + 4 4 4 • + + + ++ + +.+++ + + • + + 
4 + 4 + + + + + + + +++,+ + + + + + + * + + + + + 4+4.+ 
+ 4 4 4 + + + 4 + 

4 4 4 + 4 4 4 + 4 + 4 4 4 4 + 4 4 4 4 4 4 4 + 4 4] 
4 4 4 4 4 

+ + 4 4 + 4 4 4 4 4 
4 + 4 4 4 + + 4 4 + 
4 4 4 4 4 4 4 4 4 4 4 4 + 4 4 + + + 4 + 4 4 4 4 4 4 4 + 4 + 
4 + + + • * • + + + + 

4 4 4 4 4 
4 4 4 4 4 

-fr- H— 

4 4 4 4 4 4 4 4 4 4 + + + + + * + + + + * + + * 4 + + + + + 

4 * + + + + + + + + + + + + 4 + + + ++++: 

(A 
C 

03 

c 

a 
a 
L 
a 
v, d a 

a 
-E 
C 
a. 
<D 
:ti 3 
V. 
Vi 
a 
L QL 

— — |N-

4 4 4 

4 4 4 

4 4 4. • + + + + • ' * + + + 

• • + 4. 4 4 4 4 4 4 4 + 4 4 

4 4 4 4 4 + 4 4 + + + + + + + + + 

4 4 4 • + 4 4 • + + • * + • .++ + 

• + • + + + + • + +'+ + + +'+ + • 

4 4 4 + 4 4 4 4 4 4 4 + 4 4 + 4 4 

4 4 + + + + + + + + + + 4 4 4 + 4 + + + + + + 

+ 4 4 . 4 4 4 4 + 4 4 + 4 4 4 4 + + + 4 4 4 + 4 + 4 + + + * + 

+ . • 4 4 

4 4 . 4 4 4 4 .4 4 4 4 + + * + + + + + + + + + + + + + + + + + 

4 4 4 4 4 4 4 4 4 4 4 + + + 4 4 + • ' + * + • + ++ + 

4 4 4 4 4 4 + 4 4 + 

a i 
a 

in 
on 

+ • + • • 

fN CM 



c 
a 
£ 
(D 
L 

« 

c 
L 

L 
• 
01 
M 

a 
L 
GL 

in 

Z3 
C J 



o 

-/ 
• • 

• - / 

• • / 

• / 

• i 
. ./ 

- / 

/ 

• •/ 

•'i 

••'i 

• • •/ 
..,A 

/ 

0 

• « \ \ 

• i i 

. . i i 

. . . n i l / / 

. M \ V \ M l | 

• . . IMW-

• •>»>\\\\l 

»u\ 

CM OJ — in rsj 



in ' 2 in 

\1 in in 

in in 

in in 
in 

UJ UJ 
u J en in in UJ 3 UJ 

in in in in ry 
tn tn 

UJ UJ in uJ 
in ry 
• UJ 

in in I 

in a in on 
in in in in CM in in in in CM CM in in in in CM ry in 

in in 

in in 

in in fM 
ry 

in I in 
in in UJ UJ u i UJ in in UJ 

a UJ 
in in in (M 

in ry 

in 

UJ UJ in UJ 
in ry UJ 

in in 

in (_> m • 
J ? 

in in in in in eg in in CM in in eg eg in CM eg in in in cy CM eg in 
in in 

L 
I 

in in UJ 
in in eg ry 4 

m in 
t n 

tn UJ UJ UJ 
UJ in in a UJ 
UJ 

in in in ry in 
tn in 

i f K 
UJ UJ in LU ry A s ey 

in in 

in in 

in in . m in in in ry in ry in in ry in ry eg eg in in in ry eg eg in ry 

I 



in in 

in in 
UJ in in CM 

oj U J 

UJ 
in in 

L U 
in 

U J in in CD 

in in ( M 
oj LU 

tn to 
U J 

in LU O LU in in in O J LU OJ >-

0 < in in 

in t o 

en 
L n Ln in in in CM in in in in oj Ln oj OJ in in in OJ OJ in OJ 

in in 

in in 

I D LU 
in in OJ O J LU 

3 o UJ 
Ln 

in 
LU 

LU in in 

in in O J 
oj U J 

in UJ in 
UJ 

in UJ in UJ in in oj UJ OJ 
A If* 

tn in i 

in in in 
t 

LM LP in in in in oo in CM in in O J in OJ Oj in OJ in in OJ OJ OJ in O J 
O J 

in tn 
i n 

Is in in U J 
LU 

in OJ UJ 
C 3 or 

I 
UJ V? u. 

to in in 

LU in a o LU in in 

< z: a) 

in VP LO OJ oj UJ 
tn U J in 

LU 

in LU in LU CO in OJ UJ OJ 
' I ! 

6 in in 
i 

in. in in 
• 

in in in in LP OJ in tn OJ in O J in CM in OJ OJ in oj OJ OJ in 



1 1 1 1 
e 

8 

- i i i i i i 

8 <n 
- 1 3< 

cn z 

• i i i 

I— Z 

P H 

' SI 

o i mi i 

8 8 !S 2 S § 
i 

« * O 
O 

§ 

i -

i 3 

^ I 

o 

Ki 
l 

O 
1/1 

I 

KJ 
I 

•a 

s 
a _ 
i n 
<r> _ -< > 

3 § -

8 ^ 

8 

e 
a 
K 

o 

N 
I 

a 
i 

i 
8 

I 

e 
a 
w 
§ 
ic 

a 
N 

S 8 !S 5- 5 § • K a 
- i i i i i i i i 

8 

<n -
3 

s 

g § 
C 8 S 8 u g 



200 

150 

100 

200 

150 

100 

50 

200 

150 

100 

50 

52 AO 48 56 64 
YAW ANGLE (DEGREES! 

32 40 48 56 64 
YAW ANGLE (DEGREES) 

32 40 48 56 6". 
YAW ANGLE (DEGREES) 

200 

150 

100 

. - . .TOTAL PRESSURE 
,-x.SECONOARr K. E. 

IX 

0. 0 0. 2 0. 4 0. 6 0. 8 
TOTAL PRESSURE - O S S 

8 SECONDARY KE 

200 

150 

100 

50 » 

. - . « 1 0 7 « L PRESSURE LOSS 

.-..SECONDARY K. I. 

0. 0 0. 2 0. t 0. 6 0. 6 
TOTAL PRESSURE LOSS 

E SECONDARY KE 

200 

150 

100 

50 i 

. - . = 1 0 1 » L P R I S S U R : t o s ; 

. - . . S E C O N D A R * K. E . 

0. 0 0. 2 0. 4 0. 6 0. E 
TOTAL PRESSURE LOSS 

8 SECONDARY KE 

- .NORMAL cortPONtW — . N O R M A L conpoNtft^ 

150 ' 150 

100 - 100 

50 • 50 • 

\ 

- 1 2 - 8 -4 0 4 - 1 2 - 5 -4 ( ) 4 

!AL COnPCME^ 

150 

100 

50 

STREAMV1SE V0RT1CITY SYREAMW1SE V0RTIC1TY 
- 1 2 - 8 - 4 0 
STREAMWISE V0RT1C1TY 

F i n i J R E 5 . 4 . P i t c h A v e r a g e d R e s u l t s F o r S l o t 1 



I I I I t I I 1 ( 1 1 1 1 1 

in in 

C O 
CM 

U J o U J C O 

in 

\ C D LU C D 
U J 

on CM 
in to to U J 

U J 
C O 

= > U J 

N1 in to U J 

l_> 
in UJ 

CM 
to in 

U J 

tn in 

O J CM 
C D r g C D 

in ID in 

in IN r g 

U J 
U J in l U J 

in U J 

U J C D U J C D 
U J 

in O J 
in in O to U J 

X U J 

cn U J U J 

in to U J 
• f S S S S / S f t or 

U J in in CM CM 
in in 

U J 

o C\J CM 
CD C D 

in 
L P 

U J 
OH 

in to 
C J 

in CM 

UJ 
U J to U J 

C O 
U J 

U J C D C D 
U J 

• I I I f f C X 

to CM 
* \ \ * \ to in to U J LU 

/ / tu cn 7 U J U J 
to to U J 

LU in in r g rvj 
to in 

U J 
to 

co 

CM 
C O CM CM 



in in 

CM CM 

O 

in U J U J I D U J <3 U J C D UJ C O 

in in 

U J ID U J 

U J 

en 
in 

in 

CM 
C O CM C O CM 

in in 
///II 1 

CM 

tn VJ 
U J U J U J U J 

U J C O U J C O 

in in 

1 
to in 

U J I D 
U J 

U J 

in in 
in in 

I 

CM CM O C O C O CM 
U n 

u l 

UJ 
a : 

in in 
a. 

rsi CM 

V ) en U J U J U J UJ 

VP C D 
U J C O U J C O 

n in in 

in V ) 

U J U J U J 

ID 
tn V ) 

CM CM 
in in 

<_J t_> 

cn 

a CM CM 
CD CM C O CM 



U J 
in in 

U J 

O CM 

LU 

UJ 

S> 
in 

U J 

C D l_> C D 
C O 

U J 

0 < c in U J in 
UJ 

in kj 9 
O U J in 

r 
U J 
or 

in to 
in rvj 

in 

in 
i n 

C O 
tt> CM 

I 

in i n 

y 
U J 
or 

CM 

U J 

LU 
in 

U J 

C D 
C O a C O 

U J 

in U J in 
U J 

CD in U J O in i - JU 
U J 2 

LLJ 

in in i_> CM 
in i n 

in i_> 

CM 
CM co 

i n 

i n 
00 ° P 

L U •' •« i> at U J 
in in 

U J 

CM 

0 
U J 

UJ 
in 

U J 

CD C D 
CO 

U J 

in j ? U J in 
U J 

in U J o in t— Jr U J 
U J z «*• L J 

A 
in in CM i n CM 

in 

in 
M r« «i 

CM 
CM CO CM C D CM 

i 





200 200 200 

'SO ! 5C 1 SO 

100 IOC iOO 

so so so 

-14 - 7 0 7 14 
YAW ANGLE (DEGREES) 

-14 - 7 0 7 14 
YAU ANGLE (DEGREES) 

-14 - 7 0 7 14 
YAU ANGLE (DEGREES) 

20C 

I S C 

100 

. I C U L P R E S S U R E L O S S 

.SECONDARY K. I . 

200 

150 

;oo 

•-•.TOTAL PRESSURE LOSS 
x-«,SECOW)ARY K. E. 

20C 

150 

100 

50 

- . . T O T A L P R E S S U R E L O S S 
- . . S E C O N D A R Y K. E . 

0 . 0 0 . 7 0. - 0 . 6 
TOTAL PRESSURE LOSS 

8 SECONDARY KE 

0. 0 0 . 2 0. 4 0. 6 
TOTAL PRESSURE LOSS 

8 SECONDARY KE 

0. 0 0. 2 0. 4 0. 6 
TOTAL PRESSURE LOSS 

£ SECONDARY KE 

* 0 C rt 200 000 'til ORE'! i HE O R E T ! C A L V A L U E S rilORETICAL VALUE 

It i 

1 
50 'SO 

' CO • 00 
UJ 

'J 
50 00 EO 

CO 

en 

- 2 4 - 1 6 - 1 2 - 6 0 - 2 4 - 1 8 - 1 2 - 6 0 -24 - 1 8 - 1 2 - 6 0 
STREAMU1SE VORT1C1TY STREAMU1SE VORT1C1TY STREAMW1SE VORT1C1TY 

F I G U R E 5 . 7 . P i t c h A v e r a g e d R e s u l t s F o r S l o t 5 



s X \ 

x \ \ 

v l 

M l 

M l 
- x \ 

^ 
^ 

^ - X , 

- J o 

» - z 
o o 

W W W -

' s — — -

t I I / f s s s-*^ 

. \ 

\ 

~ ^ N \ \ 

-\\ 
1 1 1 1 1 1 / - 0 v \ \ 

' ' " / / / / / / / - - - " A \ ^ 

' 1 1 I I I 1 / / / / ' - \ \ ( 

^ x \ \ \ \ \ \ \ ^ - - / / / / j y 



I I I I I I I t i l l 

in IT) 

/ t\l 

in • UJ 
UJ UJ 

L J UJ 
i n UJ 

rsj 
UJ 

to I f ) 
L-J to in 

cc <M 

VA 

to i n 
CD 

CM CM 

CM 

\ CD l! UJ 
Li; 

L J 
U J 

IT i n 

tn 

Uj 
(M 

LD 

• L J 

• 

CM CM 

• 

O P 
CM u • CM 

i in" 
U J 

I in 

(L 
rvi CM 

• 

tn •r UJ UJ 
UJ UJ 

UJ 

0 tn 

L J u 
UJ 

(AJ CM 

to LO 

to CO 

• 



I I 

LU J 

r j og 

i 0 
I U 

LU 
to 

UJ 

LU Lu • 
ii I 

in 

i 
in 

og 
• 

• 

Cs! • •o 

i 

o 

if] i n 

01 i 
UJ I OJ 

! Out 
L i i 

CO 

UJ 
71 C D 

O i l 

UJ in —i U-J 

in D UJ in t— O 
vl 

r. 

• I 

OJ • I I 
1 

C\l •: I a. o j oa 

00 oo oo op 

I J 
L." in 

'•••I 

u.i 

LU 

-
r C D 

u_ o p 
LU i 

( 9 in L.J LU in 

UJ D LU 
L J L J OJ 

i n 

in L J 

r\j O: • 

OJ CM 
OJ NO OJ 



in 

r LU 
CD GO LU 

LU 

U J U J 
-o 

Ln 
tn in in in 

UJ 
LU U J 

oj CM in i u U J 

a. iri tn 
CO in 

in 
oj oj 

Lu CM OJ 
00 CO OJ 

tn 
OJ OJ or 

UJ 
tn CD CO U J 
U J 

U J LU 

in CO 
CO 

in tn 

V) t u 
L u U J o in OJ CM in U J U J 

o: 
in CO 

in CO 

OJ OJ 

OJ CM 
CM 00 CD OJ 

o 
in 
LU to CO 

OJ CM 

C J 

I LU 
in CD CD LU 
U J 

CD 
LU LU 

i n 
in in CO o CO 

LU 
UJ Z ) U J 

CO OJ OJ CO 2 
U J U J 

to CO 
- j a 

in CO 

OJ CM 

to 

OJ CM 
CM CO OJ 



150 

100 
U J 

LO 

50 U J 
in 

-72 - 64 - 5 6 - 4 8 - 4 0 
YAW ANGLE (DEGREES) 

150 

100 

50 

-72 - 64 - 5 6 - 4 8 - 4 0 
YAW ANGLE (DEGREES) 

200 ? 0 0 
TOTAL PRESSURE LOSS TOTAL PRESSURE LOSS 

• SECONDARY fc. E SECONDARY K. E. 

150 150 

LiJ 

100 100 
LLJ 

)— 

50 5C U J 

i n 

0. 0 0 . 2 0 . 4 0 . 6 0. 0 
TOTAL PRESSURE LOSS TOTAL PRESSURE i OS 

i. SECONDARY KF 8 SECONDARY Kt 

200 
THEORETICAL VALUES THEORETICAL VALUES 

4 

150 15C 

100 100 
U J 

CO 

50 50 U J 
to 

24 18 12 0 18 12 0 
STREAMW SE VORT C T Y STREAMW] SE V W U C J T Y 

150 

100 

50 

- 7 2 -64 - 5 6 - 4 8 - 4 0 
YAW ANGLE (DEGREES) 

200 
TOTAL PRESSURE iDSS 
SECONDARY K. E 

150 

oc 

0. 0 0 . 2 0 . 4 0. 6 
TOTAL PRESSURE LOSS 

£ SECONDARY KE 

- -THEORETICAL VALUES 

150 

100 

50 1 

-24 - 1 8 - 1 2 - 6 0 
STREAMW!St" V0RT1CITY 

F I G U R E 5. 10 , P i t c h A v e r a g e d R e s u l t s F o r S l o t 5 



- J o 
-< t — 
1- 2 

V 

3 

• i i / / / / / / / / , • — N \ ^ 

' ' ' I I I / / / / / s - < \ 

I 11 

111 

111 

I \ 1 

\ \ \ 

\ \ \ 

N I / / / / / A - \ \ 
min//M 
mil l " u 

null 

"WWW? 
\ \ \ \vA\v /A 

. . • i l l / I / I f / / / " - < \ \ 

" " / / / / / / / / / / / V - N \ 

" " / / / / / / / / / / / / - \ \ 
> M l l f | / / / / / / / / ^ \ 

(///"-Hi 
//—111 

" i t / / / / / / / / - ' 

1 ' ' / / / / / / / / / / / — w \ \ 
i i i '//////////—w\\ 

} ( / / / ^ \ \ \ \ 



in tn 

0 r g 

J 
i 

t n 
UJ UJ 
UJ UJ 
or. CD C D C O LU UJ 

i LH L n 

to tn 

rg r g 
UJ LU 

CO UJ 

UJ 

tn in tn 
tn to 

CM 
C O CM C O eg 

in in 

Q) r g rsj 

0) 

tn in UJ LU 
LU 

or CD a C O UJ UJ 

3 in i n 

tn tn 

ft 
r y CM 

UJ 
UJ 

LU 

LD 

.3 in to 
to in 

CM CM 
C O CM CD rg 

in in to 

UJ 
on CM CM 

a 0 
tn to LU LU 
LU UJ 

CD C O C O 
3 
in in 

in in 

0 rg CM 
LU­ LU 

LU 

UJ 

LD 

A 2. to in 
in to 

O J 

o o o o o o 
- » C M O O O O O - * CM O O O O O 
— — — CO »0 -» C\| O — — — C O - O - » C M O 



I I ^ I I I ^ ' , , ' H I I t I I ( | 

to to 

V UJ 

CM UJ 

U J 

LU 
CO 

UJ CD C D CD 

0 LU 

CO UJ CO 

LU 
or 

O J 
O UJ (O 

CO to 

0 UJ 
Or mix or 

in cn in to 
in in 

I I 

CM ( M 
C D CM C O CM 

i n 

V V, cn 
a C J CM CM LU 

or 
0) 

U J 

U J 

0 in 
UJ 

C D CO l_> 

U_ 

LU 
U J in (_) CO 

UJ 
CM CM 

UJ CO U J 
CO I 
U J l 

0 1 
C J in in in 

in CO 

CM CM 
CM CD C D CM 

I I in in tn 

LU UJ 

CM CM U J 
(A 

UJ 

•O 
LU 

tn 
LU 

C D C D C D 
1 

U J 
U J CO CO 

UJ 
CM CM 

O U J CO U J 
C J CO 

UJ 

a 
tn tn tn 
tn in I 

CM CM 
C O CM CM 



I I I I I I I I I I I I I I 
in in 

I CM CM 

1 
U J 

tn U J 

O 
CD 00 U J 

in 7 in in tn tn 
UJ 

CO ry CM 3 UJ U J 

tn tn U J U J 

if) 

in tn 
tn tn 

4 
CM 

CD CM CO CM 

in 01 
CM CM 

a 

U J 

U J 
U J 

CD CD U J 

in in 1 in o tn tn 
U J 

CM CM 
UJ U J 

in tn U J 

in in 
in in 

CM CM CD CM CO CM C\ 

U1 in in 
UJ 

CM CM 

(J 

U J 

tn U J 
U J 

CD CD U J U J 

in in in in tn 
U J 

CM CM 
UJ U J 

I in tn U J U J 

in to 
tn in 

CM CM 
CD CM CO CM 



D 

U J 

o 
U J 

-* 

a in 

200 200 

150 150 

100 100 

50 50 

-80 -75 -70 -65 -60 -80 -75 -70 -65 -60 
YAW ANGLE (DEGREES) YAW ANGLE (DEGREES) 

200 200 I TOTAL PRESSURE LOS TOTAL PRESSURE LOSS 
SECONDARY K. E. K. i . S f CONQA 

150 150 

o 
0« 100 U J 

r 

50 

0. <. 0.0 0.2 0.6 0.0 
TOTAL PRESSURE LOSS TOTAL PRESSURE LOSS 

& SECONDARY KE 8 SECONDARY KE 

THEORETICAL VAL THEORETICAL VAL 

F 
50 1 150 

C J 

U J 

1 100 100 

LO 

5X5 yj 

LO 

0 0 
STREAMWISE V0RT1C1TY STREAMUiSE V0RT1C1TY 

200 I 
150 

• 

100 

50 \ 
-80 -

YAW 
75 -70 -65 -60 
ANGLE (DEGREES) 

200 
r 

TOTAL PRESSURE LOSS 
SECONDARY K. E 

150 

100 

50 

0. 0 0. 2 0. A 0. 6 
TOTAL PRESSURE LOSS 

8 SECONDARY KE 

— . T H E O R E T I C A L VAL̂ PP 

'5C 

100 

-9 - 6 - 3 0 3 
STREAMWISE V0RT1CITY 

F I G U R E 5. 1 3 . P i t c h A v e r a g e d R e s u l t s F o r S l o t 8 



9 
mi lll> >l 

!"-\\ M i l l 
M i l l 
m i l 

"Miiimij//'-\\ 
">niiin////yA\| 

"uMlfmill/-

- — w s v 

i n i 
' U l l l l l l - l 

H I I I I H - i 
I ' 11 11 I 

in in 

i I I 

////'-^«>>Ul 
l//s-s\\\\\\\[\ 

[iMliiiiuii 
j y / / / / " / / / / 

i n •'Willi 
i i ' > \ u \ u m 

c 
tn 
L 
C 

u. 
0 

« 
a 
Q) J] c 
L 

a . 
Q) 
O X I 
a 

4 

in 

UJ 

d 



in 

0 



in 

tn o in Q m 
— — — N. in OJ 

l l t l l l l 

s § 

o a 
& 

o 

S g 

G 
CD 
L 
G 

U_ 
U 

• 
a 

(B 
G L 

in 
LU 
ZD 
a 



POO 20C 

i 
150 i 50 1 SO 

i 00 100 

tn 

SO 
U J 50 SO 

76 -72 - 6 8 - 6 4 - 6 0 76 -72 - 6 S -64 -OU 76 -72 - 6 8 - 6 4 - 6 0 
YAW ANGLE (DEGREES) YAV ANGLE (DEGREES) YAW ANGLE (DEGREES! 

POO POO ?0i' TOTAL PRESSURE LOSS TOTAL PRESSURE LOSS TOTAL PRESSURE LOSS 
SECONDARY K. E SECONDARY K. E. SECONDARY K . E . 

150 ' S O 150 * 
L.L-

i O O • 00 
LlJ 

> 

50 5C UJ 

Ln 

0. 4 O. 6 0. 0 0. 2 0. 4 0. 6 0. 0 0. P 0. 0 0.2 0. * 0. ( 
TOTAL PRESSURE LOSS TOTAL PRESSURE LOSS TOTAL PRESSURE LOSS 

i SECONDARY ICE 8 SECONDARY KE 8 SECONDARY KE 

POO POO POO 

—J 

• 50 • 

( 
100 i V 100 100 

I t I 
L J 

5 LxJ LTi 

0 0 0 
STREAMW1SE VORTICITY 51REAMy1SE V O R T I C I T Y 5TREAMUJSE VORTIC ITY 

FIHURF S . I S , P i t c h A v e r a g e d R e s u l t s F o r S l o t 10 



Negative 

S 

Colateral 
0.2 

CD 

Positive 
to 
CO 

9 
CO 

CD 

0.1 

CO 
CO 

5 100 50 
% Axial Chord From Leading Edge 

From G r a v e s t ! 9 8 5 J 

LU 

Negat ive CO 

Coia tera l CD 
CO 

Posit ive 

100 50 
% Axial Chord From Leading Edge 

FIGURE 5.16: Development Of Loss 



m 
oo 

CO 
© > 
CO _ 

O >- > 

2 o S 
L L O Q_ 

0 > 
_ « 
CO O) 

CD 

CM 

T O 
.2 
X 

< 

/ 

o 
LL 
CO 
€0 
CO 

T 3 
CD 
CO 

a a n 

E 

O 
O 

HI 
cc 
g 
LL 



X 
© 
I** 

o 
> 
CD 
O) 
CO 
CO 
co 
co 

Q. 

CD 

o 
o 
co 
CO 
o 

CD 

CO 

CD 
> 

CO 
O 
0. 

CO 

o 

o 

o 
IN CM 

O 

o o 
CO 

o 
CD 

O 
" J -

O 
CM 

E 
E ^ — > 
CD 
C 

CD 

C 
CD 

o 
CD 

CO 

CD 
O 
CO <—* 

i E 

CO w 

o to 
O T3 
3 C 

CO UJ 

E o 

CD 
O 

c 
CO 

10 

.2 

< 

E o 

CD 
O 

c 
CO 

w 
5 
w 
X 

< 
I 

> 

CO 
k. 
CD 

o 
o 

V 

— J 

o **co 

o 
•CO 

o 

o 
"CM 

o o o 
CO 

o 
CO 

o o 
CM 

5 
CD 

CO 

CD 
> 

CO 
o> 
CD 2 

o o 

o 
'CO 

1-5 

CM 

1 1 1— — r — 
o o o o o o CO CO CM 

® 
> © 
X 

CD 

> 
0) 
OS 
CO 
CO 
CO a. 
e • co 
ib 
iu 
DC 
g 
LL 

t o 



Negative Skew 

Colateral 

Positive Skew 

FIGURE 5.19: End wall Flow Visualisation Results 



CO CO 

CO 

CO 
0) 

CO 
CO 
CO 
3 
CO 

CO 

0 
CD 

CD o 

CO 

CO 

CM 
in 

LU 
CO 

.1 

O) 



CD 

CO 
CD 

CO 

CM 

CD 
in CM 

CD 

CD m in in in m in 
< (o fo ro ro ro ro 

CM to in o o CM 

CO 
CO B < t> 0 O Q Q CO 
CD in <D 

CO 

O 

CO 
CM 

CO 
CD f 

CM in CM 

LU 

LU CD CO 

E 2 
w o CD 

CO 
O CO 

JZ co CD 
O £ 

CO CO 

CD 
CO 

5? CO 

co co CM 

I 

in to CM 
I 



Suction Surface Colatera l 
2-D Prediction 

1: -ffl FJ9-
S 1 

tfv 
Negative Skew 

Positive Skew "flO 
1 

CD 1 
CD 

CD 

CO 
CD 

O 
1.5 

co 

CO 

1.0 
ffl 

7 20 40 60 80 

% Axial Chord From Leading 

1.0 
Pressure Surface 

FIGURE 5.22: Midspan Static Pressure Coefficient 



CHAPTER 6: MODELLING RESULTS 

This chapter reviews the r e s u l t s t h a t have been obtained 

using models o f v a r y i n g complexity f o r the JAW cascade. The 

r e s u l t s were obtained using loss c o r r e l a t i o n s , a t h e o r e t i c a l 

secondary flow model, an i n v i s c i d 3-D timemarching model, and a 

viscous 3-D model. 

6.1 SECONDARY LOSS CORRELATIONS 

I n Chapter 2 reference was made to a number of c o r r e l a t i o n s 

f o r the p r e d i c t i o n o f secondary losses i n a cascade. These 

c o r r e l a t i o n s have been used t o c a l c u l a t e the secondary losses f o r 

the JAW cascade and the r e s u l t s are given i n Table 6.1. I n the 

cases of Dunham (1970) and Dunham and Came (1970) i t was assumed 

t h a t the c o r r e l a t i o n s were f o r the net secondary l o s s . The values 

i n Table 6.1 are f o r the gross secondary loss and where 

appr o p r i a t e the c o r r e l a t i o n was cor r e c t e d by adding on the i n l e t 

l o s s . The values of i n l e t boundary l a y e r displacement thickness 

and momentum thickness were taken from the experimental r e s u l t s 

f o r the case of fl o w r e l a t i v e t o the cascade i n Table 5.1. Also 

shown i n Table 6.1 are the experimental values f o r the gross 

secondary loss taken from Table 5.2. 
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TABLE 6.1: GROSS SECONDARY LOSS CORRELATIONS 

SOURCE 

Dunham (1970) 
Dunham and Came (1970) 
Came (1973) 
Morris and Hoare (1975) 
Chen and Dixon (1986) 

INLET SKEW TYPE 
NEGATIVE COLATERAL 

0.130 
0.151 
0.097 
O O t l 
0.095 

0.082 
0.116 
0.056 

0.057 

POSITIVE 

0.069 
0.104 
0.049 
D-03? 
0.046 

Experimental 0.256 0.147 0.096 

These c o r r e l a t i o n s are c l e a r l y unable t o p r e d i c t a c c u r a t e l y the 

magnitude of secondary loss f o r even the baseline case of a 

c o l a t e r a l i n l e t f l ow. I n the case of Chen and Dixon (1986) there 

was no d i f f e r e n c e between the r e s u l t s obtained using the 

experimental value f o r the momentum thickness and the r e s u l t s 

obtained using t h e i r e m p i r i c a l r e l a t i o n s h i p f o r momentum 

thickness. I t was also found t h a t the downstream distance of the 

measurement plane had a minimal e f f e c t on the value of loss 

obtained w i t h t h e i r c o r r e l a t i o n . There was a s u r p r i s i n g l e v e l o f 

agreement between the Chen and Dixon c o r r e l a t i o n and the Came 

(1973) c o r r e l a t i o n . However these c o r r e l a t i o n s gave the worst 

p r e d i c t i o n . I n general none of the c o r r e l a t i o n s was able t o 

p r e d i c t the c o r r e c t values of loss or even the c o r r e c t r e l a t i v e 

change i n loss due t o the presence of i n l e t skew. This c l e a r l y 

i n d i c a t e s t h a t a l l o f the c o r r e l a t i o n s need t o be a p p l i e d w i t h 

c a u t i o n and should not play an important p a r t i n the design 

process. 
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6.2 SECONDARY FLOW MODELLING 

The gross secondary losses have been modelled using the 

r e l a t i v e l y simple method of Gregory-Smith (1982) t h a t was b r i e f l y 

described i n Chapter 2. The secondary losses are assumed t o 

co n s i s t o f three separate components; a loss core formed from the 

upstream boundary l a y e r , a loss associated w i t h the growth of a 

new endwall boundary la y e r formed downstream o f the cross-passage 

separation l i n e , and an e x t r a secondary l o s s . The e x t r a secondary 

loss component was assumed by Gregory-Smith t o be p r o p o r t i o n a l t o 

the secondary k i n e t i c energy w i t h a constant of p r o p o r t i o n a l i t y o f 

u n i t y . However Graves (1985) found t h a t t h i s e x t r a secondary loss 

more o f t e n than not accounted f o r a major p r o p o r t i o n o f the t o t a l 

p r e d i c t e d secondary l o s s . I t was suggested t h a t the t a n g e n t i a l 

components o f the secondary v e l o c i t i e s may produce an incidence 

v a r i a t i o n onto the f o l l o w i n g blade row and consequently produce a 

u s e f u l c o n t r i b u t i o n t o the work done. However, the spanwise 

components o f the secondary v e l o c i t i e s could be assumed equal t o 

the e x t r a secondary loss generated. I t was t h e r e f o r e assumed t h a t 

the e x t r a secondary loss was p r o p o r t i o n a l to the k i n e t i c energy o f 

the spanwise v e l o c i t y component w i t h a constant of p r o p o r t i o n a l i t y 

o f u n i t y . 

The data t h a t was used as the basis f o r the modelling was 

t h a t f o r the c o l a t e r a l case o f Chapter 5. The e f f e c t o f skew on 
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the i n l e t flow angle and velo c i t y d i s t r i b u t i o n was calculated with 

reference to the velo c i t y t r i a n g l e (Figure 3.6). For the 

re d i s t r i b u t i o n of the i n l e t boundary layer the ef f e c t of skew on 

the boundary layer thicknesses was calculated by assuming, i n 

addition to the usual power law assumption, that the displacement 

thickness remained unchanged. 

The results obtained using the model are tabulated below. 

The extra secondary loss has been calculated using a power law 

assumption for the vel o c i t y p r o f i l e (PL), and also using the 

experimental v e l o c i t y p r o f i l e . 

TABLE 6.2: SECONDARY FLOW MODEL RESULTS 

INL 
NEGATIVE 

ET SKEW 1 
COLATERAL 

:YPE 
POSITIVE 

Loss Core 
New Boundary Layer 
Extra Sec Loss 
Extra Sec Loss (PL) 

0.0594 
0.0046 
0.5001 
0.4526 

0.0361 
0.0046 
0.1113 
0.1008 

0.0187 
0.0046 
0.0208 
0.0188 

Total Loss 
Total Loss (PL) 

0.5641 
0.5166 

0.1520 
0.1415 

0.0441 
0.0421 

Experimental (Slot 8) 0.1979 0.1183 0.0641 

I t can be seen that the loss i s overpredicted i n the colateral and 

negative skew cases and underpredicted for the positive skew case. 

The main contribution to the error i n the results i s probably the 

error i n the prediction of the secondary k i n e t i c energy. The 

table below compares the experimental and predicted values 
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TABLE 6.3: SECONDARY KINETIC ENERGY 

INLET SKEW TYPE 
NEGATIVE COLATERAL POSITIVE 

Predicted 1.239 0.288 0.054 
Predicted (PL) 1.202 0.268 0.050 

Experimental (Slot 8) 0.130 0.056 0.029 

There i s clear l y an overprediction of the secondary k i n e t i c energy 

i n a l l of the skew cases. 

The model also calculated the d i s t r i b u t i o n of e x i t angle 

using classical secondary flow theory. The di s t r i b u t i o n s are 

plotted i n Figure 6.1 along with the corresponding p i t c h averaged 

experimental results. I t can be seen that the best agreement was 

obtained i n the case of positive skew where the secondary flows 

were the smallest. The worst agreement was obtained i n the case 

of negative skew where the secondary flows were largest. 

Classical secondary flow theory was also used to calculate the 

d i s t r i b u t i o n of streamwise v o r t i c i t y w i t h i n the cascade. These 

results are presented with the corresponding p i t c h averaged 

experimental results i n Chapter 5. I t can be seen that early i n 

the cascade, up to Slot 5 (Figure 5.10), reasonably good results 

were obtained f o r the colateral case. The results were worse at 

Slot 8 (Figure 5.13) due to the presence of large secondary flows. 

The same comment also applies to the case of negative skew except 

that the e a r l i e r development of the strong secondary flows means 

that the agreement i s worse at s l o t 5. The case of positive skew 

shows improvement i n agreement on progression though the cascade 

due to the reduction i n prominence of the endwall effects. 
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Another application of secondary flow theory that was described i n 

Chapter 2 was the prediction of the increase i n streamwise 

v o r t i c i t y due to the presence of skew using a modified form of 

Kingcombe's formula. The formula predicts a r a t i o of 1.10:1:0.82 

for the r a t i o of streamwise v o r t i c i t y at e x i t i n the skew cases 

negative:colateral:positive. The area averaged experimental 

results for Slot 8 give the r a t i o 5.15:1:2.13. The disagreement 

i s probably due to the presence of shear and large secondary 

flows. 

6.3 THREE-DIMENSIONAL INVISCID MODELLING 

I t had been intended to present results obtained by 

modelling the JAW f l o w f i e l d with the timemarching code of Denton 

(1983) that has been b r i e f l y described i n Chapter 2. The aim was 

to i d e n t i f y the important i n v i s c i d effects present i n the 

f l o w f i e l d with and without the presence of i n l e t skew. However i t 

was not possible to obtain a f u l l y converged solution using t h i s 

code. Some work that was done e a r l i e r has shown that there i s a 

strong dependence of the convergence of the model on the e x i t mach 

number. These results, presented i n Figure 6.2, were obtained 

with a uniform i n l e t flow for the CPG cascade and they i l l u s t r a t e 

the d i f f i c u l t y of obtaining a converged solution for e x i t mach 

numbers of less than 0.3. This i s not a surprising r e s u l t since 

the model was w r i t t e n for use i n transonic flow regimes. I n these 

regimes density changes are s i g n i f i c a n t and density can therefore 

be used as the primary variable. For t h i s reason the modelling 

for the JAW cascade was carried out with a midspan e x i t mach 
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number of 0.5. The output routine of the program was modified to 

produce results compatible with the analysis and p l o t t i n g programs 

that were used for the experimental data. The g r i d that was used 

had 60 points i n the ax i a l d i r e c t i o n and 20 points i n both of the 

other two directions. Some results of using the code for the 

colateral case of the JAW cascade are presented i n Figure 6.3. 

These results are for an unconverged solution a f t e r 1000 

it e r a t i o n s . Although they show the development of the passage 

vortex through the cascade the location of the centre of the 

passage vortex i s incorrect at each of the a x i a l locations that 

correspond to the experimental slots. The model cannot predict 

t o t a l pressure loss and the presence of loss (and therefore error) 

i s an indication of the non-convergence of the solution. The 

model has an important role i n the prediction of i n v i s c i d effects 

but cannot be used as other than a q u a l i t a t i v e t o o l for the study 

of loss generation mechanisms. 

6.4 THREE-DIMENSIONAL VISCOUS MODELLING 

The Moore E l l i p t i c Flow Program (Moore and Moore (1985)), 

that was b r i e f l y described i n Chapter 2, has been used to model 

the f l o w f i e l d of the JAW cascade. The modelling was completed 

before the s t a r t of the experimental programme. This meant that 

i t was necessary to assume, i n addition to the assumptions 

inherent i n the model, that the i n l e t flow was colateral on the 

surface of the b e l t . The i n l e t boundary layer thickness was taken 

as 35mm and i t was assumed that the i n l e t v e l o c i t y p r o f i l e on the 

be l t could be adequately described by a power law relationship 
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with an index n = 1/7. The experimental results have shown that 

the power law assumption was reasonable but that the boundary-

layer should have been assumed to be thicker. A l i m i t a t i o n of the 

Moore model is that t r a n s i t i o n i s not modelled. For t h i s reason 

the whole of the f l o w f i e l d was assumed to be turbulent and was 

modelled by a simple mixing length assumption. The computational 

g r i d that was used had 34 points i n the axial d i r e c t i o n , 19 points 

i n the pitchwise directi o n , and 13 points i n the spanwise 

di r e c t i o n . The l i m i t a t i o n on the g r i d size was the a v a i l a b i l i t y 

of online computer storage. A run t y p i c a l l y required 4 MBytes of 

storage, and although only 24 iter a t i o n s were generally required 

the amount of CPU time ( i n excess of 4000 seconds on an IBM 

370/168) involved using the overnight batch mode. The 

computational g r i d that was used for a l l of the spanwise planes i s 

shown i n Figure 6.4. In a l l three of the coordinate directions 

the r e l a t i v e spacing of the g r i d points was reduced as a s o l i d 

boundary, such as the endwall or blade surface, was approached. 

The v e l o c i t y vectors for a spanwise plane close to the 

endwall are shown for the three skew cases (corresponding to the 

experimental cases) i n Figure 6.5. I n a l l three cases there was a 

stagnation region close to the leading edge of the blade and 

reversed flows due to the presence of the horseshoe vortex. I t 

can also be seen that negative skew increased the strength of the 

cross-passage flows whereas positive skew reduced them. As the 

amount of positive skew was increased, to a level produced by the 

b e l t moving at the same speed (but i n the opposite direction) that 

was used f o r negative skew, the cross-passage flows appeared to be 
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destroyed. The resul t was an apparently two-dimensional flow 

through the cascade. For t h i s reason the level of positive skew 

was approximately halved and a l l of the subsequent positive skew 

results (experimental and modelling) were obtained at t h i s lower 

l e v e l . I f the vector plots are compared to the endwall flow 

v i s u a l i s a t i o n results of Chapter 5 (Figure 5.19), the endwall 

cross-passage separation l i n e can be envisaged i n the vector plots 

a l b e i t i n the wrong location. 

The results obtained from the model were converted to be i n 

a form that was compatible with the p l o t t i n g and p i t c h averaging 

programs that were used for the experimental data. A selection of 

plots that correspond to the experimental results of Chapter 5 are 

presented i n Figures 6.6 to 6.10. Only the area plots for t o t a l 

pressure loss c o e f f i c i e n t and the secondary v e l o c i t y vectors are 

presented. 

The results f o r an ax i a l position corresponding to Slot 1, 

14% of an a x i a l chord upstream of the cascade, are presented i n 

Figure 6.6. As expected the t o t a l pressure loss c o e f f i c i e n t 

contours, Figure 6.6(a-c), show very l i t t l e d i s t o r t i o n of the 

Bernoulli surfaces. Close to the endwall there i s some d i s t o r t i o n 

of the contours i n the non-zero skew cases and t h i s may be an 

upstream e f f e c t of the blade. I n the case of negative skew i t can 

be seen that the maximum value of loss was twice that predicted i n 

the colateral case. I n the case of positive skew the 

re-energisation of the boundary layer i s evident from the apparent 

halving of the loss compared to the colateral case. The vector 

plots, Figure 6.6(d-f), show small secondary flows close to the 
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endwall. The l i m i t a t i o n on the number of gr i d points has meant 

that the i n l e t conditions are e f f e c t i v e l y described by only four 

spanwise points. When compared to the experimental results, 

Figure 5.2, the levels of loss appear very similar apart from i n a 

region very close to the endwall. Also the experimental results 

had a s l i g h t l y thicker i n l e t boundary layer. Both the 

experimental and modelling vector plots show only very small 

secondary flows. 

The results for an axi a l position corresponding to Slot 3, 

inside the blade passage at 22% of an axi a l chord from the leading 

edge, are presented i n Figure 6.7. I n a l l three skew cases the 

t o t a l pressure loss c o e f f i c i e n t contours, Figure 6.7(a-c), show an 

u n r e a l i s t i c a l l y thick boundary layer on the suction surface of the 

blade. This feature, which i s found i n the results for a l l of the 

subsequent s l o t s , i s probably due to the turbulent flow regime and 

i n s u f f i c i e n t g r i d points i n the boundary layer. The negative skew 

case shows a bunching of contours caused by the pressure-side leg 

of the horseshoe vortex. The positive skew case shows a similar 

f l o w f i e l d pattern to the colateral case but with lower levels of 

loss. The v e l o c i t y vectors, Figure 6.7(d-f), show very l i t t l e 

secondary flow. The f l o w f i e l d can be seen to be r o t a t i n g i n the 

passage and the secondary v e l o c i t i e s are seen to be largest for 

the negative skew case. A comparison with the experimental 

results, Figure 5.5, shows that i n the case of negative skew the 

predicted secondary flows appear less well defined and weaker. 

The predictions do not show the loss core on the suction surface 

of the blade and the levels of loss are lower than those measured. 
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I n the colateral case the predicted t o t a l pressure loss contours 

show reasonable agreement with the experimental results apart from 

i n the region close to the endwall. In the case of positive skew 

the feature detected i n the centre of the passage, associated with 

the pressure-side leg of the horseshoe vortex, i s not predicted. 

The results for an axial position corresponding to s l o t 5, 

inside the blade passage at 55% of an axial chord from the leading 

edge, are presented i n Figure 6.8. I n a l l three skew cases the 

t o t a l pressure loss contours, Figure 6.8(a-c), s t i l l show the 

u n r e a l i s t i c a l l y thick boundary layer on the suction surface of the 

blade. The negative skew case is seen to have the most developed 

f l o w f i e l d and the positive skew case the least developed. In the 

negative skew case the loss core i s predicted to have moved away 

from the endwall. The ve l o c i t y vectors, Figure 6.8(d-f), show the 

developing passage vortex. The largest values of secondary 

ve l o c i t y are predicted for the case of negative skew. A 

comparison with the experimental results Figure 5.8, shows that 

the predicted flow features are less well defined res u l t i n g i n an 

apparently less developed f l o w f i e l d . I n the case of negative skew 

the predicted maximum value of t o t a l pressure loss w i t h i n the loss 

core i s approximately h a l f the measured value. A comparison of 

the predicted and measured secondary vel o c i t y vector plots shows 

that the magnitude of secondary vel o c i t y i s underpredicted for the 

negative skew case. The centre of the passage vortex i s predicted 

as being too close to the centre of the blade passage i n the 

colateral case. The secondary v e l o c i t i e s are predicted as being 

r e l a t i v e l y small i n the positive skew case. 
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The results for an axi a l position corresponding to s l o t 8, 

j u s t upstream of the t r a i l i n g edge of the blade, are presented i n 

Figure 6.9. I n a l l three skew cases the t o t a l pressure loss 

contours, Figure 6.9(a-c), show the u n r e a l i s t i c a l l y thick boundary 

layer on the suction surface of the blade giving the appearance of 

a wake. The three skew cases show an apparent progression of loss 

core development. There is no loss core i n the case of positive 

skew and a reasonably well-defined loss core i n the negative skew 

case. I n addition the endwall flow appears to be being swept onto 

the suction surface of the blade. The secondary v e l o c i t y vectors, 

Figure 6.9(d-f), show a reasonably developed passage vortex i n 

both the negative skew and the colateral cases. The feature i s 

very weak i n the case of positive skew. These results may be 

compared to the experimental results presented i n Figure 5.11. 

The predicted t o t a l pressure loss contours do not appear to be 

very similar to the experimental contours due to the overpredicted 

suction surface boundary layer. However the predicted endwall 

loss may be associated with an endwall counter vortex, although 

there i s no indication of such a feature i n the predicted 

secondary v e l o c i t y vectors. Compared to the experimental results 

the predictions for the position of the passage vortex and the 

strength of the secondary flows are incorrect. 

The results for an a x i a l position corresponding to s l o t 10, 

28% of an axi a l chord downstream of the cascade, are presented i n 

Figure 6.10. I n a l l three skew cases the t o t a l pressure loss 

contours, Figure 6.10(a-c), show that the blade wakes have been 

thickened due to the overprediction of loss i n the suction surface 
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boundary layer. I n the negative skew case, and to a lesser extent 

the colateral case, the endwall flow appears to be swept into the 

loss core. I n the case of positive skew there i s v i r t u a l l y no 

loss core and the blade wake appears to extend almost to the 

endwall. The secondary ve l o c i t y vectors, Figure 6.10(d-f), show 

the unbounded passage vortex. The secondary v e l o c i t i e s appear to 

be largest i n the case of negative skew and smallest i n the case 

of positive skew. I n the colateral and negative skew cases there 

is some indication of counter-rotating flow on the midspan side of 

the passage vortex. These results may be compared to the 

experimental results presented i n Figure 5.14. The predicted 

wakes are seen to be much thicker than the measured ones. The 

endwall i s not swept clean i n the predictions, as i t i s i n the 

measurements, and the presence of the endwall counter vortex i s 

not clear. The predictions show two peaks i n the loss core for 

the negative skew case but only one for the colateral case. The 

experimental results show two peaks i n both cases. The predicted 

levels of loss w i t h i n the loss core are much higher than the 

experimental measurements. This i s probably due to the high loss 

f l u i d from the suction surface boundary layer being swept into the 

loss core i n the predictions. I n the positive skew case the 

prediction shows the loss core structure to be pushed r i g h t onto 

the endwall. I n general the predicted secondary v e l o c i t i e s appear 

to be too low, the location of the passage vortex centre i s 

wrongly predicted, and there i s no prediction of an endwall 

counter vortex. The table below presents the mass averaged 

predicted loss and the results of a mixed out loss calculation. 

127 



The secondary losses have been calculated using the method that 

has been described i n Chapter 5 and the table below i s d i r e c t l y 

comparable with Table 5.2. 

TABLE 6.4: SLOT 10 PREDICTED SECONDARY LOSS 

INL 
NEGATIVE 

ET SKEW r 

COLATERAL 
rYPE 
POSITIVE 

Predicted Loss Coefficient 
Predicted P r o f i l e Loss 

0.472 
0.335 

0.405 
0.318 

0.361 
0.311 

Mixed-Out Loss Coefficient 
Mixed-Out P r o f i l e Loss 

0.533 
0.361 

0.447 
0.344 

0.389 
0.335 

Gross Secondary Loss 0.172 0.103 0.054 

I n l e t Loss 0.040 0.023 0.009 

Net Secondary Loss 0.132 0.080 0.045 

These results show that i n l e t skew was predicted to have a 

very s i g n i f i c a n t e f f e c t on the magnitude of the secondary losses. 

When t h i s table i s compared to Table 5.2 i t i s clear that the 

losses are overpredicted. I n particular the p r o f i l e losses are 

predicted to be nearly four times larger than the measured values. 

What i s remarkable i s that although the magnitude of net secondary 

loss i s underpredicted, the r a t i o of net secondary loss between 

the skew cases i s very similar to that obtained for the 

experimental results. 

Some additional area plots are presented i n Figure 6.11. 

Figure 6.11(a) i l l u s t r a t e s the predicted e f f e c t of high positive 

skew at s l o t 8. I t can be seen that the skew has e f f e c t i v e l y 

caused the endwall boundary layer to be removed and the secondary 

flows to be completely destroyed. In Figure 6.11(b) the ef f e c t of 
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a mixed flow regime f o r the colateral case was crudely modelled by 

assuming that the f l o w f i e l d was turbulent to w i t h i n 35mm of the 

endwall and also downstream of the position of the laminar 

separation bubble on the suction surface of the blade. The 

f l o w f i e l d was assumed to be laminar everywhere else. I t can be 

seen that the suction surface boundary layer i s s i g n i f i c a n t l y 

thinner and has allowed the passage vortex to grow larger. 

Downstream there i s less loss i n the wake and an apparently 

smaller loss core. The secondary loss calculations show that hte 

p r o f i l e loss i s reduced to 0.225, the mixed-out loss i s reduced to 

0.323 and the i n l e t loss to 0.019. However i t i s found that the 

mixed flow regime makes no difference to the predicted net 

secondary loss. 

The predicted growth of loss and secondary k i n e t i c energy 

through the cascade can be seen from the area averaged results 

presented i n Figure 6.12. I t can be seen that the loss i s 

predicted to grow through the cascade with an increase at the 

t r a i l i n g edge. The secondary k i n e t i c energy is predicted to be 

very small for the colateral and negative skew cases. A value of 

zero was predicted f o r the positive skew case. These results may 

be compared to the experimental results presented i n Figure 5.16. 

I t i s clear that the loss i s overpredicted whilst the secondary 

k i n e t i c energy i s underpredicted. 

The predicted d i s t r i b u t i o n s of the s t a t i c pressure 

c o e f f i c i e n t around the blade are presented i n Figure 6.13. There 

i s a stagnation point on the pressure surface side of the blade 

near to the leading edge of the blade. Apart from s l i g h t l y moving 
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the stagnation point, skew and distance from the endwall, are 

predicted to have l i t t l e e ffect on the pressure surface 

d i s t r i b u t i o n . On the suction surface there i s a reduction i n the 

loading at the leading edge as the endwall i s approached. This 

effec t is most marked i n the case of negative skew. There i s also 

a s l i g h t loading effe c t at the t r a i l i n g edge. These results may 

be compared to the experimental results presented i n Figure 5.21. 

Although there i s reasonably good q u a l i t a t i v e agreement there are 

some s l i g h t differences. The loading effects are less marked i n 

the predictions, and the peaks of c o e f f i c i e n t on the suction 

surface are not predicted. 
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CHAPTER 7 : DISCUSSION 

This chapter presents a discussion of the experimental and 

modelling r e s u l t s t h a t form the c e n t r a l core of t h i s t h e s i s w i t h 

the aim of p u t t i n g them i n t o context. 

7.1 EXPERIMENTAL RESULTS 

Further d e t a i l e d measurements to compliment those obtained 

by Graves (1985) were obtained downstream of the CPG cascade using 

a f i v e - h o l e pressure probe. Extra p o i n t s were placed w i t h i n the 

blade wake regions and these gave a q u a l i t a t i v e increase i n the 

f l o w f i e l d d e f i n i t i o n and i n the blade wake-to-wake r e p e a t a b i l i t y . 

However the e f f e c t on the magnitude of the area averaged losses 

was r e l a t i v e l y minor and t h i s was probably due t o the small 

changes o f area t h a t occurred i n the regions covered by the e x t r a 

measurement p o i n t s . There would t h e r e f o r e be l i t t l e advantage to 

be gained by p u t t i n g even more measurement p o i n t s i n t o these 

regions. A reduced number of measurement p o i n t s may w e l l be 

adequate i f only a q u a l i t a t i v e d e s c r i p t i o n of the f l o w f i e l d i s 

r e q u i r e d . This r e s u l t allows a h i g h confidence i n the q u a l i t y o f 

the r e s u l t s obtained. 

Extensive f l o w v i s u a l i s a t i o n has been c a r r i e d out on both 

the CPG and JAW cascades using the surface o i l f l o w technique. 

The r e s u l t s obtained f o r the CPG cascade and the c o l a t e r a l case of 

the JAW cascade may be compared to the r e s u l t s of other workers. 

The endwall flow v i s u a l i s a t i o n r e s u l t s i n p a r t i c u l a r are s i m i l a r 

to those presented by other workers and summarised by Sieverding 
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(1985). Most workers agree t h a t the pressure-side l e g of the 

horseshoe v o r t e x merges i n some way w i t h the passage v o r t e x . This 

r e s u l t i s d e r i v e d from i n v e s t i g a t i o n s t h a t show the f l u i d from the 

pressure-side l e g of the horseshoe v o r t e x i s detected w i t h i n the 

passage v o r t e x (Moore and Smith (1984) and Pernet (1986)). The 

r e s u l t i s corroborated by the presence of only a s i n g l e 

cross-passage separation l i n e on the endwall. U n f o r t u n a t e l y the 

f l o w v i s u a l i s a t i o n r e s u l t s presented i n t h i s t h e s i s do not extend 

f a r enough upstream to detect the s t a g n a t i o n r e g i o n associated 

w i t h the horseshoe v o r t e x t h a t was detected by C a r r i c k (1977) and 

by Langston (1980). I t was not possible t o detect the secondary 

separation l i n e s described by Sieverding (1985) f o r the same 

reason. There are c o n f l i c t i n g views i n the l i t e r a t u r e as t o what 

happens to the s u c t i o n - s i d e l e g o f the horseshoe v o r t e x . 

Sieverding has suggested t h a t the p o s i t i o n of the suction-side l e g 

i s dependent upon the r o t a t i o n a l speed o f the passage v o r t e x and 

on the o v e r a l l f l o w c o n d i t i o n s . This all-embracing explanation i s 

to take account of the r e s u l t s of Moore and Smith (1984) who found 

t h a t f l u i d from the suction-side l e g of the horseshoe v o r t e x was 

convected around the outside of the passage v o r t e x . A s i m i l a r 

r e s u l t was also deduced from the coloured smoke fl o w v i s u a l i s a t i o n 

of Sieverding and Van Den Bosch (1983). However the r e s u l t s 

presented i n both of these papers are f o r low aspect r a t i o 

cascades and t h e r e f o r e the passage v o r t i c e s may have i n t e r a c t e d 

very s t r o n g l y i n the blade passage. The f l o w v i s u a l i s a t i o n 

r e s u l t s presented i n t h i s t h e s i s do not support the s u p p o s i t i o n 

t h a t the s u c t i o n - s i d e l e g of the horseshoe v o r t e x wraps around the 
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passage v o r t e x as shown i n Figure 2.1. A more p l a u s i b l e 

explanation of the phenomenon may t h e r e f o r e be t h a t as the passage 

v o r t e x causes the d i s s i p a t i o n of the suction-side l e g of the 

horseshoe v o r t e x i t e n t r a i n s some of i t s f l u i d . The r e s u l t s f o r 

the c o l a t e r a l case of the JAW cascade show t h a t the suction-side 

l e g of the horseshoe vo r t e x i s swept onto the s u c t i o n surface of 

the blade and then runs up the surface of the blade on the midspan 

side of the passage v o r t e x . The r e s u l t s f o r the CPG cascade show 

t h a t the s u c t i o n - s i d e l e g of the horseshoe v o r t e x i s swept onto 

the s u c t i o n surface o f the blade but then appears to be swallowed 

by a laminar separation bubble. 

We are now able t o give a b r i e f q u a l i t a t i v e d e s c r i p t i o n of 

the f l o w f i e l d i n a high aspect r a t i o l i n e a r cascade. The 

f l o w f i e l d i s dominated by several complex three-dimensional f l o w 

f e a t u r e s . There i s a horseshoe v o r t e x t h a t i s formed as a r e s u l t 

o f the blade o b s t r u c t i n g the i n l e t shear flow. This v o r t e x has 

two legs, one o f which goes on each side of the leading edge o f 

the blade. The pressure-side l e g moves across the passage and 

combines w i t h the passage v o r t e x which i s formed as a r e s u l t of 

the cross-passage pressure grad i e n t and the curvature of the 

passage. The s u c t i o n - s i d e l e g i s swept onto the s u c t i o n surface 

o f the blade where i t remains on the midspan side o f the passage 

v o r t e x . The path of the passage v o r t e x i s marked by the 

cross-passage separation l i n e on the endwall and by a separation 

l i n e on the s u c t i o n surface of the blade. The endwall 

cross-passage separation l i n e i s i t s e l f separated form the s u c t i o n 

surface of the blade by a counter v o r t e x i n the s u c t i o n surface 
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endwall corner. On the downstream side of the cross-passage 

separation l i n e a new h i g h l y skewed endwall boundary l a y e r i s 

formed. A laminar separation bubble i s present on the s u c t i o n 

surface of the blade. The presence of the endwall counter v o r t e x 

was not detected i n the low aspect r a t i o cascade of Moore and 

Smith (1984) which may e x p l a i n why the losses were not seen to 

grow very much downstream of t h e i r cascade. The laminar 

spearation bubble was produced as a r e s u l t o f using a blade 

designed f o r a t r a n s o n i c f l o w regime i n an incompressible flow 

regime. Other workers have used boundary l a y e r t r i p s on the blade 

surfaces t o avoid the f o r m a t i o n of the bubble. 

The f l o w f i e l d of the CPG cascade has been traversed w i t h 

h o t - w i r e probes. The r e s u l t s obtained i l l u s t r a t e the l i n k between 

t o t a l pressure loss growth and the production and d i s s i p a t i o n of 

t u r b u l e n t k i n e t i c energy. The upstream turbulence i n t e n s i t y l e v e l 

was measured as being approximately 4% by Graves (1985) . This i s 

a very high l e v e l when compared to the more usual f i g u r e of much 

less than 1% quoted f o r other wind tunnels. I t can be argued t h a t 

the high l e v e l o f freestream turbulence i s more r e p r e s e n t a t i v e of 

the c o n d i t i o n s t h a t would be found i n a r e a l machine. However the 

reason f o r such a h i g h l e v e l i s unclear and a s h o r t s p e c t r a l study 

d i d not l o c a t e i t s source. I t was o r i g i n a l l y thought t h a t the 

cause was associated w i t h the fan t h a t was used to supply the a i r 

f o r the wind t u n n e l . This theory would have been proved by the 

presence of the blade passing frequency and i t s harmonics i n the 

turbulence spectrum. I n the absence of these d i s c r e t e frequencies 

the cause of the h i g h freestream turbulence i n t e n s i t y i s probably 
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associated w i t h the honeycomb flow s t r a i g h t e n e r . This i s l o c a t e d 

a t the e x i t of the wind tunnel c o n t r a c t i o n upstream o f the working 

s e c t i o n of the t u n n e l . Although the source of the turbulence was 

not l o c a t e d by the s p e c t r a l study a d i s c r e t e low frequency 

component was detected downstream of the cascade t h a t was 

associated w i t h the passage vortex. The presence of such a 

frequency may i n d i c a t e the inappropriateness of t r e a t i n g such 

gross features as random i n nature. 

The downstream s l o t and two s l o t s w i t h i n the blade passage 

were traversed i n d e t a i l w i t h t w i n hot-wires. The mean fl o w 

r e s u l t s showed reasonable agreement w i t h the f i v e - h o l e pressure 

probe r e s u l t s which allows added confidence i n the r e s u l t s . Worst 

agreement was f o r regions of high p i t c h angle due to an assumption 

of only small angle v a r i a t i o n t h a t was used i n the a n a l y s i s of the 

hot-wire r e s u l t s . I n a l l o f the measurement planes there was a 

f a i r degree of i s o t r o p y and the regions of h i g h t u r b u l e n t k i n e t i c 

energy were associated w i t h regions o f high t o t a l pressure l o s s . 

The l e v e l s o f turbulence i n t e n s i t y t h a t were measured were 

s i g n i f i c a n t l y higher than those reported by Moore e t a l (1985) f o r 

a downstream plane of t h e i r cascade. Their measured t o t a l 

pressure losses were also reported as being s i g n i f i c a n t l y lower 

than those measured i n our cascades. I t i s not c l e a r whether the 

primary reason f o r the d i f f e r e n c e between t h e i r cascade and the 

CPG cascade i s t h e i r low aspect r a t i o (where the strong 

i n t e r a c t i o n o f the passage v o r t i c e s may have caused the r a p i d 

d i s s i p a t i o n o f the t u r b u l e n t k i n e t i c energy), or whether the 

primary reason i s the high l e v e l of freestream turbulence detected 
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i n the CPG cascade. I n t h e i r measurements they present r e s u l t s 

f o r the v'w' c o r r e l a t i o n which was found to be the most 

s i g n i f i c a n t of the Reynolds shear stresses f o r loss production. 

I t was thought t h a t t h i s shear stress may c o n t r i b u t e t o the r a p i d 

decay of the mean secondary k i n e t i c energy downstream of the 

cascade. This shear stress component was not measured i n the 

experiments r e p o r t e d i n t h i s t h e s i s . 

I n c o n j u n c t i o n w i t h the hot-wire r e s u l t s presented by 

Graves (1985) and Fulton (1983) f o r the CPG cascade some 

i n t e r e s t i n g comparisons can be made between the t o t a l pressure 

loss and the t u r b u l e n t k i n e t i c energy. W i t h i n the blade passage 

the l o c a t i o n o f the peak value of t u r b u l e n t k i n e t i c energy d i d not 

coincide w i t h the centre of the loss core associated w i t h the 

passage v o r t e x . However the l o c a t i o n of the peak value of 

t u r b u l e n t k i n e t i c energy appears t o be f a i r l y mobile r e l a t i v e t o 

the centre of the loss core. At s l o t 5 i t was l o c a t e d on the 

su c t i o n surface side of the loss core, i t was on the pressure 

surface side a t s l o t 6 and on the midspan side a t s l o t 8. -At the 

downstream s l o t , s l o t 10, the centre of the loss core and the 

l o c a t i o n of the peak value o f t u r b u l e n t k i n e t i c energy coincided. 

The growth through the cascade of the mass averaged t o t a l pressure 

loss and t u r b u l e n t k i n e t i c energy showed s i m i l a r trends. Since 

the growth i n t o t a l pressure loss i n the blade passage i s 

e f f e c t i v e l y seen as an increase i n t u r b u l e n t k i n e t i c energy i t can 

be deduced t h a t there was only small d i r e c t viscous a c t i o n 

i n v o l v e d i n the loss generation process. Downstream of the 

cascade the t o t a l pressure loss continued t o increase due t o the 
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continued growth of the endwall flow f e a t u r e s . However the 

t u r b u l e n t k i n e t i c energy was seen to decay s l i g h t l y and t h i s was 

probably due t o the viscous d i s s i p a t i o n exceeding the generation 

from the mean flow. 

A new experimental f a c i l i t y was used t o i n v e s t i g a t e the 

e f f e c t s of i n l e t skew. A new blade p r o f i l e was used i n the 

cascade t h a t was designed t o have a reduced l e v e l of s u c t i o n 

surface d i f f u s i o n . A laminar separation bubble was detected on 

the s u c t i o n surface o f the blade but i t s onset was delayed u n t i l 

l a t e r i n the blade passage. The moving b e l t placed upstream of 

the cascade, t h a t was used t o produce the e f f e c t s o f i n l e t skew, 

caused a s l i g h t t h i c k e n i n g o f the i n l e t boundary l a y e r i n the 

non-zero skew cases. Results obtained by Graves (1985) have shown 

t h a t an even l a r g e r v a r i a t i o n of i n l e t boundary l a y e r thickness 

does not have a s i g n i f i c a n t e f f e c t on the downstream secondary 

flows and losses. A t k i n s (1985) found t h a t even w i t h o u t an i n l e t 

boundary l a y e r , and t h e r e f o r e no horseshoe v o r t e x , a passage 

v o r t e x and loss core were produced although i n a reduced form. 

Even w i t h only a very t h i n boundary la y e r the horseshoe v o r t e x was 

found to be present. These r e s u l t s appear t o i n d i c a t e t h a t the 

most important f e a t u r e o f the i n l e t f low i s the presence of 

streamwise v o r t i c i t y i n the i n l e t boundary l a y e r . The r e s u l t s of 

t h i s t h e s i s show t h a t the m o d i f i c a t i o n of the d i s t r i b u t i o n of the 

i n l e t v o r t i c i t y by the i n t r o d u c t i o n of skew has a profound e f f e c t 

on the secondary flows and losses i n the cascade. The importance 

of the i n l e t v o r t i c i t y , r a t h e r than the normal v o r t i c i t y t h a t i s 

generated w i t h i n the blade passage, explains why the i n v i s c i d 
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c a l c u l a t i o n methods are able to p r e d i c t the e x i t angle v a r i a t i o n 

f o r a blade row w i t h a r e l a t i v e l y large i n l e t boundary layer 

thickness. 

D e t a i l e d t r a v e r s i n g w i t h pressure probes was c a r r i e d out at 

f i v e a x i a l l o c a t i o n s i n the JAW cascade f o r three l e v e l s of i n l e t 

skew. The r e s u l t s t h a t were obtained have been discussed i n 

d e t a i l i n Chapter 5 so only a few major issues w i l l be discussed 

f u r t h e r a t t h i s p o i n t . The l e v e l of negative skew t h a t was used 

was chosen to be t y p i c a l of the c o n d i t i o n s t h a t would be found i n 

a modern turbomachine. I t was found t h a t the i n t r o d u c t i o n of 

negative skew i n t e n s i f i e d the secondary flows by appearing to 

cause the e a r l i e r development of the f l o w f i e l d . A comparison w i t h 

the r e s u l t s f o r the c o l a t e r a l case shows t h a t the whole f l o w f i e l d 

was s i g n i f i c a n t l y a l t e r e d by the i n t r o d u c t i o n of the skew. The 

f l o w v i s u a l i s a t i o n r e s u l t s show t h a t the SocfiesA^side leg o f the 

horseshoe v o r t e x i s d i s s i p a t e d before i t can be swept onto the 

s u c t i o n surface o f the blade. The increased v o r t i c i t y at i n l e t i s 

seen to cause a l a r g e r passage v o r t e x , and associated,loss core, 

i n the negative skew case. Even i n the absence of the 

s u c t i o n - s i d e l e g o f the horseshoe v o r t e x a region of counter 

v o r t i c i t y was detected on the midspan side o f the passage v o r t e x 

on the s u c t i o n surface of the blade. Another important e f f e c t of 

skew was seen i n the s t a t i c pressure measurements where the blade 

load i n g , p a r t i c u l a r l y a t the leading edge, was modified. I n terms 

o f losses the e f f e c t o f negative skew was to increase the gross 

secondary losses by 74%. The i n c r e a s i n g of the loss i s i n 

agreement w i t h the r e s u l t s o f C a r r i c k (1977), who i n v e s t i g a t e d the 
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e f f e c t of skew i n a t u r b i n e impulse cascade, and the r e s u l t s of 

B o l e t i s e t a l (1983) who used a r o t a t i n g blade row. A t k i n s (1985) 

has shown t h a t a j u d i c i o u s choice of endwall p r o f i l e can be used 

to s l i g h t l y reduce the t o t a l losses i n a cascade, and Graves 

(1985) has shown t h a t v a r i a t i o n of the i n l e t boundary l a y e r 

thickness also has a r e l a t i v e l y small e f f e c t on the losses. This 

then i n d i c a t e s the r e l a t i v e importance of the e f f e c t of i n l e t skew 

i n the generation of loss i n a blade row. The r e s u l t i s of course 

only v a l i d f o r the i d e a l case of l i n e a r cascade flow and other 

f a c t o r s w i l l be important i n annular cascades and i n r e a l 

machines. The work reported by B o l e t i s e t a l c l e a r l y i n d i c a t e s 

the l i m i t a t i o n of the a p p l i c a b i l i t y o f t h i s work. However even i f 

the absolute magnitude o f the e f f e c t o f skew i s not r i g h t the 

r e l a t i v e s i g n i f i c a n c e of the r e s u l t s would be expected to remain 

unchanged. 

The case of p o s i t i v e skew a t i n l e t has also been 

i n v e s t i g a t e d and also found to have a profound e f f e c t on the 

secondary flows and losses. The passage vo r t e x t h a t was formed 

was much weaker than t h a t detected i n the other cases. The reason 

f o r i t s f o r m a t i o n may be explained by the r e s u l t s of A t k i n s (1985) 

who found t h a t the passage vo r t e x i s formed even i n the complete 

absence o f an i n l e t boundary l a y e r , and t h e r e f o r e w i t h no 

v o r t i c i t y a t i n l e t . At i n l e t an e f f e c t o f p o s i t i v e skew was an 

apparent r e - e n e r g i s a t i o n of the i n l e t boundary l a y e r . The 

cross-passage movement of the pressure-side l e g of the horseshoe 

v o r t e x appeared to be delayed u n t i l much l a t e r i n the passage w i t h 

the r e s u l t t h a t an intense region of loss was formed i n the centre 
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o f the passage close to the endwall. The s u c t i o n - s i d e l e g was not 

detected on the s u c t i o n surface o f the blade and was probably 

d i s s i p a t e d by the opposing v o r t i c i t y a t i n l e t . Downstream of the 

cascade the loss core associated w i t h the passage v o r t e x appeared 

to remain separate from the loss core formed from s u c t i o n surface 

boundary l a y e r f l u i d . I n the other skew cases these two loss 

cores tended to coalesce. I n terms o f l o s s , the e f f e c t of 

p o s i t i v e skew was t o approximately halve the magnitude o f the 

gross secondary l o s s . W h i l s t t h i s r e s u l t appears i n t u i t i v e l y 

reasonable there i s no other data t o compare i t w i t h . The 

t r a c k i n g of the paths of the passage v o r t e x and loss core through 

the cascade revealed the complex nature of t h e i r movement. From 

these r e s u l t s i t can be seen t h a t skew has a s i g n i f i c a n t e f f e c t on 

the p o s i t i o n o f the passage v o r t e x and i t s associated loss core i n 

the blade passage. 

The streamwise v o r t i c i t y was c a l c u l a t e d f o r each o f the 

measurement planes and the r e s u l t i n g contour p l o t s have proved 

i n v a l u a b l e i n i d e n t i f y i n g the various f l o w f e a t u r e s . The 

technique used a b i v a r i a t e surface f i t which i s then 

d i f f e r e n t i a t e d using numerical techniques. As long as the 

absolute values are not r e q u i r e d and the contour p l o t s are 

i n t e r p r e t e d w i t h c a u t i o n the r e s u l t s are acceptable. I n regions 

of h i g h v e l o c i t y g r a d i e n t , such as near t o the endwall, the 

r e s u l t s must be t r e a t e d w i t h c a u t i o n since the e r r o r s associated 

w i t h the numerical schemes may be s i g n i f i c a n t . The technique has 

however allowed i n f o r m a t i v e p i c t u r e s of the growth o f streamwise 

v o r t i c i t y , and o f the t r a i l i n g v o r t i c i t y , t o be produced. I n 
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p a r t i c u l a r p i t c h averaging the r e s u l t s has allowed a comparison of 

the measured growth of streamwise v o r t i c i t y and the growth 

p r e d i c t e d by c l a s s i c a l secondary flow theory. Early i n the 

passage there i s a reasonable l e v e l o f agreement but i n general 

c l a s s i c a l secondary f l o w theory i s c l e a r l y not adequate f o r t h i s 

h i gh t u r n i n g cascade. 

An e f f e c t o f using the new blade p r o f i l e was t h a t the 

losses were not seen t o grow a l l the way through the blade passage 

as had been detected f o r the CPG cascade. The loss growth was 

instead seen t o be s i m i l a r i n shape t o t h a t measured by Langston 

et a l (1977), and others, who used boundary l a y e r t r i p s on the 

surfaces of the blade. They found t h a t the losses d i d not s t a r t 

t o grow u n t i l the l a t t e r p a r t of the blade passage. Downstream 

the f l o w f i e l d i s dominated by the blade wakes and the loss cores 

associated w i t h the passage v o r t e x and the endwall counter v o r t e x . 

The p a t t e r n of loss growth through the cascade was s i m i l a r f o r a l l 

of the skew cases. 

7.2 MODELLING RESULTS 

A s e r i e s of c o r r e l a t i o n s and three models have been used t o 

model the f l o w f i e l d o f the JAW cascade. A d e t a i l e d comparison 

between the experimental r e s u l t s and the modelling r e s u l t s has 

been presented i n Chapter 6. That comparison has shown t h a t the 

experimental r e s u l t s presented i n t h i s t h e s i s provide a severe 

t e s t case t h a t can be used f o r any model. 

The c o r r e l a t i o n s t h a t were t e s t e d are c l e a r l y l i m i t e d i n 

t h e i r a p p l i c a t i o n but w i l l continue t o f i n d use i n the design 
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process. The secondary flow model should provide a u s e f u l t o o l 

f o r at l e a s t the i n i t i a l design stages of turbomachinery. The 

model can run q u i c k l y on a microcomputer and t h e r e f o r e be used 

i n t e r a c t i v e l y f o r systematic i n v e s t i g a t i o n s i n the design process. 

There are a number of areas of the model t h a t r e q u i r e f u r t h e r work 

to improve the q u a l i t y of the r e s u l t s . The loss core shape, which 

i s c u r r e n t l y assumed to be t r i a n g u l a r , needs t o be changed to 

remove the d i s c o n t i n u i t y from the r e s u l t i n g loss d i s t r i b u t i o n . 

The assumption of small B e r n o u l l i surface d i s t o r t i o n i s c l e a r l y 

i n a p p r o p r i a t e and the i n t r o d u c t i o n of a method to trace the 

surfaces may improve the p r e d i c t i o n . The r o l e o f secondary 

k i n e t i c energy needs f u r t h e r i n v e s t i g a t i o n . 

The three-dimensional i n v i s c i d code t h a t was used has been 

formulated f o r t r a n s o n i c flows and does not appear to be 

appropriate f o r low speed flows because of the d i f f i c u l t y i n 

g e t t i n g a converged s o l u t i o n . Because the i n l e t v o r t i c i t y 

d i s t r i b u t i o n i s an important f a c t o r some of the f l o w features 

appear w e l l modelled. Although the i n v i s c i d code i s l i m i t e d by 

i t s i n a b i l i t y t o model loss generating mechanisms i t can have a 

r o l e i n the p r e d i c t i o n o f i n v i s c i d e f f e c t s . 

The r e s u l t s obtained w i t h the f u l l y viscous 

three-dimensional code also i n d i c a t e some areas f o r f u r t h e r work. 

C u r r e n t l y the model can only be used f o r subsonic flows and a 

g e n e r a l i s a t i o n w i l l be r e q u i r e d i f the model i s t o f i n d wide 

a p p l i c a t i o n . The experimental r e s u l t s o f t h i s t h e s i s have shown 

t h a t a good turbulence model w i l l be e s s e n t i a l i f the accurate 

p r e d i c t i o n of losses i s required. Good r e s u l t s have been reported 
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f o r the f l o w f i e l d of Langston's cascade (Moore and Moore (1985)) 

but t h i s has a t o t a l l y t u r b u l e n t flow regime. The lack of a 

t r a n s i t i o n model i s a major problem but t h i s i s c l e a r l y due t o a 

s u i t a b l e model not being a v a i l a b l e i n the l i t e r a t u r e . More recent 

r e s u l t s f o r the f l o w f i e l d of the JAW cascade (Gregory-Smith and 

Cleak (1987)) have shown t h a t improvements i n the modelling can be 

made by using a r e f i n e d c a l c u l a t i o n g r i d and by using the 

experimentally determined i n l e t c o n d i t i o n s . There i s a c l e a r need 

f o r experimental data t o allow a model o f t r a n s i t i o n t o be 

developed. The work w i l l also need t o determine the e f f e c t of 

freestream turbulence i n t e n s i t y on t r a n s i t i o n , and the r o l e o f 

t r a n s i t i o n i n the loss generating processes. I n general the model 

was very time consuming t o use i n terms o f generating the in p u t 

data, and the i n t e r f a c e between the model and the user needs 

f u r t h e r work. 

The three-dimensional codes are l i k e l y t o be l i m i t e d i n 

t h e i r a p p l i c a t i o n both by the expense of running them and the 

d i f f i c u l t y of using them. C l e a r l y the l a t t e r problem i s due t o 

the research t o o l s t a t u s of the codes and w i l l be resolved w i t h 

wider a v a i l a b i l i t y . Some o f the problem areas t h a t w i l l need to 

be addressed are the i n p u t o f the geometry o f the components and 

the automatic generation o f optimum c a l c u l a t i o n g r i d s . I t i s 

e s s e n t i a l to keep the aims of the modelling c l e a r since large 

numbers o f g r i d p o i n t s may produce robust p r e d i c t i o n s but they are 

no s u b s t i t u t e f o r a thorough understanding of the fundamental 

p h y s i c a l processes. There w i l l always be a need f o r simple cheap 
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methods t h a t can be used i n t e r a c t i v e l y i n the design processes f o r 

quick, systematic i n v e s t i g a t i o n s . 
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CHAPTER 8 : CONCLUSIONS AND RECOMMENDATIONS FOR 
FURTHER WORK 

This chapter presents separately the conclusions t h a t are 

drawn from the experimental and the modelling aspects of the work 

rep o r t e d i n t h i s t h e s i s . Recommendations are then given f o r 

f u t u r e work using the experimental f a c i l i t i e s and also f o r the 

continued e v a l u a t i o n of computer codes. 

8.1 EXPERIMENTAL CONCLUSIONS 

This t h e s i s presents the r e s u l t s o f a d e t a i l e d experimental 

i n v e s t i g a t i o n i n t o the fundamental flow processes of 

turbomachinery using two large scale, low speed, l i n e a r cascades 

of t u r b i n e blades. The r e s u l t s obtained w i t h the o r i g i n a l cascade 

(CPG) have shown t h a t : 

(a) the s u c t i o n surface flow i s d i s r u p t e d by the 

presence of a laminar separation bubble t h a t 

appears to be unsteady i n nature 

(b) the streamwise v o r t i c i t y grows more negative 

through the cascade w i t h a jump towards zero a t 

the t r a i l i n g edge due to the a d d i t i o n o f the shed 

p o s i t i v e streamwise v o r t i c i t y 

(c) the endwall counter v o r t e x i s a very s i g n i f i c a n t 

f l o w f e a t u r e p a r t i c u l a r l y downstream of the cascade 

(d) regions of h i g h t u r b u l e n t k i n e t i c energy are 

associated w i t h regions of hi g h t o t a l pressure loss 
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(e) the growth of t u r b u l e n t k i n e t i c energy through the 

cascade f o l l o w s a s i m i l a r d i s t r i b u t i o n t o t h a t f o r 

the growth of t o t a l pressure loss 

( f ) there was a d i s c r e t e frequency i n the turbulence 

spectrum associated w i t h the passage vo r t e x 

suggesting t h a t such gross features should not be 

t r e a t e d as random i n nature. 

The second cascade (JAW) was s p e c i a l l y b u i l t to i n v e s t i g a t e 

the e f f e c t of i n l e t skew which i s caused by a change i n frame of 

reference as the f l u i d passes from a s t a t i o n a r y hub t o a r o t a t i n g 

blade row i n a r e a l machine. The r e s u l t s obtained w i t h t h i s 

cascade have shown t h a t : 

(a) the redesign o f the blade p r o f i l e t o achieve 

aerodynamic s i m i l a r i t y i n the low speed c o n d i t i o n s 

was successful i n reducing the l e v e l o f s u c t i o n 

surface d i f f u s i o n 

(b) Skew modifies the d i s t r i b u t i o n s of both the normal 

and streamwise components of v o r t i c i t y a t i n l e t 

(c) the presence o f i n l e t skew modifies the whole of 

the f l o w f i e l d causing changes, i n p a r t i c u l a r , to 

features associated w i t h the i n l e t shear such as 

the horseshoe v o r t e x 

(d) p o s i t i v e skew appears to encourage the regions of loss 

to remain separate whereas negative skew promotes the 

mixing o f the loss regions 
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(e) the formation and p o s i t i o n o f the passage v o r t e x 

appears to be c l o s e l y l i n k e d t o the pressure-side 

l e g o f the horseshoe v o r t e x 

( f ) even when the suction-side l e g of the horseshoe 

v o r t e x i s not present on the s u c t i o n surface of the 

blade, counter v o r t i c i t y i s developed on the 

midspan side of the passage v o r t e x to act as a 

counterbalance 

(g) i n l e t skew has a s i g n i f i c a n t e f f e c t on the 

secondary losses; negative skew increases them and 

p o s i t i v e skew reduces them 

(h) the e f f e c t o f i n l e t skew on the secondary losses i s 

more s i g n i f i c a n t than the reported e f f e c t s due t o a 

change i n boundary l a y e r thickness, or due to 

modifying the endwall p r o f i l e . 

8.2 MODELLING CONCLUSIONS 

The f l o w f i e l d o f the JAW cascade has been modelled and 

d e t a i l e d comparisons between the experimental r e s u l t s and the 

p r e d i c t i o n s have shown t h a t : 

(a) the experimental data presents a severe t e s t case 

(b) c o r r e l a t i o n s are not able t o accu r a t e l y p r e d i c t the 

secondary loss i n the cascade or even the r e l a t i v e 

change i n loss due t o the presence of i n l e t skew 
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(c) the simple secondary f l o w model i s not able to 

accu r a t e l y p r e d i c t the secondary losses due t o the 

inherent secondary f l o w theory assumptions and the 

ov e r p r e d i c t i o n o f the secondary k i n e t i c energy 

(d) the secondary f l o w features are modelled by the 

i n v i s c i d three-dimensional code but the loss 

generation i s not 

(e) reasonable r e s u l t s have been obtained w i t h the f u l l y 

viscous three-dimensional code and although the 

p r e d i c t i o n o f the magnitude of the secondary losses 

was i n c o r r e c t , the p r e d i c t i o n o f the r e l a t i v e change 

due t o the presence o f skew was ne a r l y r i g h t . 

8.3 RECOMMENDATIONS FOR FUTURE WORK 

There are c l e a r l y several areas o f experimental work t h a t 

can be c a r r i e d out w i t h the e x i s t i n g cascades t o provide f u r t h e r 

u s e f u l data. There i s f u r t h e r i n f o r m a t i o n r e q u i r e d on the e f f e c t 

of i n l e t skew, p a r t i c u l a r l y between s l o t s 5 and 8 since the 

f l o w f i e l d appears t o change d r a m a t i c a l l y between these two a x i a l 

l o c a t i o n s . An i n v e s t i g a t i o n o f the boundary la y e r s on the 

surfaces o f the blades w i l l provide a u s e f u l c o n t r i b u t i o n i n the 

development of a model o f t r a n s i t i o n . The e f f e c t of v a r i a t i o n s i n 

the l e v e l o f freestream turbulence need t o be i n v e s t i g a t e d since 

the r o l e o f turbulence i n the loss generating process i s not f u l l y 

understood. The e f f e c t o f freestream turbulence l e v e l s on 

t r a n s i t i o n i s also l i k e l y to be important. As i t stands the r i g 

can e a s i l y be modified t o i n v e s t i g a t e o v e r t i p leakage flows. The 
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l i n e a r cascade i s a much s i m p l i f i e d turbomachinery component t h a t 

allows the c o l l e c t i o n of very d e t a i l e d experimental data. 

However, the technique of i n v e s t i g a t i n g i n l e t skew, and o v e r t i p 

leakage flows, i n such an experimental set up must be seen as an 

intermediate step between a l i n e a r cascade and an annular cascade. 

Therefore a n a t u r a l extension o f t h i s work would be to develop at 

the very l e a s t an annular cascade and p r e f e r a b l y a r o t a t i n g r i g . 

There are a number of developments t h a t can be made to the 

in s t r u m e n t a t i o n t h a t w i l l allow the improved c o l l e c t i o n of f u r t h e r 

important data. The pressure and hot - w i r e probes would be 

improved by the use of a gimaballed head t o allow the approximate 

n u l l i n g o f the p i t c h angle as w e l l as the yaw angle. The 

automation of the probe traverse mechanism would speed up the 

t r a v e r s i n g . The use of a t r i p l e wire hot-wire probe would reduce 

the tedium o f m u l t i p l e t r a v e r s i n g as w e l l as provide data on a l l 

of the second order c o r r e l a t i o n s . However, i t may be t h a t i n the 

f u t u r e the measurements may be b e t t e r made using a non-invasive 

technique such as Laser Doppler Anemometry. 

There i s an important on-going need f o r the v a l i d a t i o n of 

the new computer codes as they are developed. One aspect of the 

v a l i d a t i o n process must be the c o l l e c t i o n of very d e t a i l e d 

experimental data t h a t can be used as t e s t cases f o r the models. 

Another aspect i s the p r o v i s i o n of data t h a t can be used i n the 

f o r m u l a t i o n and improvement of the models. I t i s to be hoped t h a t 

the r e s u l t s presented i n t h i s t h e s i s w i l l a t l e a s t p a r t i a l l y 

s a t i s f y both o f these aspects o f the v a l i d a t i o n process. However, 

there w i l l s t i l l be a need f o r simple cheap methods t h a t can be 
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used as a design t o o l w i t h o u t the need of expensive 

supercomputers. I t i s t o be hoped t h a t the continued development 

of simple techniques such as the secondary f l o w model w i l l r e s u l t 

i n such a t o o l . 
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