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ABSTRACT

An experimental investigation has been conducted to discover vi-
sually the flow mechanism in the rotor blade tip region for a particular
turbine blade (R12). Flow visualization was obtained using tracer balls

suspended in the fluid, and also with localized dye injecfjon. The latter

“turned out to be more helpful.

The leakage mechanism present in the rotor blade tip region for ‘
a circumferentially grooved casing wall was investigated in"detail. It
was found that the leakage flow, and the "anti-leakage" flow, both directly
4

depend on the pressure difference across the blade tip. The leak blockage

which would reduce tip clearance losses.
#

geous for smaller tip clearances. A modified blade tip profile is proﬁg;ed
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ESU '
RESUME ' 5
!

Une recherche expérimentafe a éte $ntreprise en vue de découvrir
de facon visuelle, le mécanisme du débit

3n§/Ja région d 1'extrémité de ‘

1'aube d'une turbine pour une aube particuf?éré (R12). La visualisation
du débit a é€té obtenue a 1'aide de balles tracantes §uspendges dans 1le
fluide ainsi qu'a 1'aide d'une injection localisée de colorant. Ce der- - .

-

nier procédé s'est révéle plus utile. v

~

Une &tude détaillée a été,consacwée al mécénjsme du coulade qui
se produit dans 1a région en question pour un mur de rev&tement & rainures ~ P :
circulaires. Elle a révélé que le débit du coulage ainsi que le débit
"anti-coulage" dépendent tous deux directement de la différence de:bression N

Te long de T'extrémité de 1'aube. . Le mécanisme de blocage du coulage

fonctionne de manidre plus efficace dans les darties plus épaisses de 1'aube.

I1 a &té révele Egalement que 1e mur & rainures circulaires serait plus
avantageuXx pour des intervalles plus petits des extrémit&s. Nous propo-

sons un profil modifié de 1'extrémité de 1'aube, ce qui réduirait Tes

pertes dues & 1'intervalle entre 1'extrémité et Te mur de rev&tement.
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° 1. INTRODUCTION , : . E

A small research turboshaft engine with a mass flow rate of 5.75
kg/s, and an output of 1500kw is being designed at Pratt & Whitney to

operate at a ¢cycle pressure ratio of 10:] with a turbine inlet temperature .

—_
[ U OV
N

of 1350k. This high compre'ss/'ion ratio together with small mass ﬂ oW re-

sults in a turbine design witha small annulus area, and a small blade

height (2.88cm). High potential gas flows through small turbine blacies

increases’ the percentage losses due to tip clearance. To help redute these
\ : .
losses, an understanding of the tip flow associated with varying} the radial

clearance and shroud geometry is required.

>

The main objective of this thesis is to study experimentally the
flow char/‘acteroistics at the blade tip region for different tip and shroud

geometries. An updérstanding of the flow mechanisms in this region will

e I I T —
)

[T PN I SN RSP

M Tead to better geometries in order to reduce the tip clearance losses,

PN

This investigation consists of making visual observations in order to dis-

4
\

cover the flow mechanisms present in the blade tip and shroud region.

1.1 Previous investigations

l P
_ Over the past 60 years, severd] in\)estigations hdave been conducted B

~. to determine the rotor tip clearance penalt)]l for various turbine designs.

<

So far, the theoretical studies which have been conducted on ithis
subject involve many assumptions which limit the practicality of the results

and thus-can only be used to serve as guideiines. When a new blade tip

o R L e e g

g3

9
. . . . .
geometry, or casing wall configuration is used; the only sure way of achiev-~

‘ing optimum tip clearance for; that particular turbine is to experimentally .

vary the tip clearance under actual operating conditions, while measurin§

L.

the most appropriate indicator of performance ?ér that particular turbine '

!
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application.

An almost-universal parameter in this subject is the®"

éfficiency
gradient". This is ‘then percentage 1)oss of efficiency for a change of one
percent of the blade height at a given clearance. This correlation has
Tittle theoretical involvement with the physics of the sl:tuation, as it is
. obtained from experimental data _taken' for a particular type of‘ turbine."

However, use*of Fhe efficiency gradient is valid for relatively similar con-

ditions; bearing in mind that some factors do not affect the tip clearance

°

Mosses (e.g., the b]adé height), and others do (e.g., the pressure ratio).

The /interesting point is that despite the different experimental
tecr'miques, the invéstigator:s have arrived at similar values for the effi-
ciency gradient. ‘For exémp]e, Hass & Kofsky (Ref. 1) and Rylatt & Patel
(Ref. 2) have reportéd a 2% efficien’cy 1]oss ;‘or‘ a 1% tip clearance increase.
This tip clearance ratio is based on the blade height. Some ipvestigators\

/reférring to the nonlinear behavior of the efficiency gradient have reported
a range of efficiency drops. For example, Hebbel (see Ref. 2) reported a
1.5 to 2% efficliency drop, in a similar way Okapuu (see Ref. 2) reported a
2.0 to 2.5% fa11 in s‘Eage efficiency for a 1% blade height increase in

~ clearance. '

‘o
Among a1l of the previon]é investigations the one that is most
applicable to the present study, is the recent investigation of Hass and

Kofsky on the effect of recessed caMconfiguration on overall perfor-

"mance of-a small axial-flow turbine (Ref. 1).

Using a recessed casing configuration, Hass and Kofsky's research

s,

* shows a 0.5% efficiency gain for a 1% tip clearance deca@ase. Test results
on the Pratt & Whitney turbine, having a circumferentially grooved casing
wall gonfiguration, show a 0.5% efficiency gain for a 1% tip clearance
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decrease. The tests wepe cérried out for a 1% tip clearance only.

I

1.2 Definition bf the problem

The importance of tip clearance losses in small jet engines has

ra

attracted the attention of jet engine manufacturers. They are supporting

research programs to find an appropriate casing ‘wall configuration to re-

e
e

¥
8

duce tip clearance Tosses. - e ‘

>

In 1976 at Pratt & Whitney three different casing wall configura-
tions were tested for two types of blade designs. It was found that a

el
circumferentially grooved casing wall reduced the tip leakage for R12 blades,

while the tip 1eakage for another type of blade (pT67Hp tu turbme b]ade) was

e v °

1ncreased compared to a plane casing wall condition.

In order to undeé'stand
why there was a differ‘eonce, it was decided to study the flow visually in a
dynamically simulated rectilinear water cascade tunnel with a belted moviryg

surface to simulate the relative motion between the blades and the shroud.

Th1s work was started in 1977 by designing an anropmate water- -
flow analogy testing facility. Th1s was designed for a w1de var1ety of

studies. 'Tts' construction was completed in 1978. Visual observations

were started in September 1978 and finished in November 1979,
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8 . 2. DESCRIPTION OF THE RI1§ o . o

. . @ .

2 ’ .« As far as flow v1‘suah‘~zation is concerneyd, the u.se of a wate(
‘ % 7 Flow qna]ogy ?est rig is essential. Velocities of the order of 18000cm/sec

éa relatedx?o the prototype gas turbine, can be scaled down to the order of

% lé?m/sec in a water cascade with a geometric\mosel to prototype scale ]

i Factor of 8:1 and maintain dynamic similakrity. “ !

+
o

The water flow analogy rig (Fig. 1) utilizes a recirculating
water system. Water is pumped from a storage tank (19wer right) into a

‘ header tank (upbér left), from which it flows through the test section}a, K

£

“ R 5 . ~ e « - 2 A Y = - ¥4
B P e W A R T e o SR e N L R S B B e e A T T e R B o e T ARG

(uppe;\?$§n32 and réturns to the sto%agé tank. The maximum water flow is
- f 6.75 litre/sec delivered at a maximum head of 6.1m. '

Fig. 2 shows the blade cascade installed in the working area. "

~

L

[

y " e S
t Tn practice a wide variety of inﬁerna] flow models could be installed. The .

cascade consists of five plexiglass blades, each'16.51cm long, having.a

Bt

constant cross section modelled on the R12 blade tip cross section (F%g.

%% / I§).5 The blades ?ang vertic?11y with the simulgted tip c1$arance at the ; ) .

% floor of the cascade. Tﬁg tip clearance separation is controlled by ver- '§~\
?k tical adjustment of the Tmgtion of the blade cascade. The cascade duct _éf
i and the blades are made of transparent p1exig1as§. Across the cascade . ’%

) floor beneath-the blades, runs & belt which simulates the relative motion .

o of the ﬁﬁade with respect to thg shroud. The solid casing wall of -the

engine is modelled by a smooth rubber helt (Fig. 4). °‘This is driven by.a

variable speed compressed air motor. A grooved belt simu1?tes°the cir-

\

cumfefentia]]y grooved casing wall of the engine. The grooved belt c;n—
sists of a number of aluminum elements which are pinned to agcubﬁer belt
(Fjg. 5). - h |
) ‘ 0 ’ N
The scale of the model is eight times larger than the prototype,

el
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at the tip section. The dugtAis run full of wqter in order that the flow
in the blade channels wouTd-have solid Qprders, and thus could also have
secondary flows in the correct 1ocat1;n. With full flow, this gives a
reaso%ab1e simulation of the engi%e Reynolds number, thus ensuring dynamic
sihilarity. Compressiblity effects are not modelled. This and the par-
tial simulation caused by the Rectilinearity of the water cascade consti-

tute the main timitations of the test rig.
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3. FLOW VISUALIZATION

. N
~ . PG

A means of observing actual streamlines is of great value when -
analyzing flow charactefistics. Frequently when the flow is complicqted

direct measurements are difficult to interpret and- flow visualization is

the best technique to use. .

.

~

In order to visualize streamlines a visib1§ gubstanqe must be
introduced into the flow so that they follow fhe streamlines closely with-
out changing the flow pattern appreciab1;j‘“Tﬂq\Eiﬂgs of visible substances

\lwere used to analyze the flow patterns: neutrally 6uoyant partip]es and

\
tracer fluid or dye.

1

‘ . -

3.1 Neutrally buoyant polystyrene balls )

CIn this method, neutrally buoyant polystyrene balls of approxi-
mately 0.5mm diameter are mixed with water in the storage tank. As they °*

ok, \
travel with the water flow they pass through 6 screens along the water

i

\ -
channe] which help to make the flow laminar and evenly distribute the
/ -
balls. As the water flow becomes Taminar the tracer balls move along the
streamlines so that when the water flow passes through the blade passage,

and the tip clearance, they follow the flow patterns developed.

\

A planar bea{ from a mercury vapour lamp was used to illuminate

the tracer balls as thely move along the flow streamlines (Fig. 6). °

r N :
To investigate the characteristics of the secondary vortices
and tip clearance leakage flow, ten observation planes were chosen, The
planar beam would ilTluminate the tracer particles which pass through these

viewing planes (Figs. 7, 8), |
Y v

Flow streamlines are not generally located on the planes of
\

\

., |
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i1lumination ind.oﬁ1y a short segment of a streamline can be pursued at one
time using tracer balls., Therefore this method was used only for prelimi-
nary experiments on the generaj characteristics of the flow inside‘the blade
passage. Although this method is easily applied for macroscopic observa-
tions for microscopic .observation of'the}f]ow, a vepsatile dye injector was
used.

v
© v

3.2 Dye injector

7

This technique consists oflinjecting a dye into the flow at any
arbitrary point iﬁside the blade passage. The dye will follow the local

/ N
streamlines, 'which can thus be visualized (Fig, 9).

' The Tocation of the tube head can be varied to overcome the
problem of rgpid dispersion of the dye ip the Qater. Even minor eddies
can be discovered with dye TnjectioH by moving the injector tube head close
to the region of study, - The tube head is confro11ed through three knobs -

and a small whinch wheel outside of the water tunnel (fig. 10). -

\ -
The use of these flow visualization techniques made possible the.

{

",

discovery of some unknown three-dimensional flows in the tip region, which

provided the essential experimental information for this investjgation.

In spite of the difficulties in getting quantitative experimen-

al data on flow quantitiés, the visualization techniques provided a good
- /

approxﬁmation for these quantities from the geometry of the stream1ines.‘ '
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' —— the-blade downstreamfrom the trailing edge. Plane 5 (Fig. 12)-shows—how-the—flow—— 1
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4. OBSERVATIONS ON SMOOTH BELT USING TRACER BALLS

* A set of observations was made by illuminating tracer balls, to
investigate the génera] characteristics of the main flow.* The clearance ,
space was changed from 0 to 2% of the blade height. The smooth belt was
operated at two speeds; one, a tip to shroud relative speed to match the
qunons number at the prototype design speed; and two, three times as

-fast. Observations were also taken with the belt stationary. The charac-

teristics of the secondary vortices changed as the tip clearance separation

and the wall relative velocity changed.

Qhen the wa]]'?e]ative ve]oqity\was zero, and the blade tip
touched the wall (zero clearance), the only sizeable vortex present inside
the blade channel was the passage vortex. The passage vortex forms in the

root and tip corners of the blade channel due to the turning of the flow.

Fig. 11 shows the evidence of the passage vortex in the observa-
tion planes 2, 3, 4. Plane 1 shoﬁs there is.a relatively small stall re- -
gion in the entering flow at the corner of the pressure side and the sta-
tionary belt. This decrease in velocity at thé leading edge, as will be /
discussed later, 1sﬁ; function of'thé tip clearance. In other words, when
the tip is close to the belt, the stagnation 1ine moves away from the lead-
ing edge towards the trailing edge. Plane 3 shows the passage vortex
~starting to roll up in the suction side corgené. Plane 4 shpws the passage

vortex developed. #

Fig. 12 depicts the formation of trailing vortices. These are

cdused by different fiow distributions in the pressure and suction sides of

* It was not possible to phofograph the illuminated ba]]s: The flow patterns

were carefully observed and the explanatory figures were drawnv

&

)
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near the pressure side slawly moves down toward the trailing edge, and also
\‘

depicts the position of the passage vortex on fhe suction side leaving the
blade. Plane 6 shows the formation of Von Karmiﬁjeddies, which move down-
stream as obszrved in planes 7 and 8. This disturbance to the channe1‘f1ow
caused by 'the t?éd]ing edge vortices is one of the sour;es of loss of the
fluid energy. Fig, 13 depicts the suction surface flow. The convergence |
which is very marked in the upper and lower parts of the flow‘i; due to T
the passage vortex in the blade channel. Fig.‘14 shows the streamlines ad-
jacent to the pressure surface. Here the divergence due to the passage

vortex is seen.

4.1 The qualitative effect of tip clearance variation

) \

At zero belt speed, the tip c]earan;e was changed an? obserYations
were taken for the; zero tip clearance, 0.5% tip clearance, and 2% tip clearance.
Fig. 15 shows the effect of varying the tip clearance separation on the
characteristics of the blade passage flow ét the tip region.* - Fig. 15a cor-

responds to zero clearance .and zero belt speed, where only the passage vortex

is present,

As the tip clearance increases, fluid starts to flow from the

pressure side to the suction side. At the small 0.5% clearance, legkage

;flow is not able to form a vortex, and the Tocation of the passage vortex

remains almost the same as that for zero clearance (Fig. 15b).

\

3

-
>

* Flow characteristics at the root regigp of the blade passage was almost

independent of the clearance and belt motion, and remaiqed_unchanged
. {

(the same as the zero clearance situation). So, for convenience of
\

_comparison, only the tip region is shown in the Figures.

o
4
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At a tip clearance equal to 2% of the blade height, a strong

TR R

.

clearance vortex occupies the tip corner of the suction side and the pas-
. ) .

sage vortex is markedly modified as a result of the presence of the tip

N

i

. 1Y
;s clearance vortex. Plane 4 (Fig. 15c) shows the location of the passage

vortex that has moved from the suction side corner to the pressure side

corner, //’

(
, )
Fig. 16 shows that Xor the 2% clearance, trailing vortices trans-

forn te“a downward flow which 1% the result of the clearance vortex Being

. e
in accordance with the passage vortex.

LY

4.2 The qualitative eﬁfect of, speed variation
A

!

!

. When the belt is moving, a wall boundary layer exists which in-
" fluences the tip Teakage flow. Here the effect of speed variation for the

2% clearance separation is discussed.

Fig. 179, represents §econdary flows corregﬁongzggxi& the sta-
tiopary belt condition, Fig. 17k shows the reinforcement of the passage
vortex as a resu f combining with the scraping vortex, which is caused
by the motion of the belt. The wall boundary layer occupieg a portion of
the tip clearance. ~the éip Teakage flow is reduceéﬁ Aé‘a ré;u1t of

< '
this Teakage flow reduction, and the existance of the combined passage and
L Y

N ] W s oS llllg . -—— Se— S— —

scraping vortices, the tip clearance vortex gets weaker.
i

When the belt speed is three tjmes as fast at the equivalent of
the tip to shroud relative vé]ocity of the prototype turbine at ‘the design
point (Fig. 17¢), the belt surface boundary layer causes more resistance

against the clearance leakage. In this coﬁdition the wall boundary layer

CERPR PN -'
p— e ey
7/

thickness increases, which reduces the tlearance leakeage, but reinforces

“the strength of the combined passage and scraping vortices.

"
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5. (QBSERVATIONS ON §MOOTH BELT, USING DYE INJHCTION TECHNIQUE ' %

A set of obseryations was made by using dye as a tracer fluid
) [ £

to investigate the small\scale characteristics of the tip clearance flaw.
The clearance space was cha ged'from 1% to 2.5%of the blade height and the

smooth belt was operated at a speed equivalent to a tip-to shroud relative

velocity of the prototype turbine at the design point. : .
. \

.
.
T, o Paaden e iR i tin iy
N

Ib ) - ,f
The criteria used for this set of observations are as

Ao 4+

@ - * & :; -
follows: - .

5.1 Leakage 1ling / g “

L

RS TREgR T LI

The Teakage Tine is defined as the Tlocus of theé points where the

3 ’
[

streamlines start to turn toward the pressure side and pass under the tip.

€t

CRA

It is Tocated #t the blade t%p Tevel. The location/ of this line depends on
\ . )
' the clearance leakage flow rate. At the zero tip clearance, the leakage
" line will lay along the pressure side corner with the belt surface. ®As

“
the clearance leakage rate increases, the leakage line moves farther away

from the blade pressure side. Fig. 18 shows the "leakage horn" which con-
‘sists of that portion of the blade channel flow that passes through the

clearance gap from the pressure side to the suction.side of the blade. The . ’4

@

leakage line is the intersection of the "leakage horn" and an imaginary :

plane at the bTade tip Tevel, \ k
|
)

&

5.2 Pressure side streamline direction i\ |
NS

N ‘The direction of the streamlines adjacent to the pressure surface_

of the blade depends on thé rate of the clearance leakage flow.

/

- S N W W Sy ~r
7 ”%{e‘;ﬁg;\m‘wfﬁgiw?m%nwa ) s

2l

At the zero Teakage flow the streamlines have the same direction

° \
#? as the streamlines of the zero tip clearance situation (Fig. 14). As the
o .
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.and combined passdge-scraping vortex (Fig. 19).

? ‘r'.|2_

i

leakage flow rate increases, the angle between the sﬁreamiines and the blade

D

’

5.3 Blade tip clearance leakage direction .

tip increases (Fig. 19).

. ~ ,
The direction of the tip clearance leakage flow, depends on the

pressure distribution on both sides of the blade, the belt surface boundary’

’ g

‘ layer, and finally the blade tip boundary layer. At relatively small clear-
! 13 [

ance separa}ions, the belt surface bo&ﬁdary layer creates a resistance against

the pressore driven leakage flow and reduces:the tip clearance 1éakage flow.

This ledkage reduction affects the direction in which fluid particles take

to go from the pressure side to the suction side.

’ N . -
»

As thé Teakage flow rate is reduced, flow patterns over the tip
’ i ~ / I
turn towards ‘the trailing edge (Fig. 19).

Il

5.4 Vortex boundary

-

Since the loss of the fluid energy depends on the intensity P?
turbulence, an approximate boundary of the vortices present in the channel

indicates the rate of main flow disturbances caused by the clearance vortex
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\ 5.5 THE!QUANTITAIIVE EFFECT OF TIP CLEARANCE VARIATION FROM DYE INJECTION

) (o)

e i e S T T g
LRI T T s

e A e e R YT

. ’ . . {
'P ] At the equivalent design point speed, tip clearances were ‘changed
p and the observations were taken at 1%, 1.5%, 2%, and 2.5% of the blade ~

: ‘ heig t.

TN

Each set of observation planes consists of: the top view, front
view, and a cross section along the blade in the proximity of the maximum.
Teakage area KFig. 20). The top view in each observation plaﬁe set shows

the 1bcation of the Teakage line, clearance leakage stkeam]ineﬁ, tip clear-

-

.
L] — .

\

Y

} ance vortex, and combined passage-scraping vortex. The front view depicts
. : 1‘* " - 3
thecgféssure side streamline direction. The cross section view shows the .

r
©

mechanism of tip leakage and wall boundary layer roll-up. |
/

Fig. 20 shows a set of observation planes for 2.5% tip clearance. :

The top.view represents the blade tip area, Toéking downwards from above,

~ . // -
The direction of the flow through the clearance gap is shown. - T

‘ The first 25% of the axial chord length from the leading

edge, at the top view of Fig. 20, has clearance velocities that are'lower

“than the mid-chord section (as evidenced by the shorter vectors). It should

be noted that the vortex does not start at the. Teading eng of the blade,

but in this case, about one third of the way along the suction surface.
LN H

This happens because the pressure gradients are weaker near tﬁe leading

edge Furthermore, for such a relatively large tip clearance separation,

there is a, greater unguided throughflow over the blade tip which follows

~
©

the directioé’of the main flow, and passes through the tip and belt bound- ‘
ary layer with little mixing. So the leakage starts to roll up after the

first third of the way along the suction surface. -

r Ly

,Fig. 20 also shows the position of the leakage (line, the vortices
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boundary, and the direction of the pressure side streamlines. At the right
side of Fig. 20 in the cross section view of the b]a&e; the blade tip bound-

_ary layer, the belt surface boundary layer, and the mechanism of the leak-

age blockage through the belt surface boundary layer roll-up are recorded.

Fig. 21 repres%zﬁﬁ\the tip leakage mechanism for the 2% éip’c1ear—
ance condition. The major difference between the 2% and 2.5% tip clearance‘
is the change in the position of'the leakage 1iqe which depicts less un-
guided fhrough.flow over the blade tip. As a résu]t, the leakage flow in
the leading edge is mainly influenced By the pressure gradient. Slight

changes are seen in the tip leakage directions and tip clearance vortex,

predicting Tess t}p\leakage flow. )

»

Fig. 22 represents the tip 1eakége mechanism for the 1.5% tip
clearance condition. Comparing the leakage lines, tip leakage vortex, pres-
sure streamline directions, and the blade cross section view bétween 1.5%

4

and 2% tip ¢learance indicates onl

‘Fig. 23 shows a sudden change from 1.5% to 1% tip c]earancg‘sepa~
ration, espec1a11y the tip clearance vortex boundary and combined 5assage-
scraping vorte; have changed considerably (see top view). Anotfer congider-
able change is noticed in the direction of the pressure surface streamline
directfion at the leading edge (see front view). K This suggests reconsider-

9

ing the blade profile design at the blade tip for a 1% tip clearance.

For purposes of leakage control, it can be noted that the )
Teakage flow, for tip é}earances above 2% of the blade heightTis partiy in-
fluenced by the unguided throughflow over’the blade tip, and leakage reduc- -
tion devices are needed all along the blade chordff Below 2% tip clearance,
leakage flow is weak for the first 25% of tﬁe axial chord from the leading

edge, and the last 25% of the axial chord to the trailing edge.

= o - . -

1
{

¥ a s1ight reduction in'the tip leakage flow.

!

e TR R S

e i e
o S

N i
el

S

R R Ded Kyt

S T




i 5 St Sey v
Bl AT S T

1N,

¥

1 '
- o cula e e ow . N ey Ty AT IS e R Mltela ey R s oy Wt B e sy 3w S A TP AT IR

’ -~

4

~<15 -

6. . OBSERVATIONS ON THE GROOVED BELT USING DYE INJECTION TECHNIQUE ~
AN T 5

‘A set of observations were taken using dye to investigate the
microscopic characterist#ts of the tip clearance flow present when a
L ]

gggoved belt was used in place of the flat belt.

’
<

The clearance separation was cnanged from 1% to 2.5% of the
blade heigh%. Initially, observations were taken within the stationary
grooved belt, thén observatidms of the flow patterns were taken with the
grooved belt moving at a speed equivalent to a tib to shroud relative ve-

locity of the<prototype turbine at design‘pointﬁ\

)

"
e
.

ﬁhe mechanism of the leak blockage present in the blade tip
s ¢ :

region, which was discovered during the preliminary observations is ds

L s

follows. L .

In each groove there are two circulating cells, one in the bottom
y ‘ |

of the groove and che other adjacent to the blade passage flow (Fig. 24).
Along each groove, three different regions are distinguished (Fig. 25). Re-
gion A is characterized by a flow that enters into the groove and moves alang

!

~ £ 2
the .direction of the moving belt; next region B is characterized by a flow

. £

that enters the groove but moves to the opposite direction, and finally re- %
i

gion C the efflux region for)outgoing flow from the groove. In region C, §
‘ i

k™

which covers all of the blade tip surface, the two previous entering flows

SErtA N

o

return to the blade passage flow, and block the tip clearance gap. Fig. 24

v

R P

shows that the peak outflow in reg?gh C corresponds to the blade suction
side. Fig. 24 aldo shows the blade tip boundary layer. The details of the

flow characteristic ihside the blade tip boundary layer is shown in Fig. 26.
\

Ll
»

v There are three different types of leakage flow patterns. Pattern

3

no. 1 (Fig. 26), represents the fast moving leakage flow streamline.. Pattern
"~ @
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'@‘ ' of the blade, and a cross sectional view from the maximum leakage region

t————
o a4~

i

A D N T T R PR . VDI A 0 BLTE R mm Geamees [ MECETRI AT a7 38 rak T e e S o

PEERLE

2
no. 2 represents the leakage flow streamline which is associated with the
/ "
boundary layer of the groove outflow across the: blade. Pattern no. 3 re-

~

presents the slow moying Jeakage flow. streamline.

|
Figure 27 shows a top view of the blade cascade (looking down-

i

wards from above through the transparent p]exig]asg,b]ade), a front view

(looking downstream)., This was for; 2.5% tip clearance, and a stationary

.

grooved belt condition. 0 o .

+4 .
The cross sectional view of the blade passage shows that flow

: e . .
near the belt enters into the groove from region A and B, and then near

the suction side (region C) it flows out and blocks the leakage flow exit.

The leakage line configuration (top view) shows the absence of
the wall boﬁndary layer resistance to the ungu}ded throughflow over the
‘\b1ade3tip. So at the leading edge region, leakage is mainly supplied by
the main flow and” is not primarily under the control.of a pressure gra-
diént. The c1éarance vortex)aﬁd combined passage-groove ouff]ow vortex

form on the suction side of the blade as indicated in the cross-section view.

. Comparison between the différent charateristics of the leakage
\*%6w;mechanism for different clearances of 2.5%, 2%, 1.5%, and 1% for the -
stationary grooved belt condition shows very 1i£t1e improvement iﬁ the
rate of the leakage flow (Figé.‘27—30). This indicates that the wall boundr
Ary‘lay9f plays the main role in decreasing the leakage flow.. Tﬁis will be

discussed further in the following paragraphs.

»

Fig. 31 corresponds to the gbservations in the 2.5% tip clearance

with the grooved belt movinL at the equivalent speed of the tip-shroud *

’
Ry

relative velocity in the prototype turbine at design point.
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l - By comparing Figs. 27 and 37, a significantﬂ reduction in the tip
' ) Teaﬂkage'wiﬂ be noticed. This sudden change which can only be attributed

r . to the belt motion shows the important relation of the érooved belt speed

: and Teakage flow reduction. In fact, the motion of the grooved helt has
caused the groove cutflow region td move further into-the clearance gap
and as a result c1°ear'ar;ce leakage has been -reduced to Tess than the sta- ///

tionary grooved belt condition. This comparison indicates phgt: the leak- s

age Tine has moved closer to the pressure side, the vortices occupy less -

space inside the channel, and the Teakage flow directions have turned to-

@

\ o
e o £ et S it DB 1 Rtk e e

belt moving than when it %s stationary.

l . wards the trailing edge. n‘OveraH less Teakage is obtained with the grdoved
I At the design point speed, by going from 2.5% to 2% tip clear- = |

ance (Fig. 32) the leakage is reduced slightly. However, as
»

- the tip clearance is reduced to 1.5%, observation shows (Fig. 33) a consi-

derable decrease in the rate of the leakage flow. At 1% tip clearance

(Fig. 34) there is almost'no leakage flgw in the first half of the blade

chord, and in the last 25% of the blade chord to the trailing edge. For

the grooved belt condition the same profile defect is observed which si;g-‘-’

gests a reconsideration of the blade tip profile design of the leading
2 L R e /
edge (for 1% tip clearance). ' ‘ '
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7. GONCLUSIONS S . V4 ‘ A
St \ T
' 7.1 Smooth belt o A L

The observation results show that the rate of tip leakage f]ow
is based on two factors the pressure difference across the blade tip, and

the casing wall boundary layer effect which opposes the pressure driven °

G maries fe T Bt Wil W A ¢

flow. Since the pressure difference across the blade tip for different

P tip clearances remains almost constant’; the rate of leakage flow for a
particular blade will be a direct function of interference of the casing
i .« wall boundary layer with the pressure driven flow boundary layer. This

\

means that aside from the effect of pressure difference on the rate of leak-

She S et WD R a5 AH R e e vy

age flow, any factor that causes more interference of these two boundary

[ Y .

1ayeRs, such as tip clearance reduction, and increase of casing wall rela- ¢

it tive speed, will reduce the rate of tip leakage.

7,2 Grooved belt b . :
¢

The: leakage mechanism present in the groo&ed belt condition indi-

c
- ity AT h Py P A A
R ",1&?*{»4;1%1‘&,@4}% Wy Uy b wAIEEL

6 cates that the groove outflow blocks the way for the pressure driven leak- . 4
: age flow. The interesting point is that thé Teakage f]ow‘and "anti-leakage" é
flow both directly depend on the pressure difference across the blade tip. % |
" So, for thick parts of the blade where pressure driven leakage flow is size- %
able, the blockage mechanism works more efficiently. The blade tip thick- % |
' ngss also exerts some 1nf1u$ncé)on the pres§hke driven leakage flow. In .§

= fact, groove outflow beneath the blade tip at thick parts of the blade makes

ARY
pE i

a wider inEgrference zone with the pressure driven leakage flow boundary

4
Tayer on ‘the blade tip. Therefore, the c1rcumferent1a11y grooved casing

o wall configuration is more ap::gg%%ate for blades with th1cker t1p pro- =
1% files, This phenomenon can be better observed by comparison of the results ‘_

)

~
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A\
: for both the smooth belt and the gﬁooved\belt conditions. This indicates ®
;. : that around the trailing edge, where the blade tip profile is thinner, the
! ' leakage streamline directions are unchanged. - .

\ Comparing Figs. 20, 21, 22, and 23 with 31, 32, 33, and 34 respec- _

! ‘tively, indicates that a circumfé%entia]]y grooved wall will be mére ad-

- PR RERORIEETON AR
R FARh

vaptagEous for sma11erftip c]ghranqe§. This effect i; most evidermt from
’ the deflection of the direction of the clearaneg®’ leakage flow streamline ;
. towards the trailing edge. Another outcomg’of, the comparison %
\: of the leakage mechanism between’ the solid tasing and the circumferentially -~ 5‘

i

grooved casing wall Sﬁnfiguration is that the Teakage line for the 1atper

,\ >

i
one is_generally closer to thepressure surface for similar running condi- §
) tions (tip clearance and rotational speed). Therefore a smaller mini-shroud B

biade* would be sufficient for a certain amount of Teakage reduction on the i

solid casing configuration.

“* A blade with partial shroud seal at the tip. VA
B \ L. \
\ if : ’
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8. RECOMMENDATIONS FOR FUTURE RESEARCH N

For visualization techniques more accurate.results would be ex-

pected using an electronic particle position indicator. ‘ \

For tip c1earancés of 1% of the blade height, it was found that
a portion of thé p}essUre side flow near the tip at the leading edge turns
back and moves towards the suction surface (Figs. 23 and 34). It is recom-
mended that the blade tip profile at the lTeading edge should be reconsi-

dered to reduce leakage losses for tip clearances less than 1%. !

It appears that some of tip leakage flow can Se‘brevented by
altering the blade tip configuration. A blade tip gonfiguration is sug-
gested by the author as shown in Fig. 35. The blade tip profile at the
pressure side edgé is extended to the 1gégage line to reduce unguided leak-
age flow. The blade tip at thg suction side edge is curved éo reduce tﬁe

intensity of the tip clearance vortex.

o
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Fig. 16: EFFECT OF TIP CLEARANCE VORTEX ON TRAILING

VORTICES AT 2% TIP CLEARANCE AND STATIONARY

SMOOTH BELT CONDITION.
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1. APPENDIX /

Secondary Flows

Secondary flows that are respoﬁsib]e for app;'oximate1y 4.4% of

the turbine efficeincy drop (Ref. 3) may be classified as follows: [
- ] '

1) The passage vortex: |

Cross flows in the blade channel due to turning the flow. Under the
influence of the passage vortex fluid adjacent to the end walls

travels from the pressure side to the suction side.

2) The scraping vortex:

Cross flows in the b1acie channel due to the collision of the blade
tip leakage flow boundary layer and the 9as1‘ng wal‘l boundary Jayer
develop the scraping vortex. This collision scrapes up the casing -
wall bounddry layer and forms a vortex that rotates in the same direc-
tion as the passage vortex. At the blade tip region the scraping \

1

vortex joins the passage vortex and forms the “combined passage-scrap-

ing vortex"* (Fig. 3). >

3) The clearance vortex

Leakage flows through-the tip clearance, develops the clearance vortex
that rolls up in the blade suction side corner. The direc-

tion of 1\;he clearance vortex is in the oppqsite direction to the com-

bined passage-scraping vortex (Fig. 3). |
| : ,

! -
! 7‘ . 1

\

* For the circumferentially grooved casing wall, a groove outflow vortex
exists in the place of the scraping vortex, and at the blade tip region

this groove outflow vortex joins the passage vortex and forms the

"combined passage-groove outflow vortex".
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4) Trailing vortex

Trailing vortices are caused by the difference between the ﬂo\;v

F bution in the pressure side and the suction side of th ‘b]ade.

©

'5) Von Karman eddies

Von Karman eddies form in the wake region,

ing edge. These e‘dd‘ies rotate around an

¢+« “turbine axis.
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