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Contributions to the stqdy of tip leakage in i/planar
turbine cascade are made in two areas: (1) a moving belt rig
was designed and manufactured in order to simulate ghe
effects of rotatioﬁ, and its use was demonstrated; (2) a
seven-hole pressure prgbe wqg calibrated, over a widé range
of pitch:and yaw ang}eéﬂ and used to make pré}iminary
measurements in the highly three-dimensional flow at the

outlet of the cascade.
L ]

The moving belt rig was used for a preliminar§ experi-
mental investigation of the effect of wall speed and Re§nolds |
number on the behavigt of the blade loading. The results
revealed some unexpected, and rather marked changes in the

flow behaviour near the tip.at a blade chord Reynolds number

between 0.62 x 105 and 1.0 x 105.

The seven-hole probe was calibrated over a range of $50°
of flow misa&ignment in both pitch and yaw. A general-
purpose .data reduction program was also developed. The use
of the probe and software was demonstrated at the trailing \‘
edge plane 6f the cascade. Tﬁe measurements showed that the
flow angle varies by at l?ast 70° through the tip leakage

vortex.



iv

' ACKNOWLEDGEMENTS |

In any research work the help and participation of many
is usualiz,involved. Certainly this was Arue in the design
and consﬁruction of a large scale apéaéatus sucq as the
moving belt rig. ’ ’

) A

"

First of all, f would like to éxtend‘my thanks and
grafitude to'myféhpervisor Dr. Steen A. Sjolanderafo; his
thoughtful advise and éuidance. I would also ‘'like to
acknowledge Dr. Tony Graham of Pratt & Whitney Canada Ing;

for his help in the early stages of the design.

During:the‘éonstruction of the rig, I was fortunate to
receive @any helpful suggestions from the employeeslof'the
Mechanical Engineering Technical C;ntre. To Rob . Hill, Steve
Szick, Carl Richter, Slava Bosak; John. Batky, Tom Mitchell,
and John Hekler, I extend many thanks. 1In addition, the
fréquent assistance of departmental laboratory }echnicians,
Terr& Goodwin and Fred<Barrett, was'greatly appreciéted. I
would also like to thank Marc LeClair of Habasit Canada Ltd.
who did not give up on finding a belt to satisfy our require-
ments.

A special thanks is reserved for' Busan Mclellan for her

- constant support. Finally, I would like to dedicate this

B . M N
thesis to my parents for their encouragement and love.



TABLE OF CONTENTS

ACCEPTANCE SHEET . . .
ABSTRACT . . .
ACKNOWLEDGEMENTS4
TABLE OF CONTENTS
LIST OF APPENDICES .

LIST OF FIGURES . . . . . . . ..
LIST OF PLATES . » * . ’ . . L] L] . . . . L] L] .
LIST OF TABLES . . . . . . . . . .o

NOMENCLATURE . . .« « « .+ + + « .+

1.0 INTRODUCTION . . . .

Part I: The Moving Belt Rig ‘ .

2.0 BACKGROUND INFORMATION TO TIP WALL -RELATIVE MOTION

2.1 Review of Previous Work . . e e e e e
2.2 The Effect of Rotation .on T1p Gap Mass Flow Rate

3.0 DESCRIPTION OF APPARATUS .

2 T T S s e e e g

3.1 Approach and Design Criteria . . . .
3.2 Cascade Test Section . . . . . .~
3.3 Moving Belt Rig . . . ... . R
3.4 Saqme Observations of, the ng 1n Operation .

4.0 PRELIMINARY INVESTIGATION OF THE EFFECT OF TIP WALL
RELATIVE MOTION ON BLADE LOADING

. .
¥

4.1 Description of Experlments T
4.1.1 Blade Loading Experiments . . .
4.1.2 Velocity Profiles at Leading Edge Plane
4.2 Experimental Method . . . . . . . . . « . . .
4.2.1 Instrumentation . . . . . . . . o .+ . .
4.2.2 Data Acquisition Technique . . . . . . .
4.3 Experimental Results and Discussion . . . . . .
4.3.1 Blade Loading Results . . . . .
4.3.2 Velocity Profiles at Leading Edge Plane
4.3.3 Discussion of Results . . . . . . . . .
4.3.4 SUMMALY « w.v o o' o o o+ o o o o & o o

-

Part II¢: The Seven-Hole Probe

5.0 THE CALIBRATION AND USE OF A 3EVEN- HOLE NON-NULLING
PRESSURE PROBE .« & + .+ « v & & o o o o 4w o o &

\ {

<>

hid
ii
iii
iv

vdi
viii’
Xi, .
xi
xii’

4

9
20

20
29
31
38

42 -
42 .
42
43
43
43
44
46
46
57
66

72



.1 Introduction . . e e e e e e e 72
.2 Incompressiple Callbratlon Theory. e e e e e . 73
- 5.2.1 Low Angle:Regime . . . . «. . ¢ « « « « & 74
5.2.2 High Angle Regime . . . . v ¢ . . . . . 77
5.2.3 Flow Properties . . . . . . ¢« ¢« .+ « + & 77
5.2.4 Calibration Constants . . . . « . « .+ . 80

v

5.2.5 Seven-Hole Probe Software . . . . . . . 81l

5.3 pparatus and Procedure . . ... . . . . .« .« . . 83
.3. 1 Probe Geometry . . c re e e e e e e . 83
Calibration Apparatus e e s e eie s e e 83

15 3 3 Instrumentation . . « «. s+ <« . 85
5.3.4 Test Conditions and Iechnlque © e e e e 86

5.4 Calibration Results and Discussion . . . . . 88

5.4.1 Inner and Outer Sector Coeff1c1ents ... 88
5.4.2 Statistical Analysis . . . . . . . . . . 93
5.4.3 Reynolds Number Effects . . . . . . . . 98
5.4.4 ACCULACY =« ¢ + o o o o o s o o o s o o = 99
5.5 Tip Leakage Investlgatlon e s s 4+ s e s s « « 100
5.5.1 Test Conditions . . . . . . . . . . . . 100
5.5.2 Discussion of Results . . . . . . . . .f 102
5.5.3 SUMMALY + v + = « &« + 0 4 . o+ . oo . ' 109

6.0 CONCLUSIONS A§b RECOMMENDATIONS . . . . « « + « . » 110

6.1 The Moving Belt Rig . . . . . . . . . . . . .. 110
6.1.1 Conclusions , . . . ¢« . « +« « .« . « . .« 110
6.1.2 Recommendations . . . . . . . . . . . . 112

6.2 The Seven-Hole Probe . . . "= . « « « v « « . . 113

6.2.1 ConclusionS . « v v 4 v e e e eae « o« . 113

6.2.2 Recommendations . . . « + + &+ & & « + o 113

&
REFEREN@.................»......115
APPENDIX A - L) - L . . l’“. - L ] . L ] -.. 1 ] - . L] 1 * - . . . 119
APPENDIX B . . . . . . . . .o 125
APPENDIX C 133
APPBNDIX D ] - - - . L] - - a 3 L] L3 . . » . - . - . [ . L] 142
APPENDIX E . . - L] -* . - . . L] L] L] L[] L] L] L] - L] . L ] L] L[] - 148‘
APPENDIX F . . . . . . . . v « v v ¢ v &« v v « o o« v . 150



.y

Appendix

APPENDIX

APPENDIX

APPENDIX

APPENDIX

APPENDIX

APPENDIX

vii
LIST OF APPENDICES
Description . Page.
Listings o0f the curve-fitting program,
FIT.FOR, and the coefficient generating |
program, COEFF7HP.PAS 119
Documentations and listings of FLOWPROP.PGM
and FLOWPROP.PSL (Data reduction software
for the seven-hole probe) ) 125

Documentations and listings pf programs used
for the statistical analysis and data rejec-
tion of the seven-hole probe calibration data 133

Trigonometric relationships and listing of
program to convert calibration high angle
settimgs to equivalent low angles 142
Listings of data reduction programs for the
FLOWPROP programs 148
Lists of calibration high angle .conversions,

and calibration pressure coefficients. 150



LIST OF FIGURES

Description

5
Skewed inlet boundary layer (Dean, 1954)

Tangential force as a function of tip
clearance and wall speed (Dean, 1954)

Tip gap flow

Tip gap velocity profiles (a)-without rotation;
(b) with rotation

Couetyte flow
Tip gap flow with rotation

Tip wall relative motion velocity flow vectors
for (a) actual turbine and (b) simulation

A4
Superimposed diagrams of velocity vectors
through the boundary layer )

Transverse boundary layer at cascade inlet
for different belt widths

Axial velocity profiles due to transverse
motion (Lohmann, 1976)

dr /d vs x /8§ correlation

Cascade test section and summary of cascade
geometry (Sjolander & Amrud{ 1986)

Test section belt guide

Assembly of moving belt rig

Blade pressdre distribution repéatability
tests for (a) Re=6.2x104; (b) Re=1.0x105

(T /c=2.9%)

Variationm of blade pre re distributions with
wall speed at 2.9% cleaYance (Re=6.2x104) at
(a) z2/h=0.417; (b) z/h=0.021

Variation of blade pressure distributions with
Reynolds number at 2.9% clearance (z/h=0.021)

viii

Page

10

12
13
16
21
22

25

26

28

30
32
33

47

49

51°

<7



4.

4.

4.

m'qm

[ o
. .

l12

.13

.14

.15

-

Variation of blade pressure distributions with
and without trip wire near (a) midspan and (b)
tip (Re=6.2x10%, T/c=2.9%),

Variation of blade pressure distributiohs with
wall speed at 2.9% clearance (Re=1.0x103) at
(a) z/h=0.417; (b) z/h=0.021

Vari&tion of force coefficients with EES at
(a) z/h=0.417 and at (b) z2/h=0.,021

Schematic of three-hole probe traverse location

s .
*Velocity profjles at blade leading edge

with stationary wall for (a) Re=1.0x103
and (b) Re=3.0x103 (1T /c=2.9%)

Velocity profiles at blade leading edge
at 100% EES (Re=1.0x105) for the (a) axial
and (b) tangential components

Flow angle distributions at L.E. (v /c=2.9%)

Surarimposed velocity vectors at blade leading
rdge (at EES, Re=1.0x105, v/c=2.9%) for (a)
coplanar and (b} measured inlet boundary layer
in actual machine ,

Typical inlet boundary layer éonfigurations
in actu&l machine

.

Tangential vedocity profiles at blade L.E. at
100¢ EES (Re=1.0x105)

-

Analogy of tip gap flow with moving wall to
stationary tip gap flow with varying clearance

Shift of suction ridge with decreased vortex
strength .

(a) The téngential (x=-8) and polar (9~ @)
reference systems; (b) probe port homenclature

Division of angular space (Gerner et al, 1984)

Variation of angle of attack coefficient with
angle of attack

Variation of sideslip angle coefficient with
sideslip angle

Variations of roll angle coefficient with roll

52

54

56

58

59

60

63

64

65

68

69

ix

75

78

89

90



/
) {
" ~~
X

angle for (a) sector 1; (b) sector 3 91
5.4.2(c) Variation of roll.angle coefficient with roll

angle for sector 5 92
5.4.3 Variations of pitch angle coefficient with

pitch angle for (a) sector 2; (b) sector 4 94
5.4.3(c) Variation of pitch angle coefficient with pitch

® angle for sector 6 95

5.5.1 Measurement grid location at trailing edge 101
5.5.2 Overturning angle at T.E. p;ané

(Re = 4,3 x 102, T/c = 2.85%) 103
5.5.3 'Veloc1ty vectogs at T‘E plane _

(Re = 4.3 x 1072, T/c = 2.85%) . 104
5.5.4 Total Cp dlstr%bution at T.E. plane ~

(Re = 4.3 x T/c = 2.85%) 105
5.5.5 Static Cp distribution at T.E. plane
) (Re = 4.3 x 105, T/c = 2.85%) \ 106
D.1 The tangential (oc-8) and polar (6 - @)

reference systems ' 144
b,2 Geometric relationship between probe and

test section axes 146




Plate

- 3.3.1

3.3.2

5.3.1

Table

5.1

4

xi

LIST OF PLATES
Description - Page
The moving belt rig 34
Test section with tip wall relative
motion apparatus 35
The calibration apparatus - 84

¥

LIST OF TABLES
Description h _ Page
Standard deviations between measured and
predicted values 96



Y -

English Symbols

C C
o ot
> o

EES . =

' . o 1
static pressure coefficient, (P - Pws)/ifDVCL

xii

NOMENCLATURE

~

\

any of four flow properties: «, 4
(or 8, @), Co, Cq

Rains’ viscous force parameter,
2

(T /tyax) Re (tyAx/c)

nominal blade chord

tip gap discharge coefficient

resultant blade force coefficient,

1 2
F/3pVeL ©

probe total, dynamic pressure coefficients

. 1 2
total pressure coeff1c1ent,(PoL- Po)/ §/°VCL

2

axial, tangential force coefficients

angle of attack, sideslip angle coefficients
for low angles

intermediate angle coefficients

pitch, roll high angle coefficients

equivalent engine speed
resultant blade force
axial, tahgential blade forces

blade span



xiii

k - correction factor
K - calibration constant for seven-hole probe
L.E. - leading edge of blade
m - mass flow rate
gap" mgapo gap mass flow rate with and without rotation
N - number of samples
P - static pressure
P - reference static pressure (e.g. upstream wall
ref .
static).
. 1 2
q - dynamic pressure, E’OV
qref - reference pressure difference (e.g. wind
tunnel contraction pressure difference)
Re ’ - Reynolds number based on chord,/achc(p
S - blade spacing
§
T.E. - trailing edge of blade
u, v, w - axial, tangential amd spanwise velocity
G components
U - belt (wall) speed or blade tip speed
Y , — flow velogity
X, Y/, 2 - coordinates in the axial, tangential and
spanwise diredtions
x’ - coordinate in chordwise direction

¥

Greek Symbols

x,8 - angle of attack, sideslip angle for
. * tangential reference system

8, ST ' - axial, transverse boundary layer thickness

6,6 y - pitch, roll angles for polar reference system



4 ‘ xiv
- wviscosity
blade stagger angle

¢

-=— density

a® < ¢t
I

- unbiased standard deviation,

V/(ii['(XL-Xavg)Z/(N—l)) »

gd - tip gap

Subscripts )

CL - undisturbed cent?e—line value

i | - i-th éample or data point

L ~ ‘local value at probe tip

N ‘ - normal component

n - probe port or sector number (1-7)

n+, n- - adjacené probe ports clockwise and counter
clockwise to port n

o] . -’ total value

r - relative value

s i - static value

- upstream wall static in test section

»
- dynamic value

«

' - quantity relative to probe axes for seven-
"3+ hole probe

+ 1+ +ssr = derotes a flow vector in the boundaryXayer
‘ (e.g. V" = 0 at wall; V = value at edge of
layer)



1.0 INTRODUCTION,

The full understan%inngf tip leakage flows are of prime
‘ihportance to the turbine designer since they can account for
as much as one third of the losses through a stage. Despite
the progress which has been made in recent years, it is
generally agreed that much still remains to be understood

about these flows.

The work of Amrud (1985), using a planar cascade of
turbine blades, provided much physical insight into this
phenomenon. However, ahong other idealizations, there was no
relative motion éf the tip wall. Therefore, it seems appro-
priate to further pursue this investigation by looking at the
effecté of tip clearance on the cascadefwith tip w;ll
relativé motion. Conseduently, a moving belt rig was designed

[3

and manufactured.

. It is recognized thdt the use of a moving belt to
simulate rotation is not:perfectland does tend to cause some
problems. Firstly, it is obvious that tadial pressure’
gradient éffeété‘cannot be modelled through the use of a
belt. Secondly, ahd probably moré importantly, the moving

¢

belt does some work on the fluid and thus causetia total
. ] o
pressure rise at the wall. This is opposite to what happens



in the actual situation. Therefore any total pressure
meaéurements that are made mus£ be interpretéd with caution.
Finally, the tip wall statics together with surface oil flow
visualization are no longer possibie. On the other hand, the
belt should simulate the effect af rotation on the mass flow
through the tip gap, and the blade loading.

The }hesis is divided into two parts since it is the
result of reseﬁrch done in two distinct areas in the study of
tip leakage floLs. The first part.describes the design of
the moving belttgig and presents some preliminary measure-
ments of the effect of the tip wall relativé—motion on the
blade loadiné. In addition, the inlet velocity profile at
the leading edge plane of the blade was measured in order to
evaluate the simulation of the actpal velocity triangles.

The second part describes the calibration procedure for a
seven~hole probe, originally "designed by Amrud (1985), and
_the subsequent demonstration of the use of this probe, and
the data reduction gaftware written to analyzg the probe
data, in the‘complex flow at the trailing edge plane of the
cascade. |

- N [ ( ,
Most of the present research comprised of the design and

manufacture of the moving belt rig, and fhe "shaking-down"
A2 .
process of the apparatus which consisted of\tests to deter- -

mine the optimal operating belt speed and to correct any

13




mechanical problems. Chapter 3 contains the descriptions of
the moving belt design, modifications to the existing cascade

-

test section, and some observations of the rig iQ operation,

Tip leakage experiments consisted of a preliminary
investigation of the effect of' tip wall relative motion on
blade loading, as well as measurements of the velocity
profiles d4t the blade leading edge plane. A description of
these experiments, inéluding a discussion of their results,
is found in Chapter 4.

Chapter 2 contains S‘Zeview of past .,work on tip leakage
and tip wall relative motion. A simple analysis is also
presented which suggests a significant reduction to the tip
gap mass flow rate due to tip wall relative motion.

v ¥

Finally, the calibration'procedure and use of the seven-
.hole probe are presented in Chapter 5. Conclusions apd

recommendations for future work, presented separately for -

"Parts I and II, are contained- in Chapter 6.



2.0 BACKGROUND INFORMATION TO TIP WALL RELATIVE MOTION

2.1 Review of Previous Work

A very comprehensive review of previous work in the area
of tip leakage, especially. with regards to past cascade work,
is presented in Amrud (1985). fherefore only work relevant
to the present study will be presented here. However, some
basié theory on the phenomenon of tip leakage will be
included for the sake of completeness.

The effects of tip clearance in é turbine largely
parallel those of a compressor. A loss in efficiency with an
associated loss in the loadinghboeffiéient is involved and
the perturbed aerodynamics may reach over much of the blade
height. 1In turbiney, howevér, destabilization is not of
interest, but the tip clearénce problem is enhanced because

)

of the gap sizes necessary to accommodate thermal expansion.

The mechanics of the tip leakage flow are not understood
in detail.~ However, it may be assumed that the factors
conéributing to the basic flow mechanism are:

(1) The pressure difference between suction and preésure

surfaces of a blade.

(2) The presence of the endwall boundary layer.



(3) The relative mcotion between the blade(and the

casing.

(4) The size of the clearance gap.

R

From the factors listed above, it is sedn that leakage
flow is influenced by both viscous and inertia forces. In
addition, in an actual rotating machine the effeét‘og
relative motion, between the tip of the blades and the
end wall, results in changes in éhe leakage flow'rate at the
gap due to convection of the visco&é flow through the
clearance gap.: In a turbine, the boundary layer which is
swept back over the tip opposés the leakage flow. The
reverse holds true for a compressor) Also, in addition to
the obvious similarities between compressors and turbines,
some different aerodynamic effects exist because the flow
through a turbine blade passage is accelerating, and there-
fore the wall boundary‘léyer\is not so prone to separation.
Furthermore, the pressugg distribution around the blade
profile of a turbine is different, which may leadvto an
altered geometry of the flow. @

Dean (1954) conducted a moving belt experiment, in a
rectilinear compreséor cadcade. The belt covered an axia}
distance from 0.4 blade- chords-upstream of the cascade inlet
to the ca§cade exit plane. 1In Dean’s experiment the bladeg,

inlet flow, and belt movement were in the correct relation-

-



ship. That is, the boundary laye; was not convected simply
in the direction of the stream flow, but had a component in
the pitchwise direction of the blading. Furthermore, this
pitchwise component being superimposed because of its viscous
properties and being most evident at the belt surface,
imparted a skew to the boundaryvlayer as it would be seen by

the rotor blade of the compressor (see Fig. 2.1.1).

Dean noted that up to large clearances the point of
minimum pressure on the blade tip suction surface moved
rearward, and the minimum pressure decreased with increased

tip clearance. It was further observed that .the tangential

v
™

force on a blade was a function of tip clearance and relative
wall speed (see Fig. 2.1.2). Dean’s experiment showed that
the convection effect of the viscous flow on the leakage flow

rate due to tip wall relative motion is important.

Wadia and Booth (1982), using a water rig with idealized

[

tip clearances and a cascade of turbine blades, noted that
discharge coefficients weré reduced due to wall motion. This
. is as one would expect since the relative motion of the wall
was against theAdirection of the leakage flow. Their

calculations showed roughly a 15% reduction in tﬂe discharge

coefficients.

»
4

“~

More recently, Graham (1985), using a planar turbine




C
VERLOCITY PROMIL ™
ENLAT 7O STATOR | . N

Fig. 2.1.1 Skewed inlet boundary layer (Dean, 1954).
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cascade in a water rig, also observed that leakage was
reduced due to tip wall motion. Using flow visualization
techniques, he found that by increasing the belt speed, at
any given clearance, the leakage flow was reduced. Further-
more, for tight élearances, the leakage flow could be cut off
altogether by increasing the belt speed. For example, at a
clearance of 0.6% of blade span and at the correct speed for
engine velocity triangle simulation (EES), the net leakége
flow was reducgq,;o~ZEro (this was also observed at a
clearance ofﬂ;gout 0.9% span and 2 x EES). Therefore at
tight clearances, increasing the belt speed has the same
effect as reducing the tip clearance. His pressure measure-~
ments also showed that endwall motion modifies the leakage

flow and leads to change3 in the blade loading compared with

the stationary case.

<

nr -

) Reseaféhlinto tip legkage flows in turbines was begun at
Carleton University by Amrud (1985) (see also Sjolander and
Amrud, 1986). Amrud examined in detail the effects of tip
clearance on blade loading in a stationary planar cascade of
turbape blades. A new feature, found in this work, was the

\¢]

formation of multiple tip leakage vortices:as the clearance
increased. The blade loadinqa?easuremehts showed that lhe
tip region pressure distributions differed considerdbly from
the two-dimepsional distributiom? It was further ébserved

that the blade and the endwall boundary layer is significant-



ly affected by the clearance gap. Amrud’s study’ was contin-
ued by Yaras (1987) who performed a detailed study of the tip

gap region.

From the examination of the available literature, it is
evident that exp?rimental data for cascades with tip wall
relative motion is both sparse and iacking in detail. Thus
the logical follow up to the staéionary wall sgudies of Amrud
and Yaras was to examine the effects{of the relative wall
motion. The present thesis describes the addition of this
capability to the existing Carleton University ca;cade test
section. :

\ <,

2.2 The Effect of Rotation on Tip Gap Mass Flow Rate

LS

~ Cascade measurements with a stationary enddgll have
shown that Jzé'mass flow rate through the tip gap can be
calculated reésonably well with a simple model (Yaras, 1987)
as follows. Referring to Fig. 2.2.1, the mass flow.{ﬁ:e is

~\\giéen by,

m=CDf/oVNdA
and

vy =V(Z4F/p) o

+

ﬁaherezﬁP is the static pressure difference across the blade,

away from the distorted flow region near the tip, and Cp is

\



Fig.

2.2.1

Tip gap flow.
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the discharge coefficient for the gap.

For a turbine rotor blade, the relative wall motion is
such that fluid is drawn back over the tip and the gap mass'/
flow is reduced (Fig. 2.2.2). A simple analysis will be

devised to estimate the relative ihportance of this effect.

A vagqguely similar situation occurs in Couette flow

between infinite parallel planes, as shown in Fig. 2.2.3 (fo?\

u 0, the flow is known as ?oiseille flow). The flow is

driven by a pressure gradient dP/dx along the &hannel.

fhe‘tip gap flow analysis will be based on an "equiva-
lent" Couette flow. For the Couette flow, shown in Fig.
2.2.3, and assuming "fully-developed" flow, it can be shown
that the momentum equétion reduces to Eq. (2.2.1), and the

resulting expression for the velocity is given by Eq.

2

(2.2.2),
dp a2y
— = N—’—E Ld rs (2.2-1)
dx dx
. _1dp 2 2 u .y,
4= g (Y Y gz (4D (2.2.2)

The net mass flow rate between the planes is,

0

m =.F/:u dA where dA = dy (assuming unit depth)

n
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Thus, for the flow defined by Eq. {2.2.2),

v +h s +h

dap 2 2 JelY) y
m’t%d‘g Lt et ay s B e ) ay

¢

_carrying ouf the integration gives,

- - 2 dap
m = 3 ax + pUh (2.2.3)

B_
Y
Now, from the simple model, for a‘'stationary endwéll,

: h
m = Cp fpv dA=CDf+ [ZTP7p) dy
-h

and assuming AP does not vary in the y direction,

+h

m = CyA208P) [ dy = C, f208P) 2h (2.2.4)

Equatihg EQns. (2.2.3) and (2.2.4), with U = 0, gives,

\ -
o 3
_ _2hp dp
Cy(2p8P) 2h = Ip‘p Ix
therefore, .
3C g :
1 dp
_iﬁ_z__giiﬁp%) . (2.2.5)

Thus, the Couette flow which is "equivalent" to the tip-gap
flow. is the one which has (lép)dB[dx given by Eg. (2.2.5).
\‘\ -~

Then, as a first approximation, assuming that Cp ang AP are



unchanged by the effects of rotation, for the general case,

3C : |
2 3 %
Mgap = 3PN (3 /(ZBPRT) + pUh

Z/OhCDW/ET + oUh

Blade pressure coefficients have been defined (see

Amrud, 1985) as,

where V¢ is the undisturbéd upstream velocity. Therefore,

_ap
aC, = T
7 PY%L

and upon substitution of AP in the above expression of the

gap mass flow rate gives,

Map " 2 phCy /U AC,) Vi + poUh S (2.2.6)

For the tip gap. flow, it would appear that U should be

the component of the wall\velocity which opposes the gap flow

(denoted by UN in Pig. 2.2.4). Then from Fig. 2.2.4, Eq.

(2.2.6) may be written as, ¢

mgap = 2,oh CDJ( ECP) VCL +/oUNcos,{ h

where X is the stagger angle. The first term on the right-

15
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Fig. 2.2.4 Tip gap flow with rotation.
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hand side is due to the gap flow without rotation, and will
be denoted as mgapQ. Therefore, in terms.of the fractional

change in mass flow rate due to the effects of rotation,

mgapﬂs L. /oUNh cos Y
mgap0 T phC, T BCLT Vo
m u
E_EEE = 1 + ?t"%;%SC—T (VE‘) (2.2.7)
gap0 D |4 CL
t
Uy
where T <0 | for turbines
CL
UN :
T >0  for compressors
CL

!

For reasonably typical values of Cp = 0.7, ACp = 4, UN/VCL--
-2, and ‘f= 40°, Eq. (2.2.7)’gives a valye of 0.45. Thus,
the simple analysis suggests that the efflects of rotation are
cons'iderable (a 55% decrease in gap mass flow in this case).
Note éhat the expression developed applies to a particular
‘chordwise location unless ACp is interpreted as some sort of
average value for the blade as a whole. An expression from
which the total gap flow is obtained based on a chordwise

distribution of ACp follows.

A blade force coefficient has previously been defined as

{see Amrud, 1985), ‘.




1
Cp = ——a— =f 0Cp dix/c) (2.2.8)
3PV ¢ 0

An average value of ACp can then be defined as the value

which gives the correct force coefficient. That is,

. .
cF=foaC; d(x/c) = 0T, (2.2.9)

Therefore, ACp of Eq. (2.2.7) can be replaced by Cp to give
an équation which defines the.total (or net)(mass flow ratéf
through the gap.’ Sjolander and Amrud (1986)Aquoted a value‘
of 1.77 for the midspan force coefficient. Using this value
results in a predicted reduction of 82% of the net gap flow
due to rotation. It is worth mentioning that although
rotation may greatly reduce the net léakage flow rate, there

will undoubtedly still be very significant tip clearance

losses for the case shown.

At this time, there is no known available data to check
the validity of the expression developed from this simple
analysis.‘ Nevertheless, even if this analysis overestimates
the reduétion in the mass flow rate by a faetor of 2, it does
serve to show Lhat_rotation has a significant effect on the
mass flow rate through the gap, and - is supported in a general

way by Graham's observations.

18
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The moving belt rig wif& be used to establish the actual
effect of rotation. When that data is available, it could be
Jsed to define an empirical correction, perhaps along the

same lines indicated, that is,

m u
—92R . 4 K _cos £ (T (2.2.10)
gap0 D °F CL .

where k is a correction factor.

F



3.0 DESCRIPTION OF APPARATUS

-

v

~e

As mentioned 'in Chapter 1, ifi-order to investigate the
effect of rotation on tip leakage '1n turbines, a moving belt
rig was designed and manufactured for use with!the,existing
cascade test.section. This chapter describés the basic
design approach used, and gives a detailed descr®ption of the
rig design, as well as some observations of the rig in

operation. )

3.1 Design Approach

In an actual turbine, the rotor blades rotate while the
tip wall or shroud is stationary. In the cascade simulation,
the turbine blades are stationary while the tip wall is in
mot}on. Thus in both cases, there is relative motion between
the blade=tips and ;he tip wall. These situations together

with the corresponding velocity triangles are shown in Figs.

3.1.1 and 3.1.2, respectively.

Consider first the actual case. From Fig. 3.1.1 (a) or
Fig. 3.1.2, the inlet boundary layer s %agumed to be
coplanar in the absolute frame of reference. . The relative
velocity, however, is not copianar but is skewed in the

direction of nedative incidence as the wall is approached.

20
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Fig. 3.1.1 Tip wall relative motion}velocity flow vectors
for (a) actual turbine ahd (b) simulation.
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Fig. 3.1.2 Superjmposed diagrams of velocity vectors

through the boundary layer.
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For our purpoges the blade speed magnitude is considered
constant thféugh the boundary layer; Note that often in
practice the inlet boundary layer is skewed in the absolute
frame of reference. This is because a relatively moving row
may precede the row in guestion. However, the copianar inlet

3

absolute flow represents the simplest case, and is therefore

the one we have attempted to simulate. 3

Consider now the cascade simulation. The‘tip wall now
moves (from suction to pressure side of the blade) rather
than the blades, as shown in Fig. 3.1.l~(b). The result is
that what were relative velocities in the aétual machine will
now be the absolute velocities in the cascade. iDue to the
no-slip condition at the moving wall surface, fluid is
entrained in the direction of wall motion which gives rise to
what can be thought of as a "transverse" (or tangential)
boundary layer. Note that a necessary requirement for the
simulation of an unskewed inlet boundéry layer in the actual
machine is that the locus of the tips of the resultant !
"relative" velocity vectors, through the boundary layer, be
on a straight line when the velocity triangles are super-~
imposed as shown in Fig. 3.1.2. Consequently, for a given
axial boundary layer profile, there is a unique transverse
boundary layer profile which is the equivalent of the
unskewed inlet boundary layer in the actual machine. The

axial and transverse boundary layers must clearly have the

Q



same thickness. Since we cannot control the details of the
transverse profile, the best that we can do is produce the
required transverse boundary’iayer thickness, and hope that

the resulting profile is close to the correct one.

The transverse boundary layer thickness at the cascade
leading edge is a function of the -length of the belt up- N
stream, as shown in Fig. 3.1.3. The length required here wés
estimated basedybn experiments on the response of turbulent
bodndary layers to traqsverse surface motion, conducted by
éissonette and Mello 1974), and Lohmann (1976). The
configurations they used were similar and basically~cpnsisted
of a long cylinder whose upstream section was stationary
while its downstream section was rotated. Both studies were
in agreement qualitatively. Howevér, some differences were
evident and some phenomena more apparent in Lopmann’s
experiment. ¥or instance, Fig. 3.1.4 shows that strong
coupling between thevaxial and transverse components of the
flow dQ exist (note the nominal veldcity profile for the
undisturbed reference boundary layeé is shown as a solid
line), but the axial‘boundary layer thickness is essentially
unaltered. From the above discussion for the simulation
case, it was assumed that. the axial boundary layer was
unaffected by the transverse motion. Theréfore, it would

seem that the best we can hope for is an approximate simula-

tion of the actual case.
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From plots of the transverse velocity érofileg on the
rotating surface, by Bissonette & Mellor (1974) and Lohmann
(1976), it was possible to obtain the local transvexse
boundary layer thickness as a functior of the axial distance
along the rotating part of the cylinder. This was then
scaled on the local axial boundary layer thickness to produce
the correlation of Fig. 3.1.5. The speed coefficient, 2, is

defined as the ratio of the belt speed to the undisturbed

t

centre-line flow speed (U£VCL), while the local axial
boundary layer thickness is defined as the position, from the
end wall, at which the axial velocity is 99% of the undis-

turbed freestreath value.

The aerodynamic specifications of the cascade test
section turbine blade were provided by Pratt & Whitney of
Canada Inc. These blades have a speed coefficient of 2.164
at the specified design point. When this value is multiplied
by the undisturbed Eentre-line velocity in the test section,
this gives the belt speed required to simulate rotation at
100% equivalent engine speed (EES). Using Fig.r3.l.5 as the
basis for selecting the required belt width, it is seen that
for the transverse and axial boundary layers to be equal for
a speed coefficient of about 2.164, the axial distancé from
the belt leading edge to the point of interest is equal to .

about 20 local axial boundary layer thicknesses. This

corresponds to a distance of about 400 gm from the cascade
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ieading edge to the upstream edge of the belt. This value
was arrived at by using boundary layer measurements of Amrud
(1985), made af 330 mm upstream of the gascade leading edge.
However, due to mechanical considerations which are described
in the next section, a shorter belt distahce upstream of the

cascade inlet was used.

3.2 Cascade Test Section

The cascade test section was used previously to study
tip leakage undeér stationary conditions by Amrud (1985) and
Yaras (1987), and is shown schematically in Fig: 3.2.1. The
geometry of the cascade is also su&marized in Fig. 3.2.1.
The blades, whigh are of constant chord and are untwisted,
have a profile which corresponds to the tip sectioen of a
recent Pratt & Whitnéy turbine blade des%gn. However, a

slightly higher solidity {(c/s), and a lower incidence than in

the actual application are used.

The moving belt replaces the plexiglass window of the
test section, and covers about ﬁhe same area. This was done
in order to minimize mechanical médifiéations to the original
test section. However, since inlet boundary layer bleed-off
~-is possible with the test secéion, the required local axiéll

o

boundary layer thickness, based on the aforementioned

—_—

correlatioh, #Md the given axial distance from the edge of

) , S
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the belt guide, which is described below, to the cascade
inlet is still possible. The trailing edge location of the
belt extends about one blade chord downstream of the cascadeée
outlet, which is the farthest distance that future measure-
ments (e.g. mixing losses) aée likely to be made. Therefore,
the belt width was chosen to be two feet wide (about 610 mm).
&

Different clearanEe gaps are created by using shims at
the two top and bottom belt rig étéachment locations, as well
as between the usual cascade.tip wall and sidewalls. The
tip-wall boundary layer bleed section of the cascade was
replaced with a Similar plexiglass section, which includes a
belt'guide, in order to locate the leading edge of the belp
and to prevent any.curling of the belt edge. Figure 3.2.2 €
shows a Eﬁf view of the belt guide.
3.3 Moving Belt Rig . ~ ¢
.

An assembly drawing of the moving belt rig is shown in
Fig. 3.3.1. Plate 3.3.1 shqws the actual rig, detaqhed from
the test section, while Plate 3.3.2 shows the rig attached to

the test section.

The belt chosen for this-application was a 24 inch wide,
108.8 inch long, endless 3AB-8E Habasit belt. The SAB-8E

syntheth?rubber belt has a coefficient of friction of 0.15,







