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Abstract
Results obtained from an experimental study of the endwall and blade tip surface static pressure flow field of a large
deflection linear turbine cascade are presented for various tip clearance levels and space chord ratios. In addition, endwall
flow is visualised and the results presented. For zero clearance, the primary and secondary separation lines are observed with
two saddle points. The interaction of the endwall and blade boundary layer is significantly affected by the presence of tip
clearance. The formation of horse  shoe vortex was not observed at higher tip gaps indicating that pressure forces have
dominating influence than the viscous forces. The size of the tip clearance vortex increases with the tip gap height. T h e origin
of the tip clearance vortex separation line moves upstream with the increase in space  chord ratio. D u e to the area
contraction caused by the tip separation vortex, the fluid moving towards the tip gap from the pressure side is accelerated.
Downstream of the separation vortex, the endwall pressure increases d u e to flow mixing. The mixing is incomplete in the aft
portion of the blade. The passage vortex in the present investigations did not diminish with increase in clearance. The
discharge coefficient is low near the leading and trailing edge regions.

Notations

SS

suction surface

Τ

tangential thickness of the blade (m)

BTS

blade tip surface

T.E

blade trailing edge

Ci

inlet velocity (m/s)

X

distance along cascade axial direction (m)

Cm

axial velocity (m/s)

χ

distance along tunnel axial direction (m)

ch

chord ( m )

Y

distance along cascade pitchwise

CD

discharge coefficient

(m)
/

Cp

direction

,,
·
wall static pressure coefficient

\

Ρ "Palm

y
Ζ

distance along tunnel pitchwise direction (m)
distance along cascade spanwise

direction

(m)
I
e

axial chord (m)

EW

endwall

2

h

blade span (m)

L.E

blade leading edge

m

mass flow rate (kg/s)

ρ

static pressure at any point (N/m 2 )

1

J

α

blade angle (deg.)

τ

tip gap height (mm)

Introduction

2

A turbomachinery rotor must have a small but
finite clearance relative to its surrounding casing.

p0

total pressure at any point (N/m )

PS

pressure surface

The flow, which leaks through this finite gap, has a

spacing (m)

surprisingly large effect on the aerodynamics of the

S
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flow. The presence of tip clearance alters the

vortex for small clearances in their experiments on

endwall flow significantly. The normal secondary

compressor cascade and identified the influence of

flow interacts with the leakage fluid as it exits from

tip separation vortex. They observed flow mixing

the suction surface. The leakage fluid rolls into what

inside the clearance and reported that this mixing has

is known as tip clearance vortex.

significant influence on the internal loss. On the

Bindon /1,2,3/ conducted experiments in a linear

other hand, Storer and Cumpsty /16/ mentioned that

the

flow within the tip gap experiences very little loss. In

understanding of the flow physics. He measured both

their studies, high losses were produced in a thin

cascade

with

tip

clearance

to

extend

static pressure field and the boundary layers inside

layer separating the two high speed flows near the

the tip gap and on the end wall. He complemented

exit of the tip gap where intense shearing was caused

his experiments with smoke flow visualisation.

by the difference in flow directions.

Bindon /4/ from his later experiments concluded

The experimental

techniques currently

being

that, of the tip clearance flow losses generated up to

adopted for the endwall

the trailing edge, about 40% occurred within the gap,

cascades are static pressure measurements and flow

flow investigations in

attributed mainly to the separation bubbles formed

visualisation. Flow visualisation techniques have

on the blade tip. On the other hand, Yaras and

contributed considerably to the better understanding

Sjolander /5/ have found that the gap loss is

of qualitative behaviour of complex flow structures

relatively small compared to the overall tip clearance

of cascade end wall flows, (Langston et al /17/,

loss. Existence of a lowpressure zone near the

Marchal and Sieverding/18/, Sieverding and Bosche

pressure side of the blade and the flow separation

/19/). Pedichizzi and Dossena /20/ and Dossena el al.

inside the tip gap are noted for turbines by Graham tlea UM varied blade loading by varying incidence angle
161, Wadia and Booth /7/, Bindon /1,3/, Sjolander
and

Amrud

/8/.

Yamamoto

investigations to understand

191 carried

out

the mechanism

of

and space  chord ratio. The blade loading is an
important parameter, which has significant effect on
the intensity of secondary vortices.

The effect of

clearance flow in the tip gap by making direct flow

space  chord ratio on the tip clearance flow has not

measurements within the gap in a linear turbine

been investigated systematically. Hence, the purpose

cascade at design incidence and discussed

of the present investigation is to gain further insight

the

interaction of the clearance flow with the passage

into the details of tip clearance flow, especially the

vortex. Moore and Tilton 710/ studied the flow in the

formation of tip clearance vortex, corner and passage

tip clearance space of linear turbine cascade and

vortices with the help of endwall flow visualisation

deduced a flow model using the concepts of potential

at various clearances and space chord

ratios.

flow theory supplemented by flow mixing and

Further, the pressure field on the surfaces was

boundary layer effects. Dishart and Moore / l l / in

obtained to draw the static pressure coefficient

their investigations in a linear turbine cascade have

contours

brought out the phenomena and salient features

corresponding

associated with the loss generation, distribution and

studies.

and

these

are

compared

results of the

flow

with

the

visualisation

mechanism of tip clearance flows.
Yaras and Sjolander /12/, Sjolander and Amrud
/8/ studied the influence of tip clearance on the

Experimental Set Up

downstream flow field and blade loading of a linear
turbine cascade respectively. Sjolander and Cao /13/

Experimental investigations were carried out in a

found multiple vortices on the blade tip which are

linear cascade tunnel. Fig. 1 shows the general layout

probably the reason for the burnout that sometimes

of the experimental apparatus used for the present

occurs on turbine tips near the pressure side. Kang

investigations. The blade arrangement in the cascade

and Hirsch /14,15/ observed a weak horseshoe

is shown in Fig. 2. The figure also shows cascade
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1)

Motor

2)

Blower

3)

5)

HoneyComb

6)

8)

Contraction

9)

Diffuser

4)

Wire Gauge

Settling Chamber

7)

Door

Test Section

10)

Cascade

( All dimensions are in mm)

Fig. 1:

Fig. 2:

Linear T u r b i n e C a s c a d e Tunnel

Blade A r r a n g e m e n t in the C a s c a d e
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and tunnel axes along with few geometric and flow

Furness Controls Ltd, U.K) through 4

parameters.

boxes (Type FC011, Furness Controls Ltd., U.K )

The salient details of the cascade are

scanning

each having 20 channels. For flow visualisation

given below.

studies, a mixture of lampblack and kerosene was

Chord, ch

=

95 m m

Spacing, S

=

62.75 m m

coated on the aluminium plate and allowed to flow

Aspect Ratio, AR

=

2.35

for a duration of about five minutes. Patterns of

Inlet blade angle, a ! b

=

57.5°

streamlines were photographed using a SLR camera.

Stagger Angle, γ

=

12.5°

The Reynolds number was maintained at a constant

Trailing edge thickness/chord

=

5%

value of 2.1 χ 105 (with respect to blade chord and

Axial chord, e

=

92.7 mm

the

Blade height, h

=

400 m m

visualisation and pressure measurements.

Space/chord ratio (S/ch)

=

0.65

Outlet blade angle, <x2b

=

62.5°

Maximum thickness/chord

=

38%

Position of the max. thickness

=

42%

mean

outlet

flow

velocity)

for

both

flow

Results and Discussion
Flow Visualisation
To provide some information on the

The blades were fixed to the top plate of the
cascade through slots and held in position by screws.

structure

developing

This top plate was supported by four G.I. pipes at

downstream

four corners through screws. Two specially prepared

visualisation

upstream,

of the blade passage,
has

been

carried

vortex

inside

and

surface flow

out

for

various

bottom plates were used; aluminium plate for flow

spacechord ratios and tip clearance ratios. When a

visualisation and an hylam plate for surface static

boundary layer developed on the endwall approaches

pressure measurements. The hylam plate had 17 χ

the blade, it will experience an adverse pressure

104 holes of 1.0 m m diameter for the measurement

gradient, causing the boundary layer to be deflected

of

(skewed), resulting

static

pressure.

The

spacing

between

two

successive holes along the length of the plate is 6

in generation

of

streamwise

vorticity just upstream of the blade leading edge.

mm and that along the width is 15 mm. The plate

Figure 3(a) shows typical streamline pattern for S/ch

was supported by a stand fitted with adjustable

= 0.65 and τ/ch = 0.00 whereas Fig. 3(b) shows the

screws.

schematic of the important features derived from the

The present investigations were carried out for

oil flow visualisation.

space  chord ratios of S/ch = 0.65, 0.72, 0.79 and
0.98

and

for

each

space



chord

ratio,

the

experiments were carried out for five tip clearances.

In Fig. 3 (a), two major separation lines occur
ahead of the leading edge. A stagnation streamline
R, (Fig. 3 (b)), on the endwall

divides

these

The value of tip gap (τ) is expressed as a ratio

separation streamlines into suction and pressure side

between the tip gap and the blade chord (ch). The

branches (S ) s , S 2s and S, p , S 2p , where Si s , S| P are

values chosen are τ/ch = 0.0, 0.01, 0.02, 0.03 and

primary separation lines and S 2s , S 2p are secondary

0.04 respectively. The tip gap was varied by raising

separation lines). The intersection of line R| with

the top plate with blades by turning the nuts at four

separation lines result in saddle points A | and A 2 . All

corners by equal amount. The space  chord ratio

limiting streamlines that approach the intersections

was varied by removing the required number of

are turned away, except line R, ; hence, A, and A 2 are

blades and the remaining blades were moved through

saddle

the slots to get the desired space  chord ratio. The

correspond to the lift off line of the horse  shoe

points

The

secondary

separation

lines

pressure measurements were taken in batches of 80

vortex, while the primary separation lines are due to

by connecting the pressure tappings through P.V.C

the

tubings to a digital micro manometer (Type FC012,

horseshoe vortex. The secondary separation lines in

boundary
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general are more easily visible in cascade endwall
flow visualisation than the primary lines, which are
often rather weak. The visibility may depend on the
blade loading. These can be clearly made out in Fig.
3 (a). Hodson and Dominy 1221 observed both the
separation lines for an 8.6 degree incidence angle,
but only the primary one for a zero incidence. The
appearance of both the lines in the present case of a
large deflection, highly loaded turbine cascade, is in
accordance with their observation at higher blade
loading. The accumulation of lampblack

between

two separation lines near the leading edge (black
patch in Fig. 3 (a)) indicates the existence of low
energy region.
The pressure side legs of the separation lines S| P
and S 2 p (Fig. 3 (b)) cross the passage owing to
prevailing

bladetoblade

pressure

gradients

and

intersect the suction surface of the neighbouring
blade after a short distance. The pressure side leg S 2 p
entrains the endwall boundary layer fluid to develop
into passage vortex. At the intersection of S| P with
the suction surface begins a corner vortex with its
Fig. 3(a) Oil

Flow

Pattern

on

the

Endwall

primary separation line S 3i Fig. 3 (b) and Fig. 3 (a).
The corner vortex rotates in the opposite direction to

(S/ch=0.65, τ/ch = 0.00)

the passage vortex. The boundary layer fluid on the
endwall diverges from the dividing stream surface R 2
and joins the corner vortex separation line of the
neighbouring blade. The suction side legs of the
separation lines S| S and S 2 s wrap around the suction
surface. The evolution of these separation lines seem
to be dictated by the stronger transverse pressure
gradients downstream of the leading edge plane
especially

near the suction

side causing

earlier

intersection of the separation lines with the suction
side. The intersections are ahead of the point where
pressure side leg S l p meets the suction surface, Fig.
3(b). The separation line S 2s (suction side leg of the
horse  shoe vortex) is strong and is clearly visible
(Fig. 3 (a)).
When the tip gap is formed between the blade tip
and the endwall, the clearance flow leaks from the
pressure surface to the suction surface owing to the
S2p
Fig. 3(b): Schematic of Oil Flow Pattern on the
Endwall (S/ch=0.65, τ/ch = 0.00)

prevailing pressure difference. The clearance flow
passes through the tip gap from the pressure surface
to the suction surface due to the pressure difference
across the blade tip. The clearance flow rolls up into
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a tip clearance vortex in the passage. The interaction
of this vortex flow with the passage flow alters the
structure of the secondary flow inside the passage.
These

aspects

are

clearly

visible

when

the

photograph in Fig. 4 for S/ch = 0.65, and τ/ch = 0.02
is compared with Fig. 3 for zero clearance condition.
The schematic of the oil flow visualisation for τ/ch =
0.02 is shown in Fig. 4 (b). The endwall flow pattern
when the clearance is present (Fig. 4(a)) is distinctly
different from that of τ/ch = 0.00 (Fig.3(a)). With
clearance, the secondary separation line responsible
for the formation of horseshoe vortex is not visible.
However, the primary separation line is visible in
both cases. Figure 4(b) shows the formation of a
reattachment

line near the pressure

side and

a

separation line near the suction side, sketched by R 2
and S 4 respectively. The line S 4 is the separation line
of the tip clearance vortex. Another separation line
close to S 4 indicated as S 5 is the separation line of
the passage vortex. The flow diverges from the
dividing stream surface R 2 . This dividing stream
surface between the fluid, which is swept into the
gap and that, which is driven across the passage is
close

to

the

corresponds

suction
to

the

surface.

cross

The

passage

latter
flow,

flow

Fig. 4(a) Oil

Flow

Pattern

on

the

Endwall

(S/ch=0.65, τ/ch = 0.02)

which

produces the passage vortex. As one would

be

expected, the location of R 2 is a function of the
clearance and probably of other parameters such as
the blade loading. Sjolander and Amrud /8/ observed
the tip leakage flow to be normal to the camber line
of the blade. However, from Fig. 4(a), it is clear that
the limiting streamlines on the endwall surface, in
general, are normal neither to the suction side nor to
the camber line within the gap. Hence, the

flow

inside the gap is strongly threedimensional almost
over the whole chord. Although the origin of the
separation line S 4 of the tip leakage vortex is not
clearly identified from Fig. 4(a), the origin might
possibly be near the point A 3 , Fig. 4(b).
When the space  chord ratio is increased to 0.79
and 0.98, Figs. 56, the basic features remain the
same. However, the cross channel boundary layer
fluid is enhanced and the origin of the separation line
S 4 moves upstream with increase in space  chord
ratio. The visualisation figures indicate that the flow

Fig. 4(b) Schematic of Oil Flow Pattern on the
Endwall (S/ch=0.65, τ/ch = 0.02)
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Fig. 5:yxwvutsrponmlkjihgfedcbaYWTSPOFECA
Oil
Flow
Pattern
on
the
Endwall

Fig. 6:

Oil

(S/ch=0.79, τ/ch = 0.02)

Flow

Pattern

on

the

Endwall

(S/ch=0.98, τ/ch = 0.02)

near the leading edge is less inclined to the tangential

approaches the leading edge and reaches a peak

direction (Y  direction, Fig.2) than around the mid

value corresponding to the saddle point Α ι shown in

chord.

This

implies

that

the

leakage

flow

is

dominated by streamwise pressure gradient near the

Fig. 3(b) and visible in other photographs. After this
point,

the

static

pressure

coefficient

decreases

leading edge and by transverse pressure gradient

rapidly as the flow accelerates towards the pressure

over the other portion of the chord

and

(which is

suction

surfaces.

When

the

clearance

is

corroborated by the contours of C P presented in the

increased, the adverse pressure gradient upstream of

next section). The tip clearance and passage vortices

the leading edge is decreased due to the diminishing

do not appear to merge as observed from their

strength

of

the

horseshoe

vortex.

At

normal

the

clearance (around τ/ch = 0.01), the pressure field

downstream flow field, Figs.3 6. The reason could

setup by the blades is largely imposed on the

be that they rotate in opposite sense to each other.

endwall.

distinct

separation

lines

(S 4

and

S5)

in

The

strength

of

the

adverse

pressure

gradient set up on the endwall will also vary with the
clearance. As a result, a horseshoe vortex forms

Static Pressure
Leading Edge

Coefficient

Upstream

of

the

around the leading edge of the blade only for small

Figure 7 shows the static pressure coefficient

still discern the formation of a horseshoe vortex

values of clearance. Sjolander and Amrud /8/ could

upstream of the leading edge for different clearances

around the leading edge, at a clearance of 1% of

and

chord

spacechord

coefficient

ratios.

gradually

The

increases

static
as

pressure
the

flow

but

at

2.9%

chord,

it

had

evidently

disappeared. The reduced adverse pressure gradient
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Fig. 7:

upstream

of

the

Variation of Static Pressure Coefficient Upstream of the Leading Edge

leading

edge

indicates

the

disappearance of horseshoe vortex for clearances >
0.02 in the present investigations.

Contours of Static Pressure on the Endwall
The static pressure measurements made on the
endwall for S/ch = 0.65, 0.79 and τ/ch = 0.00 are

The static pressure coefficient decreases with

presented in Figs. 8 and 9 respectively as contours of

increase in space  chord ratio indicating that for a

static pressure coefficient. The important feature of

given τ/ch, the strength of the horseshoe vortex

the contour plots of Fig. 8 is the appearance of local

decreases with increase in space  chord ratio. This is

maximum and local minimum. In front of the leading

reflected in the flow visualisation photographs (Figs.

edge of the aerofoils (around 2 0 % of the axial chord,

36).

(e)), the local pressure maximum corresponds to the
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Fig. 8:

Contours of Static Pressure Coefficient on the Endwall (S/ch=0.65, τ/ch = 0.00)

location of saddle point of separation, A, (Fig. 3

will

(b)). Downstream

streamline in the outer part of the gap. The tip

of the point where

pressure

be

seen
gives

by

the

rise to

nearly
an

twodimensional

surface leg of the horseshoe vortex S 2 p meets the

clearance

suction surface, there is a strong negative pressure

lowpressure trough under the blade surface, Fig. 10

exceptionally

deep

gradient towards the suction surface in a direction

(S/ch = 0.79, τ/ch = 0.04) in comparison with zero

more or less parallel to this separation streamline.

clearance, Figs. 8 and 9. The trough persists up to

The separation streamline S 2p from flow visualisation

the trailing edge and

is probably

due to the

is sketched as a thick line in this figure. The region

mainstream fluid being forced to flow around vena 

of lowest pressure near the suction surface is due to

contracta and the resulting curvature creates a low

the interaction of the pressure side leg of the

pressure

horseshoe vortex with the suction surface and

Hirsch /15/, BindoniHHi) . The minimum C p in the

accumulation of low energy fluid due to the cross

trough is 0.8 occurring around mid chord, instead of

channel pressure gradients. The passage

vortex

normal pressure levels of around 0.0 near the suction

originates from this region. When space  chord ratio

surface for zero clearance, Fig. 9. The presence of

is increased to 0.79, Fig. 9, the maximum pressure as

this lowpressure region means that the pressure

well as adverse pressure gradient upstream of the

difference for leakage flow is increased and that the

leading edge is considerably decreased. The static

velocities

(Sjolander and Amrud /8/, Kang and

within the gap will be higher.

The

pressure near the suction surface falls to 0.3 in

boundary layers will be thin and heat transfer

comparison to 0.00 value for S/ch = 0.65 indicating

coefficients will be high. The intensity of the

enhanced cross channel deflection across the blade

pressure gradients around the pressure surface edge

passage.

especially in the latter half of the chord is obvious by

The

measured

pressure

distribution

on

the

the closely packed contour lines.

endwall is essentially the pressure variation, which
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x/ c h

Fig. 9:wutsronlihfedcaSPEC
Contours of Static Pressure Coefficient on the Endwall (S/ch=0.79, τ/ch = 0.00)

Fig. 10:

Contours of Static Pressure Coefficient on the Endwall (S/ch=0.79, τ/ch = 0.04)

Brought to you by | provisional account
Unauthenticated
Download Date | 6/10/15 8:06 AM

313

0 .0

0 .1

0 .2

0 .3

0 .4

0 .5

0 .6

0 .7

0 .8
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X/ e

Fig. 11 yxwvutsrponmlkihgfedcbaYXWTSPMKIHFCBA
: Contours of Static Pressure Coefficient on the Blade Tip Surface (S/ch=0.79, τ/ch = 0.04)

Contours of Static Pressure on the Blade Tip
Surface
Measurements of the static pressure on the blade
tip surface is shown in Fig. 11 for S/ch = 0.79 and
τ/ch = 0.04. A lowpressure region exists near the
pressure surface corner. This low pressure on the
edge o f t h e pressure surface of the blade is caused by
the

clearance

flow

moving

radially

down

the

pressure surface and then turning sharply through
90° as it enters clearance gap with a high streamline
curvature. The low static pressure will be associated
with high velocity and therefore high convective heat
transfer. This

contributes

to

the

occurrence

of

burnout at the pressure corner.

resulting in different path lengths at different axial
stations. The variation also depends on the tip gap
height. Hence, to get a realistic idea about the
variation of static pressure on the endwall and on the
blade tip surface, the results are plotted with Xaxis
chosen

as

the

tangential

thickness

non

dimensiotialised by t h e tip g a p heigbt, T f r a n d t h e
Yaxis representing the static pressure coefficient.
Pressure and suction sides are marked in this figure.
From X/e = 0.5 to 0.80 and slightly away from the
tip gap entrance, the flow experiences an abrupt
contraction of the flow cross section area (vena
contracta), hence, the static pressure on the endwall
decreases rapidly. This is related to the tip separation
vortex, Kang and Hirsch /23/. The static pressure
rises after venacontracta.

Endwall and Blade Tip Surface Static Pressures

Cascade blades generally have a sharp corner at

The endwall and the blade tip surface static

the entrance of the tip gap. Therefore, a separation

pressures at X/e = 0.3, 0.5, 0.6, 0.8, 0.95 are plotted

bubble forms at the corner. Storer and Barton /24/ in

in Fig. 12 for S/ch = 0.72 and 0.98 and for τ/ch =

their investigations on compressors concluded that if

0.02,0.03 and 0.04 respectively. In an aerofoil, the

the blade thickness is less than 1.5 times the gap

distance between the pressure and suction surfaces in

height, the separation bubble will not reattach. The

the

is

turbine blades employed in the present investigations

tangential

different

at

direction
different

(Ydirection,

(tangential

are much thicker than this and have plain flat tips;

thickness). When the clearance is present, the flow

therefore, the separation bubble is likely to reattach

enters the tip gap from the pressure side and emerges

on the tip surface of the blades. Since the separation

from the

bubble reattaches, the height of the gap flow stream

suction

side

axial

Fig.2)

stations

into the

blade

passage,
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tube

increases downstream

of the bubble.

For

0.80 and at X/e = 0.95; there is no mixing at all. The

subsonic flow, this leads to pressure rise in the

reason for no mixing in this region could be due to

downstream portion of the gap, which means the

the movement of the tip separation vortex into the

clearance flow is mixing. The static pressure rise

passage. Here the blade thickness to tip gap height is

downstream of vena contracta can be seen from X/e

only 3.2.

= 0.5 to 0.80 in Fig. 12. The static pressure on the

Moore and Tilton /10/ reported complete mixing

end wall decreases even lower than that on the blade

in their turbine cascade experiments for a Τ/τ ratio of

tip surface for X/e = 0.30 and 0.50. On the other

7.3. Moore and Tilton in their gap flow model

hand, Kang and Hirsch 1231, Moore and Tilton /10/

assumed that the flow would be fully mixed by the

in their experiments reported that the static pressure

time it reached gap outlet. In effect, Moore and

on the end wall does not decrease as far as that on the

Tilton interpreted the flow downstream of the vena

blade tip surface.

contracta as a sudden expansion of flow area, with a

In contrast, the static pressure on the blade tip
surface attains minimum

value at the

pressure

consequent loss in total pressure being experienced
by all the fluid passing through the gap. By contrast,

surface edge. The pressures are significantly lower

Heyes and Hodson 1251 suggested that the mixing

than the gap outlet pressures. This is related to the

would be complete if the gap length exceeds six gap

very high streamline curvature occurring at the

heights. Mixing not only depends upon the length of

pressure side edge. After attaining minimum values

the fluid path (or Reynolds number based on the

at the pressure surface edge, the pressure increases

length of the fluid path) but also on the blade

either gradually up to the exit or after attaining the

loading. In the present investigations, the turbine

maximum value in the region of the tip separation

blades are of impulse type with a deflection of 120°,

vortex

the blades are highly loaded, hence mixing is

remains

constant

or

experiences

slight

acceleration thereafter. At X/e = 0.95, the flow does

incomplete even for a Τ/τ ratio of around 10. This is

not experience any contraction at all due to the

an interesting observation. The point of local minima

movement of tip separation vortex into the passage.
The mixing process depends upon the tangential

which corresponds to the formation of tip separation
vortex is possibly on the pressure surface edge at X/e

distance and blade loading. At X/e = 0.30, for S/ch =

= 0.30. It moves little away from the pressure surface

0.72, Fig. 12 (ala3) the separation vortex is very

edge at X/e = 0.50 and continues to grow and move

weak and is possibly situated right on the pressure

towards the suction surface edge until it moves into

surface edge. The fluid on the endwall does not

the passage some time after X/e = 0.80

accelerate abruptly, rather the flow both on the

Up to X/e = 0.80, Fig. 12, the static pressure both

very

on the endwall and blade tip surface is lower for S/ch

surface

= 0.98 irrespective of the tip gap height. At X/e =

pressure. On the other hand, for S/ch = 0.98, the

0.80 and 0.95, the static pressure coefficient does not

endwall and blade tip surface accelerates
gradually

to

the

downstream

suction

flow on the endwall accelerates rapidly up to the

vary much with the space  chord ratio. However,

region of the tip separation vortex and increases

due to incomplete mixing, the leakage flow emerges

steeply

pressure

from the tip gap with differential static pressures on

especially for higher clearances, Fig. 12 (a2a3). The

both endwall and blade tip surfaces. The location of

mixing is more or less complete for X/e = 0.50 and

minimum static pressure seems to be a function of

0.60 which is attributed to the higher ratio of blade

space  chord ratio. For S/ch = 0.98, the minimum

thickness to tip gap height (Τ/τ = 12.50). Though Τ/τ

static pressure occurs earlier than for S/ch = 0.72.

to

the

downstream

suction

is the same at X/e = 0.50 and 0.60, the static

Losses inside the gaps are generated by friction

pressures are better attenuated at X/e =0.50 than at

and by mixing. The mixing losses appear to be

X/e = 0.60. The growth of tip separation vortex from

dominant. The magnitude of the losses will depend

X/e = 0.50 to X/e = 0.60 could have inhibited better

upon the area change from the vena contracta to the

mixing. The mixing is incomplete at X/e = 0.70 and

gap outlet. For a sharp corner at the pressure side of
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the gap, the contraction coefficient for the vena
contracta is about 0.6. The mixing losses inside the
gap will also depend upon the degree to which the
mixing is completed. The longer the gap, the greater
the mixing and therefore the losses will depend on
the ratio of gap height to the minimum

blade

thickness. It may be noted that the leakage flow is
underturned

and

it expands

to the same

back

pressure as the passage flow, which means the mass
flow between the blades is reduced over the entire
span as the tip leakage flow will have a higher axial
velocity. Since the passage flow is reduced, the blade
force, and, therefore, the pressure difference are also
reduced. As the tangential thickness in compressor
cascade is small, mixing usually does not occur
inside the tip gap. Storer and Cumpsty /16/ showed
that the leakage losses arise almost entirely at the tip
gap exit, where a shear layer forms between the
leakage flow and the mainstream flow. In the present
investigations on turbine cascade, some mixing is
taking place inside the tip gap associated with loss
generation. After the leakage flow emerges from the

r/ch

gap, additional losses are generated as it mixes with

: ooooo 0.02
I · · · · · (11)1



0.70

;

y

0.65

Γ

the passage flow.
ο
Ο

Discharge Coefficient
Discharge coefficient, C D , is calculated using the

S/ch = 0.98

xtonliaSA
" OOOOO η 01

0.80

0.75

J·

—o

0.60
0.0

potential flow theory with mixing analysis proposed

0.2

L.E

0.4

Axi al

0.6

0.8

St at i o n

T.E

by Moore and Tilton /10/. C D can be interpreted
physically as a measure of the area blocked by the

Fig. 13:

1.0

Variation of Discharge Coefficient

tip separation vortex and the tip endwall boundary
layer. The variation of C D at various axial stations is
presented

in Fig.

13. The discharge coefficient

tip leakage flow covers over the tip and blade

increases from X/e = 0.05 to X/e = 0.7 and then

loading. Thus, C D will vary along the chord. If no

decreases towards the trailing edge. The highest

mixing was to occur, theoretically, C D should be

value of C D is about 0.81 around X/e = 0.7 for S/ch =

equal to the contraction coefficient, which takes a

0.98. This compares well with the value of 0.843 by

value of 0.611 for incompressible flow (Milne

Moore and Tilton /10/ at Reynolds number of 1 χ 10

4

Thomson /26/). If the value of the

contraction

and 0.851 by Wadia and Booth /7/at Re = 0.65 χ 104.

coefficient is constant, then the thicker parts of the

Any mixing that occurs in the tip gap for a given

blade will be associated with the higher values of C D

value of contraction coefficient serves to increase the

(more mixing losses) than the thinner parts of the

discharge coefficient and thus the expected loss for a

blade if the mixing is the dominant feature of the tip

given clearance. The amount of mixing that occurs in

flow.

the tip gap will depend on the Reynolds number of
the tip clearance flow based on the distance that the

With the thin boundary layer in the pressure side
corner,

the

total
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approximately equal to the value of the cascade inlet.

gap from the pressure side is accelerated. The

Discharge coefficient near the leading edge is

acceleration continues a short distance inside the tip

significantly smaller than at other sections. This

gap, affected by the vortex motion. Downstream of

might justify the observation of Storer and Cumpsty

the tip separation

/16/ who took a constant C D to calculate the leakage

increases

flow with

Rain's model

and obtained

a

due

to

vortex, the endwall
flow mixing.

pressure

The mixing

is

good

incomplete in the aft portion of the blade. The tip

agreement between the predicted and experimental

clearance and passage vortices do not merge in the

data over the rear 70% of chord, but over predicted

downstream flow field due to their opposing sense of

the leakage flow near the leading edge. The C D taken

rotation.

to fit their experimental results is 0.8, which is close

The discharge coefficient, which is a measure of

to the present data at X/e = 0.6. Obviously, the

tip gap loss, increases with tip clearance and space 

discharge coefficient tends to be lower when the

chord ratio. It has lower values near the leading and

mixing is incomplete which is the case near the

trailing edge regions.

trailing edge regions.
For a given space  chord ratio, the discharge
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