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ABSTRACT 

l ' 

An experimental investigation'~as been conducted to discover vi­

sually the flo.w- mechanism in the rotor blade tip regiori for a particular 

tClrbine blade (R12). 'Flow v;sualization was obtained us4ng tracer balls 

suspended in the fluid, and also with localized dye inject~on. The latter 

turned out to be more helpful. 

, 
The leakage mechanism present in the rotor blade tip region for 

a circumferentially grooved casing ,~all was investigated fn'detail. It 

was found that the leakage flow, and the "an ti-leakage" flow, bath directly 
\ 

depend on the pressure difference across the blade tip. The le k blockage 

mechanism works more efficiently at thicker parts..of the blade. 

also found that the circumferentia~ly grooved wall would be more 

geous for smaller tip clearances. A modified blade tip profile is prop\, ed 

which would reduce tip clearance losses. 
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RESUME 

.' 

Une recherche expérimental e a, ê\ê ~ntrepri se en vue de découvri'r 

de façon visuelle, le mécanisme du débit {an~a rêgion d l'extrémité de 
"'-- . 

l'aube d'une turbine pour une aube particulière (R12). La visualisati6n 

du débit a êtê obtenue a l 'aid,e de balles traçantes ?uspend~es dans le 

fluide ainsi qu'a l 'aid~ d'une injection localisée de colorant, Ce der-

nier procédé siest révélê plus utile. 
, 

\ ( 

Une étude détailJée a éti consacrée aG méc~nisme du coula~e qui 
1 

se produit dans la région en questi'on po'~r un mur de revêtement a rainures 

circulaires. Elle a révélé que le débit du coulage ainsi que le débit 

"anti -coul age" dépendent tous deux directement ,de la diffêrence de., pression 

le long de ~ 'extrémité de l'aube, , Le mécanisme de blocage du coulage 
, t 

fonctionne de manière plus efficace dans l.es parties plus épaisses de l'aube. 

I1 a été révélé égal ement que 1 e mur li rainu.res circul aires serait pl us 

avantageux pour des intervalles plus petits des extrémités. Nous propo-
• 1 

sons un profil modifié de l~extrémité de l'aube, ce qui rMulrait les 
1 , 

pertes dues a l'intervalle entre l'extrémité et le mur de rev~tement. 
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INTRODUCTION 

A small research ~urboshaft en~in~ with a, mass flow rate of 5.75 

kg/s, and an output of l500kw is being designed at Pratt & Whitney to 

operate .at a cycle pressure ratio of 10:1 with a turbine inlet temperature 

of 1350k. This high compression ratio together with small mass flow re-

/ sults in a turbine design with fa small annulus area, and a small blade 

height (2.,88cm). High potential gas flows through small turbine blades 

increases' the percentage lo~ses due to tip clearance. To help red'ù'ce these 
\ 

losses, an understanding of the tip flow aSs9ciated-wlth varying the radial 
, ' 1 

clearance and shroud geometry is required. 

The main objective of this thesis is ta study experimentally the 

flow cha~acterOistics at the blade tip region for different tip and s~roud 

geometries. An u~derstanding of the flow mechanislll$ in this region will 

/1111 1 l ead ta better geometri e's in order to reduce the ti p clearance losses., 

This investigation consists of making visual observations in order to dis­

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

1. l Previous investigations 

Over the past 60 years, several investigations Mve been conducted 

~ to determine the rotor tip clearance penalty for various turbine designs. " 

Sa far, the theoretical studies which have been conducted on this 
1 

subject involve many assumptions which limit the practicality of the results 

and thus~can only be used to serve as guidelines" When a new blade tip 

geometry, or casing wall "configuration is used; the only sure way of ~chiev­
t'ing optimum tip clearance for that particular turbine is ta experimentally 

~ 

vary the tip clearance under actual operating conditions, while measuring 

the most appropriate indicator of performance' for that particular turbine 

,1 
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application. 

J 

An almost'universal parameter in this subject is the'Uéfficiency 

gp,dient". This is ,the percentage loss of efficiency 'for a change of one 

percent of the bl ade height at a giVen clearance. This correlation has 

little theoretical involvement wfth the physics of the situation, as it is 

, obtained from experimental data. ta ken' for ~ particular t;pe of' turbin\.' 

However,<,use''ilf the efficiency gradient is valid for relatively similar con-
-\, 

dltions; bearing in mind /that sorne factors do' not affect the tip clearance 

IJlosses (e.g., the blade height), and others do (e.g., the pressure ratio). 

The i nterest i ng poi nt i's tha t despJ te the d ifferent experi menta 1 
l " 

techniques, the invéstigators have arrived at similar va]ues for the effi-

ciency gradient. For example, Hass & Kofsky (Ref. 1) and Rylatt &, Patel 
1 

(Ref. 2} have report~d a 2% efficiency loss for a 1% tip clearance increase. 

ThiS tip clearance ratio is based on the blade height. Sorne investigators 
1 

/referring to the nonlinear behavior of the efficiency gradient have reported 

a range of effi ci ency drops. Por examp le. Hèbbe l (see Ref. 2) reported a 
1 

1.5 to 2% eff;ci,ency drop, in a similar way Okapuu (see Ref. 2) reported a 
, 1 

2.0 to 2.5% fâll in stage efficiency for a 1% blape height increase in 

~ cl earance. 

Among all of "the .previous investigations the one that is most 

applicable to the preser)t study, is the recent investigiit;on of Hass and 

Kofskyon the effect of recessed ca~configurat;on on overall perfor-

'manceof-a small axial-flowturbine (Ref.l). 

Using a recessed casing confi guration. Hass and Kofsky's research 

0/ shows a 0.5% efficiency gain for a 1% ti p c'lear~nce decrlase. Test results 

on the Pratt & t~hitney turbine, having a circumferentially grooved casing , 
wall ~onfiguration, show a 0.5% effitiency gain for a 1% tip clearance 
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decrease. The tests were ca,rried out for a 1% ti.p clearance on~,y. 

! 
, " -f 1.2 Definition of the prob1em 

1 

j 

1 
'1 1 1) 

1 , 

The importa~ce of tip clearance lasses in sma1 l jet e11gines has 

attracted the attention of jet engin~ manufaGturers. They are supporting 

research programs to firid an appr~priate casing 'wa 11 confi gurati on ta re-

duce tip clearance lasses. -

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

~ . 

tircumferentially grooved casing wa1.1 reduced the tip leakage for R12 b1ades, 

w' 
'3! 
~ 

c ~ 
,~. 

j
:; 
l' 

Il 

while the,tip leakage for another "type of blade (pT6'Hp turbine-blade) was _= ___ " 
/ --~~-=- 0 j --~ _) 

increased compared to a plane cilsing wa.ll condition. ,In order to understand ,'1,1_~ 

why there was a difference, it was deci'ded ta study the flow visual1y in a 1 
dynamically simulated rectil inear water cascade tunnel with a belted movirfg 

surface ta simulate the relati~e motion between the blades and the shroud. 

This work was started i'n 1977 by designlng an appropriate water- c 

, \ 
flow ana10gy testing ~aci'lity. This was designed for a wide variety of 

studies. 'Its' construction was/completed in 1978. Visual observations 

were lstarted ;n Septernber 1978 and finished in November 1979. 
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2; DESCRlpnON Of THE IÜ§ 

4 -

.; As far as flow v;sualizat;on is concerned, the use ~f a wate\ 

"flow analogy test rig is essential. Vel~c;ties of the order of 18000cm/sec , 

related ItO the prototype gas turbine, can be scaled down to the arder of 

15crri/sec' in a water cascade wit!J., a geometr;c \model ta prototype sca1e 
. \ ' 

fàctor of 8:1 and maintain nynarlÏc similaHty. 

The water flow analogy dg (Fig. 1) utilizes a recirculating 

water system. Water i s pumped from a storage tank (lower ri ght) into a 

header tank (upÎlèr left), from whiclÎ it flows through ~he test section'~, _. 

(uppe~ and returns to the storag~ tank. The maximu~ water flow is 

6.75 litre/sec del ivered at a maximum head of 6.1m. 

Fig. 2 shows the blade ca'scade installed in the working area. 
, . c-

fn practiceO a wide variety ~f internal flow models could be installed. "1'7~""'e~-~- . 

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

constant cross section modelled on the R12 blade tip cross section (Fig. 

~r. The blades hang vertically with the simulated tip clearance at the 

floor of the cascade. The tip clearance separation is controlled by ver-

tical adjustment of the ~ton of the blade cascade. The cascade duct 

and tbe blades are made of transRarent plexiglasi. Across the cascade . 

floor beneath·the blades, runs a belt which simulates the relative motion 

of the b'lade wi1:h respect to the shroud. The solid casing wall of~he , \ 

engine is modelled by a smoot~ rubber belt ,(Fig. 4). 'This is, driven by1a 

variable speed compres$ed aiT motor. A grooved belt simulates the cir-
" & 

cumferentially grooved'casing wall of the en,gine. The grooved belt con­
.!:) 

sists of a number of aluminum elements which are pinn.ed ta a xubber belt 

(Fig. 5). 
o 

The scale of the model is eight times larger th~n the prototype, 

...--..'-~"--
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at the tip section. The duct is run full of water in arder that the flow 

in the blade channel s woulêl~ave sol id borders, and thus coul'd al sa have 
\ 

secondary floW5 in the correct location. With full flow, this gives a 

reaso~able si~ulation of the engine Reynolds number, thus ensuring dynamic 

s'milarity. Compressiblity effects are not modelled. This and the par­

tial simulation caused~y the Rectilinearity of the water cascade consti-

tufe the main limitations of the test rig. 
>" 
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3. FLOW 'VISUALIZA1ION 

\ ,r i t ;' 

A means of observing a'ctual streaml,ines is of great val.ue when 

analyzing flow characteristics. Frequently when the flow is complic~ted 

direct measurements are difficult to interpret and-flow visualization is 

the best technique to use. 

In order to visualize streamlines a ,visibli substance must be 

introdtlced into the flow so that they follow the s~reamlines closely with­

ou~ changing the flow pattern apprecTabl~d5 of visible substances 

\ ,were used to analyze the flow patterns: neutrally buoyant particles and 
\ 

tracer fluid or dye. 

3.1 Neutrally buoyant polystyrene balls 

In this method, neutral1y buoyant polystyrene balls of approxi­

mately O.5mm diame'ter are mixed with water in the storage tank. As they • 
""- . 

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

channel which help to make the flow laminar and evenly distribute the 
/ 

balls. As the 'water flow becomes laminar the' tracer ball s move along the 
\ 

streamlines 50 that when the water flow passes through the blade passage, 

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

A P1 a na r bea1 f rom a mercury va pou r , amp lia s u sed to i" umi na te. 

the tracer balls as they ~ove along t~ flow streamlines (Fig. 6). ' 

, 
To investigatè the characteristics of thi secondàry vorticès 

and tip cleara~ce leakage flow, te~ observatiqn planes were chosen. The 

planar beam\would illuminate the tracer particles which pass through these 

viewing planes (figs. 7, 8)! 
\ f" 

Flow streamlines are not generally located on the planes of 
\ 
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illumination and only a short segment of a stpeamline can be pursued at one 
\ 

time using tracer ba1ls. The,refore this method was used only for prelimi-

nary experiments on the general charaeteristics of the flow inside the blade 
l , 

pa,ssage. Although this method is easily applied for macroscopic observa­

tionf for microscopie ,observation of 'the flow 9 a versatile dye,injector was 
1 \ 

used. 

3.2 Dye inj~ctor 

This tecpnique consists of injecting a dye into the flow at any 
. . 

arbitrary point irlside t'he blade passage. The dye will follow the local 
j 

streamlines, 'which ean thus be visualized (Fig, 9). 

The location of the tube head ean be varied to overcome the . ( 

problem of rapid dispersion of the dye in the ~ter. Even minor eddies 
\ 

can be di scovered with dye injection by moving the injector tube head close 

to the region of study, ,The tube head i\s controlled through three knobs . 

and a small whineh 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 investigation. 

In spite of the difficul~ies in getting quantitative experimen~ 

al data on flow quantities, the visualization techniques provi,ded a good 
f 

approx'imati on for these quanti t i es from the g~ometry of the streaml i nes ,1. 

\ \ 
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OBSERVATIONS ON SMOOTH BELT USING TRACER BALLS 

1 

A set of observations was made by i11uminating tracer ba11s, to 

investigate the general characteristics/0f the main flow.* The clearance 

space was changed from 0 to 2% of the bl,~de height. The smooth belt was 

operated at two speeds; one, a tip to shroud relative speed ta match the 

Reynords number at the prototype desi gn speed; and two, tHree times as 
1 

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

teristics of the secondary vortices changed as the tip clearance separation 

and the wall relative velocity changed. 

.-
Whe~ the wall 'relative velodtY,was zero, and the blade tip 

t6uched the wall (zero clearance), the only sizeable vortex pre~ent inside 

th~ blad~ channel was the passage vortex. The passage vortex forms in the 

root and tip corners of the b1ade 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. P1an~ l shows there is ,a relatively small stall re­

gion in the enteriog flow at the corner of the pressure side and the sta­

tionary belt. This decrease in vé~ocity at the leading edge, as will be 
'", 

discussed 1ater, is a function of the tip clearance. ,In otrer words, when 

the tip is close ta the belt. the stagnation line, 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 c~. Plane 4 shows the passage 

vortex deve 1 oped. ;. 
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Fig. 12 depicts the formation of trailing vortices. These are ' 
~ 

caused by different fiow distributions in the pressure and suction sides of ~ 

I l 
~--_ .. the-&taGe dGWnstream from the trailing edge. Plane 5 (Fig. l2+s-hows------OOw the flew-----',-:!:-{-

* It was not possible ta photograph the illuminated balls. The f10w patterns 

were carefully observed and the expl'anatory figures were drawn. 
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near the pressure side slowly moves down toward the trailing edge, and also 
\ 

depicts the position of the passage vortex on the suction side leaving the , ' a Q 

blade. Plane 6 shows the formation of Von Karman eddies, which move down'-

stream as observed in planes 7 and 8. This disturbance to the channel flow 
~ -

\ . 
caused by'the trariling edge vQ~tices is one of th~ sources of 10ss of the 

fluid energy. Fig, 13 depicts the suction surface f10w. The convergence r 
which is very marked in the upper and lower parts of the flow is due to , 

the passage vortex i~ the b1ade channel. Fig. 14 shows the streamlines ~d­

jacent to the pressure surface. Here the divergence due to the passage 

vortex i s seen. 

4.1 The qua1jtative effect of tip clearance variation 

At zero belt speed, the tip clearance was changed and observations 
1 

were taken f9r the; zero tip clearance, 0.5% tip clearance, ànd 2% tip clearance. 

Fig. 15 shows the effect of varying the'tip clearance separation on the 

characteristics of the blade passage flow at the tip region.* - Fig. 15a cor-

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

i s present. 

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

pressure side ta the suction side. At the sma11 0.5% clearance, 1eâkage 

.flow is not able te> form a vortex, and the l~cation of the passage vortex 

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

, 

* Flow characteristics at the root region of the bladè, passage was almost 
p , ~ t 

independent of the clearance and belt motion, and remainedLunchanged 
• 1 \' 

(the same as the zero clearance situation). 50, for convenience of 
\ 

comparison, only the tip region is shawn in the Figures. 
, . 
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At a tip clearance equal to 2% of the blade ~ight, a strong 

clearance vortex occupies the tip corner of the suction si~e and the pas-
o 

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

clearance vortex. Plane 4 (Fig. l5c) shows the location of the passage 

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

corner;.. /" 

shows that(;or ;he 2% clearance. trailing vortices trans­

form t~a downward flow which ~ the result of the clearance vortex being 

ln accordance with the passage vortex: 

4.2 The gualitative ef.fect of, speed variation 
\ 

'-

~ When the belt is moving, a wall boundary layer exists which in­

" ~luences the tip leakage flow. Here the èffect of' spé~d variation for the 

2% clearance separation is discussed. 

Fig. l7a, represents secondary flows corre;pon~ the sta-. , 

tienary belt condition, Fig.,17b shows the reinforcement of the passage 
, \.... . 

vortex as a reSUEco,mbin;ng Wi,th the scraping vortex, Wh:Ch i$ caused 

by the motion of he belt. The wall boundary layer occupies a portion of 
\ 

the tip clearance. , the tip leakage f10w is reduced. As a result of . 
( 

this leakage flow reduction, and the existance of the combined passage and 
"-

scraping vertices, the tip clearance vortex gets weaker. 

When the belt speed is three times as fast at the equivalent of 
\ 

the tip to ,shroud relative vèlocity of the prototype turbine at the design 

point (Fig. 17c), the belt surface boundary layer causes'more resistance 

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

thickness increases, which reduces the clearance leakeage, but reinforces 

'the strength of the combined passage and scraping vortices. 

~ 

.. 
1 ~; 
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5. OBSERVATIONS ON SMOOTH BELT, USING DYE INJgCTION TECHNIQUE 

A set of obser tions 'was lTJ,ade by Ilsïng dye as a tracer fluid 
p' 

to investigate the small scale characteristics of the tip clearance flaw. 

The clearance space was cha ged'from 1% to 2.5%0t' the blade height and the 

smooth belt was operated at a speed equivalent to a tip,to shtoud relative 
< 

velocity of the prototype turbine at the design point. 

, r 

The criteria used for this set of ob~ervations are as 

follows: 

5. l Leakage lin~ 
.' . , 

The leakage line is defined as the locus of thé points where the 

sVream~ines start to turn toward the pressure si~e and pass under the tip. 

It is located ~t the blade tip level. The locationfof this l;~e depends on 
\ 

, 

'the cle,arance leakage. flow rate. At the zero tip clearance~ the 1eakage 
" 

line will lay along th~ pressure side corner wit~ the belt surface. ~s, 

the clearance leakag'e rate increases, the leakage line moves farther away 

from ~he blade pressure side. Fig. 18 shows the "leakage horn" which con­

sists of that portion of the, blade channel flow' that pass~s throügh the 

clearance gap from the pressure side to the suction_side of the blade. The 

leakage line is the intersection of the "leakage horn" and ail imaginary 

plane at the brade tip 1 evel. 
\ \ 

\ 

5.2 Pressure side strea~line'direction \ \ 
0" 

'\ 

The direction of the streamlines adjacent to the pressure surface, 
1 

of the b1ade depends on the rate of the clearance 1eakage flow. 

At the zero leakage'flow the streamlines have the same direction 
\ 

~ as the streamlines of the zero tip clearance situation (Fig. 14). As the 
" 

. \ 

. , 

" \ 

. ' 
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1eakage flow rate increaSès, the angle between the streamlines and the blade 

tip ;ncreases (Fig. 19). 

5.3 Blade tip clearance leakage direction 
• 

. "-
The direction of the tip clearance' 1eakage f10w, depends on the 

pressure distribution on both sides of the blade, the belt surface boundary/ . " 
layer, and finally the blade tip boundary layer. At relatively small clear-

, r 1 

ance seRarations, the be1t surface bo6ndary layer creates a resistance against 
o 

the pressure driven leakage flow and ~educes,-the tip çlearance leakage flow. 

This l~age reduction affects the di'rection in which fluid particles take 

to go fram the pressure s;de to the suction side. 

As the leakage flow rate is reduced, flow patterns over the tip 
~. 

turn towards'the trai1ing edge (Fig. 19). 

5.4 Vortex boundary 

Since the 10ss of the fll:Jid energy depends on the intensity pi' , 
turbulence, an appr9ximate boundary of the vortiçes present in the channel 

indicates the tate of main flow disturbances caused by the clearance vortex 

,and combined passage-scraping vortex (Fig. 19). 
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5.5 THE.QUANTIrA1IVE EFFECT OF TIP CLEARANCE VARIATION FROM DYE INJECTION 
1 ";' 1 

" ~ 
At the·equivalent design'point speed, tip clearances were'changed 

and the observations were taken at 1%, 1.5%,2%, and 2.5% of the blade '" 

he;gÇ;" 

Each set of observation planes consists of: the top view, front 

viéw, and a cross section along the blad,e in thè proximity o'f the maxlmum. 

leakage area '(Fig. 20). The t~~ view in each observation plan1e set shows 
, 1 

the location of the leakage line, clearance leakage streamlines, tip clear-

ance vortex, and combined passage-scraping vortex. The front view dep1cts 
1'1' 
the~essure side streamline direction. The cross section view shQws the 

mechanism of tip leakage and ~all boundary layer roll-up. 
1 ( 

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

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

The direction of the flow through the clearance gap is ,shawn. -~ 

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 
1 

( t 

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

be'noted thàt the vortex does not start at the· leading edge of the blade, 

but in this case. abput one third of ,the way along the suction surface. 
1 • 

'i . 

Thi s happens because the pressure gradi ents are weaker near the l eadi.ng 
i ' 1 

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

there is a,greater unguided thraughf10w over the blade tip which follows 

the directioc of the main flow: and passes throu~h the tip and belt,bound-
/ 

ary layer with little mixing. 50 the leakage starts ta roll up after the 

first third of the way along the suction surface. 

. 
,Fig. 20 'also shows the position of the leakage 1ine, the vortices 1 
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boundary. and the direction of the pressure side stl'eaml ines,. At the 1 ri ght 

sid~ of Fig. 20 in the cross section view of the blade; the b1ade 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 ar~ recorded. 
\1 

Fig. 21 repres~-the tip leakage mecha~ism for the 2% tip'clear­

ance condition. The major difference between the 2% and 2.5% tip clearance 

is the change in the position of the leakage li~e whjch depicts less un-
. \ 

guided through.flow over the blade tip. As a result, the leakage f10w in 

the 1eading edge is mainly influenced By the pressure gradient. Slight 
1 

·changes are seen in the tip 1ea~age directions and tip clearance vortex, 

predicting l e~s t~ leakage flow' . 

. . -
Fig. 22 represents the tip leakage mechanism for the 1.5% tip 

clearance condition. Comparing the leakage lines, tip leaRage vortex, pres-

sure streamline directions', and the blade cross section view bètween 1.5% 

and 2'% tip ëlearance indicates on1~' a slight reduction in 'the tfp 1eakage flow . 

,Fig. 23 shows a sudden change from 1.5% to 1% tip c1earanc~ sepa-
. 

ration, especial1y the tip clearance vortex boundary and combined passage-
, 1 

scraping vorte~ have changed considerab1y (see top view). Anotfter consider-

able change i~ noticed in the d~rection of the pressure s~rface streamline 

direct10n at the leading edge (see fron~ view). 1 This suggests reéonsider­

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 

leakage flow, for tip clearances above 2% of the b1ade height,is part1y in-
/ , 

fluenced by the unguided throughflow over the blade tip, and leakage reduc­

tion devices are need~d a11 a1on9 the b1ade chord!' Below 2% tip clearance, 

1eakage flow is weak for the first'25~ of the axial chord from the leading 

edge, and the 1ast 25% of the axial chard to the trailing edge. 
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6 •. OBSERVATIONS ON THE GROOVED BE'l T USING DYE' INJECTION TECHNIQUE 

A set of observations were taken using dye to jnvestigate the 

microscopiè characteristfés of the tip clearance flow present when a 
• 

grooved belt was used in plac'e of the flat belt. 
~ .. 

The clearance separation was c~anged from 1% to 2.5% OT the 

b'~de height. Initfally, observations were taken wi.thin the stationary . 
grooved be1t, then observati~s of the flow patterns were taken with the 

grooved belt moving at a speed equivalent to a tip to shroud relative ve­

locity of theoprototypeitùrbin'e at design point:", 

The mechanism of the leak blockage presen.t in the blade tip 
! " / 

region, which was discovered during the preliminary observations is às 

follows. 

,In each, groove there are two c,irculating cells, one in the bottom 
a 

of the groove and che other adjacent to the blade passage flow (Fig. 24). 

Along each groove, three qifferent reglons are distinguished (Fig. 25). Re­

gion A is characterized by a flow that enters into the groove and moves along 

the.direction.of the moving belt; next region B is characterized bY~flOW 
thpt enters the groove but moves'to the opposite direction, and, finally re­

gion C the efflux reg;on forJoutgoing flow fram the groove. In region C, 

which covers an of the) blade ti,p surface, the two previous entering flows 

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

shows thaté~he peak outflow in region C corresponds to the blade suction 

side. Fig. 24 also shows the blade tip boundary layer. The details of the 

floW' characteristic inside the blade tip boundary layer is' shown in Fig. 26. 
\ .... 

There are three different types of leakage flow patterns. Pattern 

no. (Fig. 26), represents the fast mo~ing leakage flow streamline.' Pattern ,., 

o 
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A 

no. 2 represents the leakage flow streamline which is associated with the 
f 

boundary layèr of the groove outflow across the< blade; Pattern no. 3 re-

presents the slow moy;ng Jeakage flowstreamline. 
/ 

Figure 27 shows a top view of the blade cascade (lopking down­

wards from above through the transparent plexiglass .. blade), a front view 

of the blade, and a cross section,al view from the m'aximum leakage region 

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

grooved belt conditlon. 

Cf 

The cross sectianal view of the blade ~assage show~ that flaw 
l '/ 1 • 

near the belt enters into the groove from region' A and B,~,and then near 

the $uction side, (region C) it flows out and bloc~s the leakage flow exH. 

The leakage line configuration (top view) shows the absence of 

the wall boundary layer resistance to the unguided throughflow over the 

blade, tip. So at the leading edge 'region, leakage is.mairily supplied by 

the main flow ana; s not primarily under the control, of a pressure gra­

dient. The clearance vortex and combined passage-groove outflow vortex 
.. , 

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

, 
Comparison between the differen,t charateristics of the leakage 

~w.ll1eChanism for different c'eara~ces of 2.'5%', 2%, ,'.5%. and 1% for the 

stationary grooved belt condition shows very little improvement in the 

rate of th.e leakage flow (Figs. 27-30). This indicates that the wall bound­

ary' layer plays the main rOie in decreasing the 'eakage flow., This will be 
'. 

discussed further i~ ~he following paragraphs. 

fig. 31 corresp~nds to the çbservations ln the 2.5~ tip clearance 

'with the grooved belt movin~ at the equivalent speed of the tip-shroud l 

\ relative velocfty in the prototype tur~ine at design point. 
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o 

By comparing Figs. 27 and 31, a significaot reduction in the tip 

1eqkagetwill be noticed. This sudden change which can on'ly be attributed 
U p 

\to the belt motion shows the important rel ation of the grooved belt speeç! 

and leakage flow reducti<on. In fact, the motion of the grooved bel't has 

caused the groove <outflow region to move furthey;o i nto "the cl earance gap 

and as /a result cl'earance leakage has beel)·reduced to less than the sta-
o 

tionary grooved belt condition. This ~omparison indicates ~hat: the le~k-

age l ine has. maved closer to th~ pressure side, th~ vortices occupy less, 

space inside the channel, and the leakage f10w directions have turned to­

wards the trailing edge.'Overal1 less leakage is obtained with the groo\!ed 

belt moving than when it ïs stationary. 

At the des i gn <poi nt speed, by goi ng from 2.5% ta 2% tip cl ear-

ance (Fig. 32) the lepkage i,s reduced slight1y. However, as 

the tip clearance is reduced ta 1.5%, observation 
. . 1 

shows (Flg. 33) 
/ 

a consi-

derable decreas~ i'n the rate of the leakage flow. Ât '1% tip c'learance 
" 

(Fig. 34) there is almost'no leakage flpw ï'n the first half of the blade 

chard, and in the last 25% of the bfade chord ta the trailing edge. F:or 

the grooved belt condition the same profile de~ec'f is ob~erved which ~l;Ig.!: 

gests a reconsideration of the blade tip profilé design of the leading 
o , 

o 

edge (for 1% tip clearance). 
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7. /CONCLUSIONS 

- .. 
7.1 Smooth' belt 

The ob~ervation results show that the rate of tip leakage flow 

is based on two factors; the pressure difference across the blade tip, and 
\ 

the casing wall boundary layer effect ~hich opposes the press~re driven 

flow. Since the pressure differente across the blade tip for ~ifferent 

tip clearances remains almost constant\ the rate of leakage flow for a 

particular blade will be a direct function of interference of the casing 

wall boundary layer wfth the pressure driven flow boundary layer. This 
\ 

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

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

layers, such as tip clearance reduction, and increase of casing wall rela-
. \ 
tive speed, will reduce the rate of tip leaka~e. 

1~2 Grooved belt 

The' leakage mechanism present in the grooved belt condition indi.­

cates that the groove outflow b16cks the way for the pressure driven leak-

age flow. The interesting point is that the leakage flow and "anti-leak~ge" 

flow both directly depend on the pressure difference across the blade tip. 

So, for thick parts of fhe,blade where press~re driven leakage flow is size­

a~le, the blockage, mechanism works more efficiently. The blade tip thick-
{" 

n~9S also exerts some influence on the pressure driven leakage flow. In 
\ 

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

a widèr in~~rference z~ne with the pressure driven leakage flow bo'undary 
t, 

layer on ~he blade tip. Therefore, the circumferentially grooved casing 
l' "II 

wall configuration is, more approp' e for blades with thicker tip pro-
'-

files, This phenomenon can b better observed by comparison of the results 
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\ 

for bath the smooth belt and the grooved belt conditions. This indicates @ 

that aroun~ the trailing edge, where the blade tip profile is thinner? the 
\) 

1eakage streamline directions are unchanged. 

'Comparing Figs. 20,21,22, and 23 with 31, 3~t 33, and 34 respec­

'tively, indicates that a circumférentially grooved waJl will be more ad-
, \ 

vantag~ous for smaller tip clearan~es. This effect is mast evideITt from 
1 • 

the deflection of the direction of the stream1 ine 

towards the tra il fng edge. .L\nother outcom of. the compari son 

of the leakage mechanism between" t~e solid asing and the circumferentially 
J 

grooved casing wall configcration is that the leakage line for the lat~er 

-One i 1enera lly cl oser ta the pressure surface for simi 1 ar running condi­
'\ 

tions ( ip clearance and rotational speed.). Therefore a smaller mini-s~roud . 
blade* would be sufficient for a certain amount of leakage reduction on the ' 

1 • 

solid casing configuration. 

" 

.. 

.* A b1ade with partial shroud seal at the ,\ip. 
\ ,/ ') 
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8. RECOMMENDATIONS FOR FUTURE RESEARCH 

For vi sua li za ti on techni ques more accura te, resul ts wou 1 d be ex­

pected using an electronic particle position indicator. 

, 
For tip clearances of 1% of the blade height, it was found that 

a portion of the presiure side flow near the tip at the leading edge turns 

back and moves towards the suction surface (Figs. 23 and 34). It i5 recom­

rnended t~at the blade tip profile at the leading edge sl:1ould ,be reconsi­

dered <to reduce 1 eakage -lasses for ti p cl earances 1 ess than 1%. 

Jt appears that sorne of tip leakage flow can be ~prevented by 

altering the blade tip configuration. A blade tip configuration is sug-
\ 

gested by the author as shown in Fig. 35. The blade tip profile at the 
, 

pressure side edge is extended to the l.ea,kage line to reduce unguided leak-

age flow. The blade tip at the suction side edge is curved ta reduce the .. 
intensity of the tip clearance vortex. 
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F~g. 27; OBSERVATION RESULTS FOR 2.5% TIP CLEARANCE 

IN STATIONARY GROOVED ~ELT CONDITION. 
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Fig. 28: OBSERVATION RESULTS FOR 2% TIP CLEARANCE 

IN STATIONARY GROOVED BELT CONDITION • 

• s.s. 

,/ 
1 

M .• 

il> 

?/ --rr'-, T - -rl- --n- - n 

." 

• e',)[ m ~-~.é'" ~-'""'-~ ..... 

...... 
" ~ ~ 

-~ 

/ 



i 
•• i 
f 
~ 

~ 
! 
~ 
t 

f 
i 

~'F'~~~~~'''''~mNo_'' /\ ... ~,..",..,--..... ~.:f-...--1"<- ..... ~ ~ r"t" 

/ 

1...""., .. , ~ 

_
./' -' 

I~. -• -- - 1 '~-t - - -• t -. , - -. . - • --, .-.., .-. 

"' \ 
\ 
1 

) 
./~ 

'-._.-._.-._'-'-'- // . .....-._ ........ -- .. -_.---.~ . .".." 
clio$. P.S.' 
i 1 

1 1 .. ..... ~/ 
- --- - - - - - -- -- - - --- - - - - -- - - - - - - - - - ---- -. 

/ 
.. 

Fig. 29: OBSERVAT~ON RESULTS FOR 1.5% TIP CLEARANCE ~ 

IN STATIONARY GROOVED BELT CONDITION. 
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Fig. 31: O~SERVATION RESULTS FOR 2.5% TIP CLEARANCE, 

WITH THE GROOVED BELT RUNNING AT THE DESIGN 

POINT EQUIVALENT SPEED. 
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WITH THE GROOVED BELT RUNNING AT THE DESIGN 
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Fig. 34: OBSERVATION RESULTS FOR i% TIP CLEARANCE, 

WITH THE GROOVED BELT RUNNING AT THE DESIGN 
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11. APPENDIX ( 

Secondary F10ws 

Secondary f10ws that are respo~si ble for app~oximate1y 4.4% of 

the turbine efficeincy drop (ReL 3) may be classified as follows: 
\ 

1) The pas sage vortex: 

Cro~s flows in'the blade channel l due to turning the flow. Under the 

influ,ence of the passage vortex fluid adjacent to the end walls 
, 

travels from the pressure side to the suction side. 

2) The scrapi n9 vortex: 
, ... 

tross flows in the blade channel due to the 'collision of the blade 

tip leakage flow, boundary layer and the 9asing wal,l boundary layer 

develop the scraping vortex. T.his coll i~ion scrapes up the casing 

wa 1 i bounda:ry 1 ayer and forms a vortex that rota tes in the same di rec­

tion as the passage vortex. At the b1ade tip region the scraping 

vortex joins the passage vortex and forms the tlcombined pas.sage-scr~p-

ing vortex"* (Fi g. 3). 1. 

3) The clearance vortex 

leakage f10ws through .• the tip clearance, develops the clearance vortex 

that rolls up in the b1ade suction side corner. The direc-
• l, ) 

tiqn of the clearance vortex i s in the opposi te direction to the com-
" " bined passage-scraping vortex (Fig. 3). 

* For the circumferentially grooved casing wall, a groove outf1ow vorte~ 

exists in the place of the scraping y.ortex. and at the blade ti,p region 

th; 5 groove outf1ow vortex joins the passage vortex and forms ~he 

IIcombined passage-groove outflow vortex". 
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4 ) Tra il i n9' vortex 

~ 
Trailing'vortices are caused by the differen~e betwe~the flow distri-

• 1 

bution in the' pressure side and the suction side of tli blade. -

-, 
'" 
") 

1 
iJ 

'5) Von Karman eddies 

Von Karman eddies form in the wake downstream fram the trail-

" 
1 

1. 

ing edge. These ~ddies xis perpendicular to the 

o turbi ne axi s. - , 
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