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ABSTRACT
“
| C o -

Approximately half of the aerodynamic losses in
a turbomachine blade row are attributed to cascade secondary
losses. Looking at the existing literature on secondary
flows, there is a lack Of detailed exgerimenis carried
out on annular cascade of high turning angle turbine
blades.

The purpose of this investigation was to construct

<
and carry o t{éetailed experiments on a unique large scale

4

annular cascdde of high turning angle turbine blades.

‘Cascade tests, at a Reynolds number based on the blade chor&(

5

of 3 x 107 to 6 x 105, consisted of inlet and exit flow

parameters traverses, blade passage pressure distributions -

*

and flow visualization. The results, presented in the form
of contours and radial distributions, were analysed and
compared with the results of previous inuéétigations.

The- tests showed that the flexibility desigPed into
the cascade rig has achieved the purpose of tailopiﬁg the
inJet flow conditions according to the test'requirements.
The total pressure loss contours revealed a large single
loss region at the middle of the blade-.-passage. The yaw
angle contours showed regions of significant flow under-

turning and overturning in the main stream. Good agreement

was found between the measured cascade secondary loss

»

coefficient and those calculated from the available correlations.

.
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. CHAPTER 1 °

‘4 INTRODUCTION

Successful aerodynamic design of a turbomachine

| 5%
depends mainly on the accurate estimation of the losses

and on the understanding of the different parameters
influencing them. Losses imn a turbomachine can broadly

be divided into_three main groups. Thedrst grdﬁp i£ the

L]

profile losses associated with the skin friction over the

blade surfaces. The second group is the annulus losses
S

due to the skin friction on the inner“and outer walls of

»

the annulus. The third group is the secondary losses

resulting from the interaction between the blade ends and

the boundary layer on the annulus walls. This last group
can be further subdivided ipfo four areas of importance:

1. Cascade gecondary losses due to the effect of
turning the annulus boundary layer.

2. Corner losses as a result of th; flow in the corner
formed by the blades and the annular walls.

3. Clearance 1os;es caused by the fluid flow through
the clearanci/yetﬁeen the tip of the rotating blade
rows’and the annular walls.

4. Mainstregm secondary losses due to the vortices

-

traiiing from the blades.
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An attempt has been made in Fig. 1 to show these losses
in a pictorial fashion.

Approximately half of the aerodynamic losses in a
turbomachine blade row are attributed to the secondary
losses and in particular to 'cascade secondary losses'.

Thus to further improve the performance of turbomachines,
especially considering the trend towards using high turnin
angle turbine blades of low aspect ratio, it is necessary .
th;t the cause, mechanism, and effects of cascade secondar
flow be thoroughly understood. The "effects of secondary
flow on turbomachine  performance are mainly in the associated
vortices which cause dissipqﬁgon of energy and tend to_
promote separation in the corner between the blades and the
annulus walls. Also circulatory flows within the passage,
cause the fluid to leave the blade rows at angles other than
_the design angle and therefore cause downstream blade rows
Gzto operaté off the design point.

Over the past two decades a significant amount of
theoretical and experimental studies has been made to
investigate the secondary flow phenomena. Several theoreti-
cal models, empirical formulae and correlations have.been
proposed for the calculation of the secondary flow losses
in turbine cascades. However, the hifficulty in using
aﬁ} of these existing models and correlations is a lack of

detailed cascade data that can serve as an experimental

reference for the eviluation of any assumptions used.in

e
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their derivation, and for the computation of the aero-
dynamic losses predicted by the correlations.

Turbine research at McMaster University was initiated
in 1971 by the design of‘a series of high turning angle
turbine blade profiles (~130°) by Malhotra [37]. One of these
blade shapes was tested by Stannard [38] over a range of
pressure ratios in a rectilinear blow-down wind tunnel. ‘In
1973, Myachin [36] designed a large scale (7.5:1 with respect
to blade dimensions in the rectilinear cascade) annular
cascade rig, and proposed several studies to be conducted for
the,investig;;ion of thg secondary flow phenomenon in high
turning angle cascades. In 1975, the author with the
cooperation of El Shammaa* started the design simplifications
and construction of the annular cascade rig.

It is the purpose of this study %P carry out detailed
experiments on the annular cagtade rig and to present, discuss
and analyze the experimental results with the hope of provid-
ing.a better understanding of the flow field within,a high
turning anglq turbine passage.

F

To establish in which directions a contributiog could

best be made, the present study began with a review of the

b4 - -
current knowledge concerning secorndary flows in turbomachinery.

This review, which is given in Chapter 2, covered the basic
secondary flow equations, the inviscid techniques for pre-
dicting streamwise vorticity, the Tethods in use for comput-

ing secondary losses and finally the available experimental

* "Ph.D student, Dept. of Mech. Eng., McMaster Univ., Hamilton,

Ontario, Canada.



measurements in turbine cascades.

The experimental apparatus gnd instrumentation ate
described in Chapters 3 and 4. The annular cascade rig |
consisted mainly of an inlet section, a test section and an
exit section connected. to a fan. - For’ the test section a
modern design of turbine blades was used having a turning
angle of 128030'f»a span of 190.5 mm and an axial chord of
188.5 mm. The exhaust fan permitted test section inlet
velocity up to 47m/s,~which provided realistic blade chord

5 to 6x105.

Befnolds numbers:in the range af 3x10

In Chapter S5, a brief outline of the preliminary
experiments has b&en gi&en, together with the scope of the
tests performed on the rig. The experimental work started
with an inlet flow study which is described-in Chapter 6.
The objective of this investigation was to measure the
inlet flow conditions and make the necessary adjustments
to produce uniform flow angle and velocity at the inlet
to the cascade. ) .

In Chapter 7, the blade pagsage pressure distribu-
tion is presented and compared with the two-dimensional
potential flow distribution. The exit flow parameters were
measured for different inlet speeds and the results given
in Chapter 8 in the form of loss conZoﬁrs and flow angle
changes. Qualitative infolmation is also presented in the
form of photographs showing particle deposits on the blade
and annular surfaces as a result of smoke filament flow

visualization studies,.



CHAPTER 2 v

/RE\'IEW OF THE LITERATURE

miascade secondary flow results from the imbal-

ance between the pressure gradients imposed by the main

“stTream on the boundary.layer fiuid, and the centrifugal

force of the low velocity boundary Llayer fluid. Thus tﬁég
low momentum boundary layer fluid turns through a larger
angle than the free stream fluid. A component of vorticity
is therefore produced in the streamwise direction, result-
ing in both radial and tangential perturbations of velocity
at the exit from the blade rows which are proportional to
the magnitude’of the entry vorticity and the turning angle.
Over the past two decades a significant amount of
material has been.accumulated both in theory and experiment
into the investigation of secondary'flow in turboméchines.
Several excellent reviews have been made including those
by Lakshminarayana [1]%*, Hawthorne [2],. Dunham [3] and
Horlock [4]. 1In this chapter the secondary flow basic equa-
tions will be presented, followed by the present state of
the theorpticaﬂ agd experimental studies wigh special

emphasis on tufbine cascade tests.

-

* Numbers in brackets designate references.

3 6
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2.1  Secondary Flow Equations, . <

¢
Squire and Winter [5] established the_basis for

the current theoretical approach to secondary flow in a
turbomachine. They pointed out that although the ﬁén—
uniformity that causes the secondary flow is created by
viscaus effects, the secondary flow itself can be considered
inviscid. They solved the equations of motion for steady,
inviscid and incompressible flow to obtain an expression

for the streamwise component of vorticity (Fig. 2) at the

exit of the cascade, in the “form: . »

LBy = - 2nge 1)

: . . .

This expression is only valid for small turning angles (up
8 . .

to 900), constant area flow and high aspecj ratios. Squire

and Winter also defined a secondary flow stream function,

- - /
!

. A2)

3 -

entiating the stream function,

@

_ 3y, = 9% :
V=—=; W 5y . . (3)

. )
Hawthorne [6} derived a more general expression
for the change in streamwise vorticity along a streamline

) - .
in steady, inviscid and incompressible flow in the- absence

e %
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body forces,
2

&), - (), = -2 S |grad cig)ls—\if’z‘—i de (4y
1 ' ,

Hawthorne pointed out that it is possible to solve for
secondary vorticity if (a) the secondary flow occurs in
planes wﬁich are normal to the average direction of flow,
(b) the secondary vorticity is normal to these planes, (c)
the secondary flow may be treated as a two-dimensional
plane flow éuperimposed on the main flow, and (d) the
behaviour, of the Bernoulli surfaces and streamlines is known.
The first three assumptions can be met only in ca;cadés
of low turning angle. ‘

Preston [7] obtained thé results of the Squife and
Winter analysis {[5] and of Hawthorne's analysis f6] by a
relatively simple method in‘which~ﬁe made use of kelvin's
theorem in the form "For an inviscid fluid the circulation
in a circuit moving with the fluid remain§ constant".

"By treating the secondary fiow as a thr;é-dimensional
perturb;tion of é quasi two-dimensional flow apprpacﬁing ‘
a bend, Hawthorne [8]’wg§ able to show another method of
obtaining the components 6f'voyticity aﬁ;defﬁned in Equation
(4). Morris [9] extended Héwthorne‘s‘[éj‘anaiyéis and
showed.that‘segpndary vo;ticify cén be génerafed not gnly
through the action of a non-uniform flow field on cutved

streamlines; but also whenever the flow kinetics are such

&
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that the vector curl (Vx2) has a component in the stream-
wise directionr .
'Anothe¥‘approximate expression for the streamwise
-vorticity developed in a cascade has been given by Loos
[10], which takes into account the excessive turning of
the flow in the wall boundarxﬂlayer and is perhaps the
most useful relation to the turbomachinery designer. By -
assuming the axial velocity to be unchangéd Loos derived

»

the following expression:
0y . sin 2a,-sin 2a

. 2 1
81 cosa,cosa, lapy-ay ) _ 103

-

&2

He also modified Squire and Winter's formula for diverg-
2
ing or converging cascade” flow as folldws:

_(N-1/N) ,
52 - N N"" HIC . (6)

where N is the blade passage area ratio.
Ehrich [11] developed a theory for predicting the
secondary flow in a cascade of twisted blades and obtained

the following expression for the secondary stream function,

~

s 2e (G0 ¢V D - (7

Louis [12] has prdvided an interesting development:

of the basic equations (1 to 4) to allow for the effect of

: viscosity. A '
ﬁ/////’i\\\\\v///~q/;fggqjecondary Vorficity equgfions presented so far,
- ' 4 } r
T ,/



describe the secondary flow develop;ﬁ in th channel bet-
ween the blades, but.it is not the only vorticity that
exists in the downstream flow. Hawthorne [13], and
Hawthorne and Armstrbng [14] provided further expressions
for the vorticity components downstream of a cascade in
the following form:

(1) Due to cascade secondary flow, '"the cascade
secondary vorticity”}of circulation

Tos = 32 ('V§TT Tz CoSay )?\ .(9)

(ii) Due to stretching of the vortex fiiament, initially

perpendicular to the entry stream, 'the trailing filament

vortices of circulation”, .
a dv v d
= —— s
I‘tf dz ; (10)

(iii1) Due to change of circulation along the blade span,'
4 .

“"trailing shed vortices of circulation",

- ' av _
T = - Scoso, aE—(tanaz tanal) (11?

‘The arithmetical summation of these circulations has some
physical significance .in that it is theoretically pessible
to calculate the msorticity knowing the circulation and

hence solve the stream function equation to obtain the

'cbange in the outlet flow angle. .
' I 4



2.2 . Theoretical Investigations

. Approiimate solutions for the secondary vorticity
fields have been classified by Hawthorne [15]. The two
parameters of importance are the magnitude of the entry

" shear and the deflection”¢f the flow. Thus four kiads of

flow can be considered depending on the relative magnitude

of these two parameters. gf particular interest is the
small shear, large deflection flow case in thch a primary
irrotational flow contorts the Bernoulli surfaces and the
vortex filaments found in the aéproaching shear flow. The
vorte¥ filaments are stretched and twisted by the primary
flow thus inducing the secondary flow. This t&pe of flow

is referred to as the '"secondary flow approximation'" and is.

the one ﬁost commonly used to describe secondary flows in

turbpmachines. ’

;ﬁ Hawthorne f16], basing his anafysis on the secondary
jflow approximation solved Eéuation (2) for a plane cascade
by usipg a rapidly coﬁvergent series. ExpreSsions for
the change in average ogtlet'angle @, for low turning
cascades were presented.

. Although the secondary flow appro;imatioh has given

a real insight into the behaviour of the flow in cascades,
the approximation loses validity for cascades accepting a
steep inlet Velocity profile, fqr example, in regions cidse:
ﬁo the wall, Thus the disto}tion of the Bernoulli surface,'

spanwise flows and the effects of viscosity should be taken

g



'
into accﬁunt. Lakshminarayana and Horlock [171 showed that
for moderate turning angles in which the inlet vorticity
is unchanged through the casca%g, the Bernoulli~ distor-
tion (¢) due to an incremental flow turning (ae) is given
by the expression:
p o Gse)’c

LA AP (11)
By subsfituting Equation (11) into Equation (4) and
assuming that_thé stagnation pressure varied only in the

_spanwise direction they obtained the following expression:

A

>
£ £ Tll ﬂl(AE)C
(V)z‘(v)l = -2 < cos (TT—V_)de . (12)
: 0

In Ref. [17], the spanwise displacement of the flow and the

K. viscous effect were taken into consideration, but the

~
P

analysis was restricted to compressoﬁ céscades which
involved low turning angles. ,
Receﬁ§1y Bardon; Moffatt and Randall [18] estimated

the secondary flow effects on gas outlet angles in

" rectilinear cascades with moderéte turning angles (less
than 60°). :They ﬁsed the equations given in Ref. [6] and
[17] and by means of a finite-difference stepwise pro-
cédurg tﬁey solvea the equations for%vbrticity, stream

»

function, secondary velocities and exit angle change. *They

presegtéd several correlations for assegsing the spanwise
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variation of the gas exit angle.

Hawthorne and Armstrong [19] developed an analysis
for predicting the angle change in moderate turning Sgs-
cades taking}into consideration the displacement effect

after the cascade trailing edge. ¢

>

Came [20] and Marsh [21], presented two simple

derivations for the components of vorticity defined by

-

Hawthorne {14]. An expression :f% obtained for the
difference in the time taken for fluid particles to travel
over the biadefpressure and suction surfaces, and which

was used to define the three components of vorticity for

one blade pitch and for unit blade span in the form:

Eps cosza 1 sinZal—sinZa2
n = Cosa.. (tanal-tanaz) 7 Cosa (13)
1. 1 . “1
£ cos?
tf _ ‘
-ﬁ-i— = - '&—0—5-—&-1' (tanal—tanaz) (lg)
3
ts _ \ ) (
;I* = cosa, (tana1 tana,) ' (15)

. . -~

Afdalysis ‘of setoﬁdary flow in an annular cascade
6" .
has also been carried out by Hawthorne and Novak [2] and

‘Dixon [22] for axial inlet flow hut with variation of the

outlet flow angle e, along the span (now taken as T). They

resolve the sécondary vorticity &, into tangential and
AN

axial components, the former (£, sina,) causing a radial
1

gra&iept of axial velocity and thé latter leading to an .
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equation for a Stokes stream function describing the
radial (r) and tangential (8) velocities in the trailing

.

edge plane of the form:

»

vzw = - _62 cosa, ‘ (16)

The three-dimensional boundesy—Tayer theory has
been applied to the problem of secondary flow in several

papers. ; Loos [23], HerZig and Hansen [24] studied the T

incompressible three-dimensional laminar boundary layer
over a flat plate for curved free streamlines in the piane
of the plate. Loos solved the equations for a specific
case where the free streamlines had a parabolic shape.
Herzig gnd Hansen extended the anal}sis to obtain exact
solutions for general stréamline paths, removing the
prefious Testriction of §ma11 turning, by simply represent-
ing the blade contour with an approximate polynomiél.
Johnston [25] introduced his well-known triangular plot

for three-dimensigpal turbulent boundary layers generated

by secondary floé%iﬂe founé, based on experimental evidence,
that the cross flow in the outer part of ihe boundary layer -

may be given by the expression:

@ =-2:0-p (17)

2.3 Experimental Investigations

: ’ . )
There exists a-large amount of experimental data

relating to secondary flow, but mostly restricgped td low

L J



16

turning angle cascades. Some experiments werc specifically
aimed at checking the theory; several othercr;sults ‘
revealed facets of the physical phenomena and the‘éffect
of cascade and flow parameters on flow losses.

To verify the theory as presented, Squire and
Winéer [S] obtained goed agreement between Equations (1,2
§3) and their tests cohducted on a 94.8° deflection channel.
However they concluded that the secondary flow app}oxima—
tion broke down near the wall where the viscous effects
become significant. Hawthorne and Armstrong [i4] and [19]
compared their analysis with experiments performed on

T
turbine blades placed in a rectangular cross-section wind

J
tunnel. Good correlation was found between the measutred
and calculated outlet angle“yariation. Lakshminarayvam [17]
also found good agreement befijween the calculated outlet
angle and tests conducted on an 82° turning aﬁble éascade.
Other investigations to verify the secondary flow theory
can be found in the review pépers [1] and [4]. -

To put the secondary flow 1o§s correlations in -
perspective it is perhaps worth mentioning £he fact that the
prediction of turbine profile losses due;to the nominally ‘
two-dimensional boundary layers on the blade surfaces,\is
int itself a challeﬁging problem. The profile losses are .of
course influenced by many factors which affect the development

of the_bladé‘bouﬁdary’layer. These include the large

variations in velocity and the resulting pressure gradients

“ r



'along the blade surface, the highiy curved blade surfaces
which either tend to suppress .the boundary layer turbulence

- (on the suction surface) or promofe it (on the pressure
surface), surface roughness, trailing edge thickness, -
incidence and transition on the blade surface. The first
profile losses (and secondary losses) correlations for
turbine blading were presented by Ainle} and Mathieson [26]
for different cascadf géometry. Ainley's correlations are
still widely used in modern gas turbine design. Baljé and
Binsley [27] presented contours of profile losses for ' t

ifferent inlet and exit angles at optimum pitch to chord

ios. - Recently Denton [28] reviewed seven methods of

™

rd

"preflicting the profile losses, compared the losses with 79
cascade rTresults and finaily concluded that none of them
predicted the losses accurately. Neverthless, somz progress
could be made by obtaining the lésses from calculation
of the velocity distribution and the boundary layer growth
on the blade surfacesand ‘in the wake. '

o Secondary flow in a cascade may be presented by the
local outlet angle change (Aaz) and a loss coefficient (gPO).
fhese parameters may be expected to be a function of ‘

Vys 645 Hy, C,.h, S, o ,u, a, £,
[4]. These independent parameters can be grouped into non-

and the flow geometry

dimensional forms to give:

fa. AP = £ (Z,R.,M 1y f1%1hs C ) (18)
‘12, o ) C: N? ,T) 1;—r1"’cscs L

-

~
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Here the 1ift coefficient (CL) or the other blade-loading
parameter represents the most important effect of flow
geometry.

.Dunham [3] has found from a survey of experimental
data, a correlation showing the effgét of aspect ratio
(h/C) and 1ift coefficient (CL) on APO. He‘also presented
a tentative exprcssion‘for the-inlet boundary layer effect

and derived the following correlation for APO (average)

based on experimental results:
i -

C c05a2 CE‘ co&lvi 61
AP (av) = (0.00SS+0.078\/ =) (19)
o 2l cosB, (S/C)2 cossam : - | C

The first term in the boundary layer function shown in
parenthesis is the downstream wall boundary cbmponent and
tﬁé second term is the vortex core loss component. Dunham
concluded however that his correlation for losses has to

be verified by experiments on—turbine cascades particularly
with high turning angles. .

Brown [29] investigated the secondary flow phenomena
in rectilinear cascades with 132° deflecqién‘ He obtained
the variation of the exit flow angle from‘the cascade and
pressure loss coefficients as a function of the bléde span,
The measured secondary losses were tgh times smaller than

the predicted losses using various,  correlations., It should

be noted that this is the largest deflection (1320) which

» <

has been investigated experimentally according to the

o

e
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literature. .

Recently Came [30] presented secondary loss measure-
ments for various inlet' boundary layer thickness and inlet
angle for a large turbine cascade with a maximum turning
angle of 85°. Came presented his measurements in the form
of loss contours and spanwise variations as a function of

the inlet conditions. He defined the gecondary losses as
.

a function of the inlet boundary layer %osses and introduced

- ~

the following correlation,
§

CL 2 &oszaz COSa2 % C
= .2
AP (§7C) —x “oSE (0.25 Y1 + 0.009 H) (20)
O Ccos o 0 1

where YI defines the inlet boundary layer losses.
Dunham's correlation [19] was also shown to be ih good
agreement with Came's experimental results.

In order to understand the physical nature of the
secondary flow in a cascade, flow visualization studies
have been carried out often in conjunction with pressure
meésurements. Rohlik and others [31] performed experiments
on an annular turbine nozzle cascade using three different

blade profiles. Detailed data were taken including surveys

of total pressuse @nd exit angle in the free stream, wake

-

N o

and boundary layer regions immediately downstream of the

cascade. Flcw visualization techniques included surface
flow studies (by means of hydrogen sulfide and paint traces)

and smoke flow studies. They showed.clearly how low energy

.ot
1 *
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p
air origiﬁating in the outer wall boundary layernwas swept
not mevrelvy onto the blade suctlon surface but all the way
down the trailing edgg towards the‘gzg‘until it was finally
discharged near the inner wall. In these cases, the tip
secondary loss was very small and the hub secondary loss
considerably larger. To what extent the profile loss was
affected was not known. Herzig [32] and Turner [33]
reported similar studies on annular cascades with the aim
of explaining the fundamental aspects of the boundary layer.

flows in turbomachines.

Sjolander [34] performed experiments in an annular

-~

cascade of turbine nozzle guide vanes with two main objectives:

firstly to try to develop a better understanding of the

b -

endwall boundary layer by a combination of flow visualiza-
tion and experimental measurements and secondly to try to
make the measurements sufficiently complete that they could
be used as a test case for endwall boundary laver calcul3tion
schemes. He clearly demonstrated that even in a situation

where the overall pressure gradients are strongly favourable,

local areas of adverse pressure gradient could still result

-

in boundary layer separations which had a significant influence

on the rest of the flow. v ‘;;
-Recently, Langston and others [35] ca?riéq oﬁf' B

X

detailed measurements of the subsonic flow in a large scale

plane turbine cascade (e = 110°) to evatuate-the three-.



dimepsional'naturelof the flow field. Flow visuali;ation
was done on the blade and endwal; ﬁprfaces, and measurements
were carrieé out at eight differengtaxial planes through

the cascade. The characteristics of the endwall boundary
layer were presented showing that three-dimensional

separation is an important feature of endwall flow.

2.4 Conclusions ’ oo
o

After reviewing the state of the art on secondaiy
flow, the followipé?conclusions can ge drawn:
1. The growth.of segondary vorticity in cascade;’and

changes in outlet angles due to secondary flow,
can be calculated reasonably well for weak shear flows
and moderate deflections (say up to 800).

2.- Although the flow pattern .associated with secondary

| losses is understood, the -magnitudes of the lgsses
are still open to discussion and verification.

3. _Annular cascades with high deflection angles should
be investigated to define the secondary flow para-
meters in turbine bla@ings.

4. More attéﬁtion must‘be givgn to the measurement

-

and calculation of wall bbundary layers in cascades.

o

S. Finally it is necessary to broaden\gbb applicability ¥
of the theoretical models so that they ca
applied to multistage machines. j S,_\~Ma

/



"section on the downstream parameters.

g h

CHAPTER 3 \W

4

THE ANNULAR CASCADE RIG

In érder'to meet many of the‘flow/tonditions
felt in a full amnular cascade with high turning angles,
a unique three dimensional testing rig was designed [36]
with the aim of ¢arrying out detailed investigations of both
free st}eam and secondary flows. In the basic design of
the testing rig the following principles were laid down:

1. The design required an annular model to provide for
the maximum conditions of similarity betgeen the model flow
and\that which takes place in a twisted cylindrical passage
i.e.,)the preservation of the.radial flow component.

2.. The largest possible model scale to be chosen in
order to provide maximum room within the blade paséages‘

for detailed investigations of both flow and wall pressure

distributions.
3. To provide uniform'inlef flow conditions to the

test section and to measure the influence of the inlet €

o

4, To minimize the influence of the outlet section on
the upstream conditions. -
To .achieve these goals, the inlet and exit sections

had walls &f. the specific deSign shown in Fig. 3. Fig. 4.

22



'10.
11.
12,
13.

14.
15.

16.
17.

CAPTIONS FOR FIGURES 3 TO 9

The Bellmouth Entrance

The Turning Cascade

The Plane Cascade I

The Inlet Section

The Test Section

The Exit Section

Annular Traversing Segments
The TestﬂSeé£ion Leading Edge .
The Test Seétion Trailing Edge

The Plenum Chamber ‘
Auxiliary Fan Speed Control

Barometer

Multitube Manometer for Blade Passage
Pressure Measurements N

Provision for Inlet Flow Control (Sec. 6.3)

Micromanometers for Both Main and Boundary Layer
Flow Measurements

Gas Bottles for the Smoke Probe

©

Chambers for Future Boundary Layer Control

23
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Outlet Midchannel Streamline

Fig. 3 . The Inlet and Exit Section Walls
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Straightener.
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9

The Cascade Rig-Showing the Inlet
Traversing Station. *

29
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N\ a - Y

~
is a cross-sectional view showing the test facility which
consisted of three main parts: /

1. An inlet section, including a bellmouth entrance
and.space for supplementary cascades, which provided a 64°
‘inlet air angle.

2. A test section which was composed of a 45° segment

of an annular cascade. The test section housed four blades

circumferentially spaced at 15° with a turning angle of

128°30".
3. An outlet section which was connected to an exhauster
fan. Ty N

Fig. S shows the test rig layout and Fig. 6 to 9 give views
of the rig anq the auxiliary equipment. A bfief*description
‘of each part will be given in the following sections and
detailed description of the rig can be found in Reference

36 and Appendix A.

3.1 Test Rig Entrance

The inlet of the test rig consisted mainly of é‘bellj
mouth~entrance followed by a turning cascade and finally

a plane cascade.

-

3.1.1 The Bellmouth Entrance

A bellmouth entrance (Fig. 10) was constructed out
of wood to &ivert the flow to the inlet section. The bell-
_mouth extended over an arc of 53° and had a wall radius of

-100 mm. . ) - “.



9IUBLIUT y3Inouwprag syl o1 -Jry

31

—4

ob2

80v e

wg g o

_ w028

|

w020z

=

00




r~ 4

/
-
e .

3.1.2 The Turning Cascade

“ A turning cascade was designed with the object of
turning the flow from the bellmouth section to aﬂ exit
angle of 64°. This was achieved by means of 21 curved
blades eq&ally spaced on a circular arc of 53° (Fig. 11).
The side walls of the turﬂing cascade was manufactured out
of wood by laminating wood sections and then contouring

them to the proper dimensions.
[ ]

~

3.1.3 The pP1ape Cascade
‘ Following the turning cascade a plane’cascade was

provided with the main object of ensuring that the streamline

surfaces were planes and inclined at 64° to a plane passing *

through the blade leading edge. This was done by intrb-'

ducing 21 flat blades (Fig., 12). The inner and outer walls

of this cascade were in fact an extension of those of the

inlet section ﬁFig. 4), but it was decided to make this

part separate for ease of manufécture and to facilitate

installing the blades. vSimilar to the turning cascade, the

outer walls of the plane cascade section werge manufactured

out of wood.

For rigidity reasons égé to facilitate installation,
it was decided to make the curved and plane blades as one
piece fabricated from 1 mm aluminum sheet. Fig. 13 shows
a typical blade composed of two sectiong, after being cut

to size and -rolled to the proper curvature. ..

- [y -
1
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‘Fig. 13 Test Rig Entrance
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3.2 The Inlet Section

The inlet section was designed to produce uniform
pressure, velocity and flow angle fields at the entrance
of the cascade.‘ In order to achieve this design'the annular
boundary wall; of the inlet section were generated by the
gotation of a’rectangle, inclined at 64° to the ieading edge
plane, through an angle of 53°. The inlet section circum-
ferenptial pif;h (53°) was made larger than the test section
circumferentiéi,pitch (45°) in order to reduce the side walls
effect on the center blade passage‘(Fig. 14). It should be
noted that the axial cross sectidons of thé inlet passage
were of equél areas.

\ —

Due to the complexity of the inlet section geometry,
it was decided to manufacture a male moﬁld first and then
cover it with F.R.P.*  The inlet section plug was made
out of iayers of‘wood, which were cut oversize at each
section dflthe inlet and sgacked on top of each other in a
certain fashion so as to represent a siep oversize plug.

.

The plug was then finished to let section dimensions

by a pattern maker. .R.P. cover (5 mm thick) was

then made in three parts: an)}inner and ah outer pért'to
enable one to extract the ﬁlu a§a~to facilitate surface
- finishing, and a 90° sliding annular Segment desjigned to
be part of the inner wall and used for inlet flow travers-

ing (see Appendix A for a drawing of the inlet section

flange}.

* F{Pre Reinforced Plastic

4, ’ , " ) -
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3.3 The Test Section

The cascade test section, as shown ia Fig. 15 to
17 was a 45° segment of an annulus with an inner radius
6f 381 mm, an outer radius of 571.5 mm and a length of
193.5 mm. The.annular.sectién consisted mainly of three
blade paséages (15° each), designed with the object of
providing the proper working conditions in the center blade
passage, within which the measurements Qere to be made.
The. geometrical parameters of the annular cascade section

are given in Table 1. The test section consisted of the

blades and phe annular walls,.

3.3.1 The Blades

The profile of the blades selected for testing wa¢
cylindrical and of the "flat-back" type in which the

reg1on of the blade suction surface downstream of the throat

~was flaIA(Egg. 18 and 19). Thls blade proflle was de51gned

by Malhotra [37] and used recently by Stannard [38] for

two dlmen51ona1 testing at high pressure ratlos Four
blades were manufactured by the Division of Mechanical
Englneerlng, Natlonal Research Coungll at Ottawa. -Two\
bladeé which constituted the center blaée passage were. made

out of clear acrylic plastic, and the other two, used as

- side walls, weré made out of alumlnum - After the blades were

1nstrumented (Chapter 4),. the end walls were contoured

using a numerlcally cqntrolled milling machlne 1n the

-

. e
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* Table I

Geometrical Parameters
of the Rig

4
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Middle diameter to blade‘height ratio

Pitch
Blade
Blade
Blade
Blade
Biade
Blade

{CLZ

to chord ratio at the middle. diameter
aspect ratio .,

axial chord

turning angle

inlet angle

exit angle /

Zweifel 1lift coefficient

= 2 cos2 o %(tan al—tan az)}

L d . -

5.0
. 0.66
1.0
188.5 mm
128930
64°
64.5°
1.0
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, v
Canadian Institute of Metalworking at McMaster University.

3.3,.2 The Annulus

In order to allow for observation of the flow within
the test passage, the annulus walls éf the.cascade were
manufactured from 12 mm clear acrylic plastic. Figs. éo
and 21 show the geometry of the annulus at the leading
and trailing édge respéctively. The passage <enter at
inlet was chosen as the reference radial d}rectioh'"?".

The posjitioning of the blades into the annulus was made
with the radial directions of the leading edge geﬁeratrixes
lying in one ;erticél plane. As a result of this position-
ing, the trailing edges were tilted about 6.5° from tﬁe
locaF radial direction at exit, and had a span of 196.5 mm
compared Qith 190.5 mm at the leading "edge. ‘

A computer program was prepared in order td describe
the test section geometry, i.e., blade coordinates, ‘

blade and wall intersections and passage area

at each axial location. The results are given in Appendix B.

3.4 The Exit Section

The exit section was designed to provide a non-
gradient stream of potential flow and a constant outleﬁ angle
along the fadiug (64.50). In order to achieve this design,
the exit sectionh walls were formed by the rotation of

straight lines ‘inclined at 64°30' to the trailing edge
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Fig. 20 - Test Section
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The length of the exit section was such

-

plane (Fig. 22).

as to allow for the attainment of ‘reasonably uniform flow

parameters in the exit plane.
A - N A 7 .
The exit sectipn was manufactured with the same’ .,
. .. A :
procedure described for the inlet Section except for the

mould whlch({as manufactured out of high dens1ty “foam with

the aid of the numerlcal control machine. Howeven/;ome

\

—a

difficulties were encountered with the foam consttuction
, .. T + t . . Qe
method, especially when making the .F.R.P. cover. In .

o S0

order to av01d these dlfflCUltleS and to reduce tlme and

cost, it was decided to cgnstruct the 1n1ét plug (manufactured
after the exit plug) out of wood by éwpgtiern-makeg (Sec..
3.2). ' : - T

3.5 The Air Supply T

Air was Supplled by means of.a Sheldon XB 19 A
‘exhauster fan capable of. dellver1ng 10920 c.f. m. ofigl} -
against a 6.inch static head of watep at 1282 r:p.m-‘and
18.6 B.H.P. The:primé mover was a Greenwood and Batley
"steam turbine producing 20 H.P. at its maximum speed of
3000 r.p.m. The steam furbine was selected as the motive
power due to the availability oﬁ the power transmigsion
equipment and as éxperience had shownjthat it was capable
of prov1d1ng a nearly constant fan speed w1th variations

less than 1% over runs of six hours duration. The fan speed was

controlled by means of a Heenan and Froude water brake dynamometer

: -
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directly coupled to the tu;biﬂe. To provide for a more
efficient operation of the fan a straightener section with
a'by~pass contréllwas fit£ed to the fan inlet. Due to
floor space limitagions, a sheet metal 90° bend was
installed betweeﬂ(fﬁe straightener.and the plenum chamber.
The plenum chamber (4x5x4 feet)cprovided the connection
be;ween the bend and the exit section of .the test rig.

The .provision of the exit section of the test rig into the
plenum <¢hamber side, was made taking into consideration
that it was apﬁroximately centered with respect to the
circular openi@g provided for the 90° bend (Fig. 8s
Appendix A). In‘order to isolate the test rig from vibra-
tioqs,“due }o the power plant and faP, the exit section was
connected to the plenum chamber tlirough rubber joints ané

®

metal hoideown:strips (Fig.86, 'Appendix A).



. CHAPTER 4
INSTRUMENTATION

In analysing the flow through a blade passage,
the primary requirements are to define the static and
tétgl-pressure'fields‘Qithin the passage and to measure
or calculate the flow veiocity and direction. Further
informgtion &hithvtends to show global effects can often
be obtained usiné,flow:visualfzation techniques.

The instrumentation Proyideg for the three dim-
.ensional test rig tan be diVidéd into the following areas: '

- 1. Instrumentatlon of the blade passage.
2. Instrumentatlon for malnflow traverses upstream
and downstream of the cascade:
3. Instrumentation f6r~bogndary layer traverses

upstream and downstream of the cascade.

4. Flow visualization instrumentation.

4.1 *-Blade Passadge Instrumentation

A total of 30 static pressure taps were installed
/in the blades and agnnular surfaces forming the center blade
of the blade passage instrumentation

a

Flg. 23 defines the axial. 1ocat10ns

passage ‘ .Some” aspect

can be seen ‘in Fig. 15

~of the blades and an 1ar walls’ statlc pressure taps.
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4.1.1 Blade Instrumentation *

Static'teps, 1 mm diameter, were drilled at the
different measuring sections, perpendicular to one blade
pressure surface and the next blade suction surfaee
respectively according te the'radial ordinates given in
Figs.:24 and 25. The first measuring section, positioned
so that the tap was installed on the blade leading edge,
served for measuring the total pressure at the cascade inlet.
The next five sections permitted the measurement of the
pressures over the blade surfaces. The static pressure
taps in sections 1 to 5 were then communicated to the Toot
or tip surface of the blade through larger holes of 3.;.mm
diameter (Sec. A.A, Fig. 24). Stainless steel tubes
(50 mm leng)'were press fitted in each of these holes
through corresponding holes drilled in the annﬁlar walls.

At section 6, due to the small thickness. of the blades,

the ﬁressure teps were communicated with'grooves milled into
‘the back of each blade surface. Hypodermlc stainless steel
tubes with a 1 mm diameter hole facxng the pressure tap wé?f?
bent, as shown in Sec. B.B, Flg. Zé, and then cemented in

the grooves. The 'surface of the blades was Fhen,refinished

A

to its original contour.’

4.1.2 Annulus Instrumentatlon

The angular p051t10ns of the static pressure taps

n

for the annular root and tip surfaces are shown in Fig. 26

- n

- i o Continued on page 60 .
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3 . . ﬁ

All the locations are given with respect to the reference
radial direction at the leading edge plane. The pressure
taps provided for measuring sections 2 to 6 are shown in
Sec. A.A of Fig. 26. Sec. B.B shows the tap installation
at the leading and trailing edgé plaﬁé.

All the stainless steelftdbés, projectihg through
the cascade annular walls; allowed for a simple‘connection
between the static pressure taps and a multitube water

—
manometer*. The manometer capacity was limited to 36 tubes,
. . . v

while as stated previously, a total of 130 readings were ‘
necessary, to define the préssure distribution within the
blade passage. Theréforé.a scanning board'ﬁzs designed so

t one could make the measurements din four stages. These.
inclyded 35 readings on e%cﬂ of the annular walls and 30
readings on each of the blade surfaces. ~The steady state
-condition achieved by the fower source permitted the
meésurement to be carried out in a‘continuqus fashion with

-

a negligible change in the flow conditions. -

4.2 Main Flow Instrumentation

The main flow field measurements were made using a
United Sensor three dimensional probe. The probe had a

prism shaped sensing head with a diameter of 1/8 inch to

* Model 10397 T.E.M. Instrumeﬁ{s, Crawley, England.
** Model DA-125 ‘ "

AY .
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facilitate its entry into the test rig. d&s main body of
the probe was made of 1/4" inch sFainless steel, tube for
added strength and rigidity. The probe, shown in Fig. 27,
was designed with five sensing taps. The first was a forward
facing hole which measured total pressure accurately to

M 1/2% over an angular range of ¥ 10°. Two lateral pressure
taps were used for measuring static pressure and yaw angle,
and two pressure taps above and below the center hole were

used for the measuremegt of pitch angle up to T 40°. Flow

\\Yjasurements with the three dimensional probe were performed
by rotating the probe axis until the pressure indicated by
the side holes were equal. The yaw angle wa; then measured
from a suitable reference direction. The center hole, .
the two pitch holes and one of the yaw hole pressures were
then recorded. By means of the célibration curve supplied
by the manufacture (Appendix C), the pitch angle, total
pressure and static bressures were calculated. . It should
be noted with reference to the calibration chart that the
total pressure reading was i;sensitive to pitch angle
variation up to T 30°%. ' ' .
The traversing gear used, shown in Fig. 27, allowed
both a linear and a rotation motion. The linear motion with
. ; raqgé of 250mm and an advance of 0.05 inch per revolution

' was used to traverse the flow radially. A turntable with

-

’ ) +
a 360° travel and an accuracy of - 0.2° was used to measure the

yaw angle. In order to traverse the main flow ups2ream and downstream
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¥

of the cascade, the traversing mechanism was mounted on

A

™ the sliding annular segment in the inlet and exit section

\t“
flanges (See Figs. 83 and 84, Appendix A). By moving the

sliding segment, the flow parameters could-be traversed
in the ciréumferential direcé%on up to ¢ 25° with a 0.5°
increment. Pressure measurements-were made by means of
three microm?nomefers having o0il as the working fluid

(speqifif gravity 0.8?6), which coﬁld.read accurately to

. ! . - ¥

.001 inch of oil.

4.3 Boundary Layer Instiumentation'

Spec1a1 boundary layer, probes were de51gned and
constructed 1p order to ‘measure.the boundary layer thicknesses
on the inner and outer wal%s, upstream and'dowﬁstream from

- ‘ > « Y
the cascade, Fig. 28 shows the probes which were made by .

sliding small hypodérmic stainléss steel 'tubes into each

other to obtain the desired‘reduction in'area and éhape'

~

"withoufsaérificing figidity The tip of éach probe was

LN
flattened and the crank-1like d§§1gn of the probe head was used

to reduce stem and supporp effects on the measurements. )
Because Qf the wall effect, boundary layers are.far‘more
sensitive in thiS régard than free stream flows. Pressure
«taps were drllled in the waIl the inlet sectioﬁ in the
T same plane as the .tip of the P abe to measure wall static '
pressures. The total and stat1c pressures*were combxned to

!‘l

yield the bouudary layer VeIOC1ty prof11e._ For the ex1t
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section, static taps in section 7 (Fig. 23) were used

-

for this purpose. The boundary layer traverses were’
» N
. made employing the same traversing mechanism and mano-

meter used for the main flow measurements.

i

K
[

4.4 Flow Visualization Instrumentation

" The flow visualization was .performed by means of
‘a 1low speed smoke probe (Fig. 29) designed by the Low
~ Speed.Aqrodynamiq Laboratory at The National Aeronauticai 7
Establishment in Ottawa (Ref..39). ' '
The pggbe was designéd so that two jets .one of
anhydrous ammonia and the other of sulphur dioxide gas -
,were emitted from the probe at approximately 90° to each
other. " The gaé jets. mixed in-the frée air just;beyond the
probe;ggﬁ;to produce a4 dense white cloud of ammonia sulphite
Smoye. . This smoke genérator was easily’cbgtrolled\and.
’-’“//' .adjustéqjén%or off by heédye valves installed in the gas
lines. The probe Qas installed in the same position -
used f&r mainflow and boﬁndary layer in§iru§entation:at the-
cascade inlet. Due éq the foxic natuy; of the préduced.smoke,

precautions were taken to adequately ventilate the 'testing
. . - .Q‘ . : !

.

area,
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. 5.1 Vibration Tests
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CHAPTER 5\

EXPERIMENTAL PROCEDURE

In this chapter a brief outline of the "experimental

methods and the scope of the measurements will be given.

@

»

The dynamic stability of the annular cascade

PS [

E}g, espec1a11y at the test section (made of: acrylic plastic), -

was. analysed at different fan speeds. U51ng a dynamic

“ plck up coupled to ‘a microphone amplifier and to a Fourier

.Analyser, 1t was possible to measure “the frequency and

amplitude of vibrations at the test section in the x, y and

z ﬁlanes In the original installatien it was found that

\.,

the«amplitude oé vibration in the axial direction was

”

about o. 19 mm at a fan speed df 700 r.p.m. The vihrations'

‘1n the rig appeared to be periodic in nature and to be

generated by some flow,lnstability 1n the system. "This " -

flow 1nduced v1brat10n was traced to the 90° bend downstream

~of 'the plenum chamber ‘ Further 1nvest1gation showed that, -

by allowing some. alr to flow 1nvthe'by pass located at

~ the entrance to th fan, the amplitude of v1brations was

e

,redueed by a facgor of 5. 7|for the same general operating

\"conditions._ Wlth thIS 51mple ad;ustment the operation of-

. - .. . . A * .
. . - . e,
N ~ L < - ot = . .
- . - ‘- . -
. . hd -
« . ” Al = > . » "
. . .
B
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. 5.3 Inlet and Exit Measurlng Stat;on% s HT

. }
should.be.recalled that in the present test conflguration
. - . s - h -

,1ocat10ns anq the footprlnts of the 1ead1ng and tralllng

:;“ edge 2of the, blades if the correspondlng measurlng -~“

~h 68

the cascade rig was very stable at all available test C

speéds.

5.2 tCascade Inlet Operating Spe ds

W
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With the Qy-pass in operatlon, the!cascadeilnret %ggﬁ 2%?5

,Qf\

speed range from 600 to 1300;r=p m. These oper&tlng

7
" 4

speed% gave a Ry based on the blade ch@rd of. ;::105 td?
5

?¥

it shouldﬁbe noted that, 1n xhe:%echnf§al lkrgigﬁyréyi
¢ L oax ;E

the.range of RN for secondary flﬁw 1nvestggat1qps is nbﬁMallr
: .

6x10°,
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and 10?.% Tests showe&“that the power‘sourc@ {

A

between 10

oy .
4—“ \«v. -~

and the fanf%&ablllfy were‘such th@ﬁ for contlnuﬁus rﬁh; @fj\
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- \ &4159 o
six hours duration the fan %%ésd dxé not change mgfb than . et

£ ER el

1% w1th a negllglble effect Qn,the 1n1et fﬁ%w condltlonswtk e
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The 1n1et and ex1t flow conéltlons werg obta1ned

. at two traverse statlons 1ocated at a dlstance of 27.5 mm

upstream and downstream of the cascade test sectlon. It
two‘slidingﬂannular Segments’ were, provided to perform

these traverses (see Appendlx A). Figs. 30'éna 31 defined-

the measurlngvg%atlons, the c1rcumferent1a1 travér31ng\ .

<

"stqt1on§. Standard practlce dictated that the inlet measure-

“as
. ¢ -



G T - - ‘CIRCU

=Blides LES Footprints o1
... -Tolef .measuring station

-

L

MFERENTIAL LOCATION

37 i ™ ALoOKING Downstreams

 Exit- Section
Side Walls :

e - g
£ L
o
- S
-
A 4

(O B
B -
e
B
@ * .
.
.
. .
~ 1
T —a N
. -

[ s

. . Inlet Section _

S0 Side wan' - 7L

R RS oL o : _ . _Inlet Section-
t - . . < . , . Side wali- =
’ (: ) ., “, ’ -‘y ‘ ‘4 ' _1“ \.\ * ‘N."-. - “.
‘ v e " ‘ R N .
} . T - : - L - . . CUe B . B SN . . .
L L +Fig. 30 The Inlet Measuring Station .
" P . . LA ',‘ L , “ Tt . ) . v' .Y " ‘;_\1\ . . Sl * ’.‘ -~ PR '

Inlet Measuring .stotion |

a
»
"
.
N



Blades T.E.” Footprints at
Exit asuring Station

‘ZU A . AT

CIRCUMFERENTIAL LOCATION
{Looking downsireom) '

3 *8;442"
g . ﬂsfv

20~

Lo
. 3
. - . . 7
¥ P N
S - "
. " . . , ‘ R

-

5 ~ “ K -E;S.“ -



71

\
ments should ba taken at a distancewof at least two leading
~edge radii upstream of the cascade (fhe L.E. radius for
the present cascade was 4.75 mm), or in a region where
the flow was undisturbed by thé leading edge'&ffeci. The
measuringlstationétin thevpfesent test fig were selected
takingfinto account the complexity of the geometry of both
the inlet and exit sections. Further intrusion of the
measurlnggftatlons 1ntg the 1n1et and/ex1t sections would

have e11m1nated the possibility of prov1d1ng a measurlng

station which could accurately scan in a radial direction

at a constant circumferential position. '

e

5.4 Scope of the Tests

¥

e 1The-annuiar cascade tests can be summarized as
- « A " B

jage
[N

follows:

. .
- . . T

(i) For a fan speed of '700 'r.p.m., a complete set of
radial and c1rcumferent1a1 inlet flow traverses -were
obtalned in order to deflne the effect of thelleadlng edge'

' -\»‘:q.
. on flpw parama:;>s and to flnd the optlmum 1n1ét condltlons

2

*

to'ﬁhe,centef blade passage. ‘This work 1s$§53c{%bed in

Chapter 6. o ' X .. B .
: (11) 'I'he pressure dlstrlbutlons over the center bladx‘
pasSage wh1ch were formed typ1cally of two blades and two
annular surfaces were measured The results whlch ame given
1n Chapter 7 are presented i, terms of pressure contours'

and pressure varlat1ons along both the span. and the chord of

> A ] 13



L

2

%

the cascade.

(iii) "For three different speeds covering the fan gperat-
ing range, complete inlet and exit main.flow, and boundary
layer traverses were carried out. The inlet flow.paré-
meters were defined and contours ofﬁexit total pressure
losses and flow angles were derived. The spanwise varia-
tions of the exit flow parameters and pressure losses in
the cascade were calculated and are presented in Chapter 8.

(iv) The results of flou~visua3izationttests using
smoke.injected at the inlet measuring station into thg(
cascade are also descrihed il Chaf)tef 8.

3
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CHAPTER 6 ~. .

v

‘ DETERMINATION OF THE INLET SN
FLOW TO THE CASCADE .

In any wind tunnel investigation, the quaiity

of the flow in the working section determines the deg?ée“
of confidence which could be placed on the experimental
measurements. This was particularly true in the present
éests since it was known that'eecondary flow generated by
highly curved turbine blades was_ very sensitive to inlet,

flow conditions. At_the entrance to. the testing cascade

~

the inlet flow conditions called for uniform pressure,
velocity and flow- angle fiélds in both the radial and

circumferential directions.

-

The main objectives of the inlet flow study

presented in this chapter, were "twofold:

1. To &etermine the optimum inlet‘conditions utilizing
those experlmental measures Wthh have been deslgned into.

the test rig, in order to effect adjustments of the flow

parameters at the 1n1et section to the cascade.
2. . To define the g$stream 1nf1uence of the blade

leadlng edges on the c1rcumferent1al flow fleld

-~

! Flg. 30 in Chapter 5, deflned the 1n1et measurlng

+

statlon\and the c1rcumferent1al traver51ng 1ocat10ns.‘ The

~

flow yaw angle used in this chapter has been taken to be
o ! A O ) ! .

L]
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the angle between the flow direction and the leading édge
plane (i.e., 90b-a)1 L -
f"'The graphical representation of the experimentally
S . o
measured data ‘in this chapter includes smoothly drawn

curves which are considered to represent average values

of the parameteipbt each location.

6.1 Yaw Angle Distribution
With the aid of the three-dimemsional pr;;;}>\\

travérsés were made at different radial and circumferential
positions to obtain the yaw angle distribution. 1In the
radlal dlrectlon the flow angle app@ared to vary at most
over- a range’ of t 2° across the annulus (Fig. 32). 1In the

circumferential direction the yaw angle varied periodically.

- -

for éll'radii as shown in Fig. 33, It could be noticed

from fhié va?iation that the peaks corresponded to positioné
traversed across the tprint of the blade ieading edges
and the valleys coinéizzé Qith the center of the ﬁlade
passages. A more complete circumferential traverse of
yaw angle is shown in Fig. 34 at’ mldradlus The lower
yaw angles measured at a c1rcumfexent1a1 p051t1on of 24°
(Point A, F1g: 30) with ;espe;t t% those mgasured at a -
positian of -12% (Point B, Fig. 30) were caused by the
d1ffe€:i:;~1n the geometry of the two side walls.

* oo - LY

The 1eading edge effect on yaw angles was verlfled

Q)

byt means of a-ﬁwo~d1meﬁ51qnal ana1y51sagarr1ed out with the

t > . 4

-
-~

¥
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ard of a potential field plotter emploving carbon coated
paper and silver paint. The equipotentials were drawn at
midradius geometry as shown 1n g, 35 and the flow angles

. \
measured by drawing perpendiculars *Q the equipotentials

at the i1nlet meacuring statiron.  The potential flow anple

di~tribution {(tay. 361 agreed quite well with the expera-

mental yvaw anyle.

6.2 Inlet Velocity Distribution

Figures 37, 38 and 30 show the flow velocaty
distribution 1n the radial and circumferential directions,
In the radial direction a negative velocity gradient was
found from the i1nner wall to the outer wall (Fig. 37).
The curves 1n Pig. 37, which indicated typical average values
have not been extended into the wall areas because the
three dimensional probe did.not have the same degree of
accuracy when used near the walls of which 1t was capable when
used 1n the free stream. Fig. 38 shows the circumferential dis-
tribution of velocity at different radii. The effect of
the leading edge on velocity was to decelerate  the flow
1n the positions acress the footprints of the blgﬁo leading
edges, thus giving a cyclic velocity variation similar to
the one obtained for the yaw angles. A more complete
circumferential velocity distribution is given 1n Fig. 39

at midradius. It can be seen that a circumferential velocaty

gradient existed between the two side walls and once again

* to solve lLaplace's Equation for 2-D imcompressible flow.
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the peaks and vallevs produced by the blade teading edres,
'

The radial and circumferential gradients in velocity
were probably due to the three dimensional turning of the
flow 1n the 1nlet turning cvascade resultine 1n hicher
velocities at the larver radir. Thi-.correspopded to the
outer wall in tHe radial direction, and to <ide uallv\

{tig. 30) 1n the circunferential direction, The ettfect -
of the adjustments of the 1nlet section geometrv, which
were carried out to produce more umitorm flow cgnditions

at the cascade 1nlet, are presented tn the following

sections.

6.3

'

Circumferential Adjustment
of the Velocity <

The ercumferéntlal velocity e¢radient ad}u\tm;nt
was carried out usiny a porous plate suction technique 1n
one of the <li1ding si1de walls located at point B (~ee Py,
30). These sliding side walls are shown 1n Fig. 83 of
Appendix A, and were constructed at both point< \ and B
so that a 4° gap could be used for eirther suction or blowing
purposes., Experiments showed that 1t was not necessary to
introduce a ﬁqan of flow control at point A. A variable
speed Sheldon bH—lA exhauster was used to obtain the necessary
pressure differential. The fan had a capacity of 525
cubic feet of'éir per minute against a 20.8 1nch static head

of water at 3500 r.p.m. absorbing 3 B.H.P. Inltkallf 250



. R - e e mmme= mmem - e = e -

holes with a diameter of 2 mm were drilled on a triangular
pitch in the sliding side wall over which a plenum chamber
was constructed. A 50 mm diameter flexible hose connected
the plenum cQamhor to e exhauster fan. (See Fig. o)
Sevé?;l met of flow suction were tried and the
results have been summarired wn Figs. 40 to 330 tags. 40
and 41 show the effect of suction on the vaw angle and on
the velocity at midradius. Suction was obtained using 5"
and 13.5" water differential pressure across the perforated
plate. As expected the effect of suction was to decrease
the yaw angle and the velocity gradient between the 1nlet
section side walls. Fig. 42 compares the effect of suction
on velocity by means of the perforated plate andﬁa slot
opening for the same differential pressure. The slot
suction was produced by closing off the holes and slading
the side wall to the desired slot area. It can be <een that
increasing the open area improved the circumfercential
velocity distribution, and that the perforated plate suction
effec{, with a hole area of 0.7x10§ mz, was almost 1dentical
to the slot suction effect with an oSon area of 1.9x]03 mmz.
Fig. 43 shows the combined effect of suction and bléchage
on the velocity distribution. Inlet flow blockage was
done by means of closing off the last three inlet vane
passages located at the bellmouth entrance. It can be

seen that the combinat®on of suction and blockage produced

almost constant peak velocities in the threce test section
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blade passages. However, 1t should also be noted thit a
gradient was sti1ll present bhetween the circumferential
position of (*120) and (-do) which corncided with the leading
edge footprints of the center blade passage.

A< a rTesult of the above }oxtx, 1t wa~ decrded that
the adjustment ot the inlet velocrty distiitbution would be

carried out using on!yv perforated plate suction with the

3 2
hole s1ze 1ncreased to provide an open arca of 2x107 mm™.

> .
This Wwas considered to produce an effect approximately,

a 3 2
equivalent to that produced by a slot open area of 4.7x10° mm

6.4 Radial Adjustment of the Velouaty .

The velocity gradient in the radial direction was
adjusted by changing the curvature of the outer wall of the
bellmouth erftrance. Thi~ modification was 1n fact equivalent

to blocking a part of the outer wall area without distorting

the flow 1n the radial darection.

. w .
Fig. 44 shows the rvadial di~tribution of flow.velocrty

and angle at different carcumferential locations. Firg. 45
shows a radial traverse 4t 07 ('R'J* for two different anlet
velocities and a detailed trdverse at (+4°) for both the
main and boundary layer flow.

From these results it can be seen that the bellmouth
modification g;vc a constant velocity in the main flow

without affecting the flow vaw angle. The different boundary

layer profiles observed on the inner and outer surfaces were

* Reference Radial Direction

yal
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due to the difference in the geometrv of the outer and

inner walls,

6.5 Final Inlet Ilow Conditions

- With the 1nlet bellmouth modified as shown 1n

the prévxous section and the perforated plate hole area
increased to ?.xIO3 mm:, a complete inlet flow traverse in
the radial and the circumferential diregtions, was carried
out at an average inlet velocity of 25.5 m/s.

Fig. 46 shows the final distribution of flow yaw
angle at the midradius height as well as the circumfer-
ential mean velocity distribution. The mean velocity was
defined as the arithmetic average velocity in the radial
m312 flow neglecting the boundary layer on the inner and
outer walls., It is clear from this figure that uniform
vartations of flow angle and velocity have been achicved,
especiallyv in the center blade passage within which the
study was to be carried out. At the selected inlet measur-
ing station, the effect of the leading edge for the center
blade passage, was to increase the flow yaw angle from 25°
at the center to 30° ahead of the leading edges (the design
inlet angle being 26°). In the center blade passage the
flow velocity was decelerated by 7% from the center of the
passage to positions ahead of the leading edges.

Fig. 47 shows the final radipl velocity profiles

obtained at different circumferential positions. Figs. 48
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to 50 define the radial distribution of inlet flow para-
meters at three circumferential positions with respect to
the center bladé passage. The angles 0° and 10° are
essentially on the blade leading edges producing the center
passage while 5% corresponded to the center of the blade
passage. The vorticity, which has been defined as the slope
of the radial velocity profile, has been drawn in a non-
dimensional form. Reviewing tﬁgzvelocity profiles in
the three locations, the velocity can be seen to be constant
in the main flow and the boundary layer thinner on the outer
wall than on the inner wall., The different boundary layer
profile measured at 10° was probably due to the local
adverse pressure gradient close to the leading edge of the
blade. The yaw and pitch angles varied over a range of 2°
from the inner to the outer wall.

The mean inlet flow parameters at position (+5°)
for an average inlet velocity of 25.5 m/s are given in

Table II.

6.6 Inlet Turbulence Intensity

A significant flow parameter in all turbomachine
designs is the level of free stream turbulence. The inlet
turbulence intensity was measured at different radii and
Speeﬁs using a normal hot wire‘¥}bbe*. -The probe was
first calibrated in the potential core of a calib;ation

(Fi 51y -7 00
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Table 11

Inlet Flow

Parameters for a
Mean Inlet Velocity of 25.5
m/s (Fan speed 700 r.p.m.)

100

Flow Velocity

Reynolds Number
(based on blade chord)

Yaw Angle
Pitch Angle
Total Pressure

Static Pressure

-

Inner Wall Boundary Layer Thickness

Outer Wall Boundary Laver Thickness

25.5 m/s

3.29x10°

-0.41" water (gauge)
-1.93" water (gauge)
25 mm

17 mm
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Captions for Fig. 51

e
Calibration noz:zle &
Hot wire probe (Tvpe DISY # 55P11)
Calibrating pitot static probe
Constant temperature anenometer (DISA
Electronik, Type 55A01) o
Digital voltmeter (Model 7050, Fairchild
Instrumentation)
R,M.S. meter (Type 2409, Bruel and Kjaer)
Oscilloscope (Tvpe 564 B, Tektronix)
~
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the required speed range (20 to 60 m/s). The hot wire

probe calibration curve 15 shown in Fig. 52. The r.m.s,
turbulence level was then measured at the center of the
center blade passage (circumferential position +59) from
the edge of the inner boundary layer to the edge of the
outcv’boundary layer, at different inlet speeds. The

inlet turbulence intensity 1s shown in Fig. 53 for three
different radii. The turbulence level is plotted 1n the

form of the¢ percentage turbulence intensity defined as

N

)

follows, .

Vr I x100

:U =
$ turbulence X 100 v dT
dVv

where Vr.m.s. is the measured r.m.s. level, and g% is the
slope of the probe calibration curve at speed V.

From Fig. 53, it can be seen that at midradius the
percentage of turbulence varied from 3% to 4% and that
turbulence levels were higher near the outer wall as
compared to the inner wall. The percentage of turbulence
levels measured in actual turbomachines are typically from
6% to 9% so that one might say that reasonable inlet

turbulence levels were achieved in the annular cascade rig.
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CHAPTER 7
BLADE PASSAGE PRESSURE
DISTRIBUTION STUDY

Because of the relatively.large number of static
measuring points available, 60 on the blade surfaces and
70 on the annular surfaces, it was possible to obtain a
reasonably detailed picture of the surface pressure field -
within the passage. Fig. 54 defines the blade passage
coordinates where the static pressures have been measured.
The results presented in this chapter were obtained f@g;an
inlet RN of 4.6 x 10S based on the blade chord and
corresponded to a mean velocity of 35 m/s. The static

pressures were expressed in terms of a static pressure

coefficient i{;i:i? as:

- 1
Cp, = T .7 (21)
7°V1
where P1 and V1 are the mean inlet static pressure and
velocity at the entrance to the center blade passage and P

is the measured static pressure at a point. A value of

1.0 for CpS therefore corresponded to a stagnation point.

7.1 Passage Pressure Distribution

The distribution of Cps for the pressure and suction

surfaces at 7, 27, 50, 75 and 94 percent of blade span are

-
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90%

74,
S3¢,

32%

L%

Fig. 54 Blade Passage Coordinates for
Static Pressure Measurements.



408

shown in Fig. 55 as a function of the percentage of
axial chord. Fig. 56 shows the Cps distribution for the '
annular root and tip surfaces at 10, 30, 50, 70 and 90
percent circumferential pitch starting from the pressure
surface.

Normally points on the blade pressure distribution
curves have been related to passage geometry. For the
pressure surface, similar profiles were obtained at all
spanwise locations. The pressure slowly increased (near
the root) or remained constant (near t%@ Fip) up to 30
percent chord and then decreased to the trailing edge of the
blades due to passage convergence. Results of Cps for
the annular walls near the pressure surface revealed
the same distribution (Fig. 56). ‘

On the suction surface, the pressure increased
for all spanwise locations up to 30 percent of the chord,
decreased to a region around the throat area which occurred
at 75% of the chord and finally increased up to the trailing
edge. The rise in the suction surface pressure beyond the
throat was noticed at all spanwise locations as shown in
Fig. 55. The same trend was evident in Fig. 56, which
showed a pressure increase for circumferential piéch
locations highef than 70% for fhe annular tip and higher
than 50% for the annular root. This rise in static pressure

was due to the surface curvature of the blade suction surface.
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7.2 .Pressure Distribution Comparison
with Theory

1

[ 4

The pressure distribution data at 50% span (Fig.
$5-b) was compared to the results of a two-dimensional
potential flow calculation using a computer program
developed by Stannard [38]. On the pressure surface very
good agreement can be-hoticed between the measured and
calculated values for all axial chord locations, except
near the leading edge where the location of the stagnation
point was uncertain and discrepancies were to be expected,
On the suction surface a considerable deviation existed

f/géiween the measured and ;alculated values, although the

shape of the distribution was similar. The deviation started
to decrease at about 50% axial cho;h, until good agreement
"was found at 75% axial chord. The main reasons for this
deviation were the three-dimensionality of the flow and

the roll-up of the inlet boundary layer over the suction
surface and then into the blade passage as will be described
in Chapter 8. The area between the curves formed by the |
pressure distribution on the pressure and suction-.surfaces’
is proportional to the wofk output of the stage and the 1ift
coefficient for the blade profile. Calculation of the areas
enclosed by the pressure and suction side data ed that,

as expected the blade had a lower 1lift coeffifient than its

ideal two-dimensional counterpart..

a8

A - -
Ty e

e,
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7.3 Exit Plane Static Pressure Distribution

Fig. S7 shows the circumferential variation of
Cps across the cascade exit at the root and tip walls.
From this figure it can be noticed that the minimum
pressure occurred at a position of 70% circumferential
pitch from the pressure surface. A distribution similar
to that of Fig. 57 was obtained by Turner [33], Sjolander
[34] and Léngston {35]. )

»

7.4 Blade Passage Pressure Contours

The static pressure measurements made on the annuiar
walls are also presented in Figs. 58 and 59 in terms of
isobar contours of Cps. In order to provide for a picture
of the constant static pressure areas in the blade passage,
an incremental ACpS of 0.2 was arbitrarily selected for
the annular wall contours. From the graphical presentation
it should be noted that the region of minimum pressure
(Region 1) on the end wall no longer occurred at the
suction surface but had moved into the channel between the
two blade surfaces. This low pressure region observed at
each blade end can be attributed to the vortex formation
in the annular passage due to the turning of the inlet end
wall boundary layer. Langston [35]) reported recently the
same local minimum pressure in his tests conducted on a
110° turning angle turbine cascade passage. Figs. 58¢and

59 also show that the pressure gradient, which is normal

*
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Fig. 57 Exit Plane Static Pressure Distribution.
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F

to the constant static pressure line, was directed almost
across the passage, paréicularly in the downstream portion.
Fig. 60 shows the CpS contours for the blade suction
and pressure surfaces. Once again an incremental ACpS was
selected arbitrarily in order to define the constant
static pressure areas on the blade surfaces.
The radial pressure gradient between the annular
tip and root, normally created in an annular cascade, can
be observed in all of the pressure distributions and pressure

&
contours pré?ented in this chapter.

*
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CHAPTER 8
A STUDY OF THE EXIT PLANE
FLOW PARAMETERS
The exit plane flow parameters were determined for three
inlet conditions which covered the fan operating range.
The fan speeds were 600, 950 and 1300 r.p.m. correspond-
ing to inlet Reynolds numbers based on the blade chord,

5, 4.6 x 105, and 6 x 105, respectively. For

of'3 x 10
each test,‘the inlet flow cénditions were determined by
means of radial traverses covering the centef blade passage
and a circumferential traverse at the midchannel height.

In order to measure the secondary losses, a flow angle

and pressure survey was performed in the cascade exit

plane at approximately 200 points. The results of these
tests were processed by a digital computer and tabulated

as shown in Appendix D. This section is devoted té the

distribution of the flow parameters in the cascade exit

plane and the associated energy losses in the cascade.

8.1 Inlet Flow Conditions

In order to ensure that the center blade passage
was isolated from the remainder of the annular segment a

circumferential traverse of velocity and yaw angle was

120
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performed at midradius. Fig. 61 shows the yaw.angle
distribution and the velocity distribution expressed in
a non-dimensional form V/V_, where Vé was the maximum
velocity in the center blade passage. The same periodic
distribution of angles and velocities obtained in the inlet
flow study at one operating speed (Chapter 6), can be
observed to occur at all test rig operating speeds (Fig. 61).
| For the purpose of verifying the constant radial
distribution of velocity, a main flow radial traverse was
carried out at three different circumferential locations
in the center blade passage (;ig. 62). _Finaliy a coﬁplete
main flow and boundary layer radial traverse was performed
at the circumferential location "+5°" in the center blade
passage. The results of these tests are shown in Figs. 63
and 64.

A summary of the inlet flow conditions to the annular

cascade at the three diff@rent speeds has been given 'in

Table 5 of Appendix D.

8.2 Exit Flow Traverses

The exit main flow was traversed radially and
circumferentially with the three dimensional probe, using
a radial and a circumferentia% increment of 0.5 inches
(& 13 mm) and 2° respectively. A complete survey of
approximatelx 150 points which covered slightly more than
_one passage width, was completed in about 6 hours. For

~ - -
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the highest fan speed 200 points were measured to check
the repeatability of the exit flow distribution in the
’agjacent passages. At each point, the probe was first
nulled in yaw, and then the vaw angle, indicated total
pressure, indicated static pressure and pitch differential

*
pressures were measured using the micromanometers. A

computer program (listed in Appendix D) was prepared to
process the data. The program computed and tabulated the
following local flow parameters at the cascade e&it.
(a), The yaw angle (a) . |
(b) The pitch angle (y). This was obtained, by fitting
a polynomial to the probe calibration curve as shown
in Appendix D.
(c) The flow velocity (V). The correction fgr the
pitch angle effect on dynamic head was made as des-
érib@? in Apﬁendix D.
(d) The,flow axial velocity (Va = V.cosa CoSy).
(e) The total pressure loss coefficient defined as,

pol'po

Cp, = T 2 (22)
2°%

-t

\

where P01 was the inlet free stream total pressure
(mean average at midradius for the center blade
passage circumferential locations), % 0 V% the
corresponding dynamic pressure and Po the total

pressure measured at a point.
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(f) The static pressure coefficient defined as,
[

P-Pl

Cpg = 17 (23)
7*V3
where P1 was the inlet free stream static pressure

and P the static pressure at a point.

A summary of the local flow parameters, items
(a) to (f), is presented in Tables 6 to 8 in Appendix D

for the three operating speeds.

8.3 Total Pressqég Loss Contours

Figs. 65 to 67 illustrate the total pressure loss
contours measured at the cascade exit for the' three operating
speeds. A ACpo of 0.2 was arbitrarily selected to provide
an engineering picture of the total loss distribution in
the cascade e;it plane.” In each of these figures, a single
high loss core (identified with the secondary vortex) was
visible at the middle of the blade passage. The evidence
provided by the contour maps made it quite clear that the
material in the vortex came from the suction surface of
the blades. This was consistent with the suggested origin
of the core as a roll-up of the inlet inner and outer wall -~
boundary layers over the suction surface of the blades and
finally moving into the blade passage. It is suggested

therefore that the fluid in the upstream wall boundary layer -

was mostly shed from the trailing edge of* the blades as a
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vortex core loss. Fig. 68 shows schematically the sequence
of this vortex formation at different aggal locations along
the cascade.

An interesting feature of the total pressure contour%
was the fact that normally one expected a high loss core
at each blade end corresponding to the inlet inner and outer
wall boundary layers. In the present tests these areas,
shown_as region '5S' in Fig. 67, were found at the highest
test velocity to be located in the middle of the passage.

‘

For the lower inlet velocities 1t has Egggtexperimentally
shown that the two peaks combined to give a single peak as
shown in Figs. 65 and 66. In 1953 Loos [10] had speculated
this behaviour for large turning angle blades, but according
to the literature this fact had never been verified. Fig.
69 has been extracted from Loos's analysis and shows his
expected location of the secondary vorticity pattern.

The results of three more recent tests, carried out

by other researchers, were selected (starting with the

lower turning angle) to verify and compare their secondary

P
-

flow patterns with the pyééent experimental results.
Sjoiander [34] ib ﬁﬁs tests carried out in 1975

on an énnular cascade of §6° deflection, obtained two peak

losses, each near the suction surface of the blade at

appréximately 25% span from the end wall. Came [30]

reporting on tests conducted in 1973 on a rectilinear cas-

cade having a total deflection of 84°, found that the two
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peaks grew in size and started to move away from the blade
suction surface. In 19%7 Langston [35] in tests done on
a rectilinear cascade of 110° deflection obtained similar
results to-Came. N
As a result of the work shown in the literature
and the present experimental data it can be concluded that,
as the blade turning angle increases the two peak losses
comb;ne to form one large single vortex core which is
displaced from the suction surface into the middle of the
bassage. The overall annular cascade geometry is believed
to have an effect on the shape and the displacement of this
vortex. A third‘possible reason for the displacement of
the vortex core into thé middle of the ﬁassage could be
due to the fact that the present bla&e passage had a lower
pitch to chord ratio at the hub than at the tip. There
was also the possibility that the geometry of the corner
between the suction surface and the annular root contributed
to the motion which forced the vortex to move upwards.
Examining Figs. 65, %6 and 67 further, a weaker
hi loss region was also seen at the inner wall in the
ion downstream of the trailing edge of the blades. At
the outer wall similar regions were aiso apparent but with
a loss magnitude smaller than that for the inner wall. These
loss regions were caused by the growth of the new wall

boundary layer. The reason for the difference in magnitude

——

between the losses at the inner wall and the outer wall could
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be attributed to two factorg. The first factor was
undoubtably the thicker boundary layer measured at the

cascade exit inner wall when compared to that measured

on the outer wall as shown in Fig. 70. The second factor could
have been due to the spanwise pressure gradient in the
annular cascade. This gradieg&upight very well have been
responsible for sweeping some of the low energy air in the
inlet outer wall bgundary layer down to the trailing edge
resulting in larger hub than tip losses. Rohlik [31]

observed ghis'fact in his tests carried out on an annular

cascade.

8.4 Exit Plane Yaw Angle Contours

Figs. 71 to 73 show the flow yaw angle contouts
measured at the cascade exit. For the presentation, a Aa
of 10° was arbitrarily chosen in order to provide an overall
impression of the flow angle characteristics in the exit
plane. Normally due to the roll-ﬁp of the inlét boundary
layer in the blade passage, a streamwise component Af
vorticity is created at each blade end.y This vorticity
component produces radial and tangential seconda;;\velocities
which result in overturning of the flow near the wall and
underturning in the mainstream. The yaw angle contours
revealed some new interesting features for the three test

conditions. Due to the thicker inner wall boundary layer

as shown in Fig. 70, more low energy fluid rolled over the

LR

blade suction surface and met the outer wall boundary layer
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fluid at a position above midspan (approximately 63$%

radial distance). This coalescence of the boundary layer
fluids created a single strong vortex which resulted in a
large underturning (up to 24° less than éhe design exit
angle) at a position which was approximately 57% of the

span (Region No. 1). The vortex was also responsible for

a large overturning (up to 14° greater than the design angle)
at a position approximately 43% of the span (Regiop No.a4).
One also can notice the high shear experienced in this
region where the flow angle changed by 35° per inch. This
flow pic%ure was verified latery by flow visualization using
smoke injection. It is worth mentioning. in this analysis,
that the flow yaw angle readings were very unstable (f5°)

at 50% span at the circumferential location +29, +4° and +6°.
These locations coincided with the center of the passage
vortex. It was expected that the experimental measurements
made in this region, using the three dimensional probe,

were subjected to much greater errors than would be found

by taking readings in a 'normal' flow field. Areas of

lower overturning éan also be seen in the yaw angle contours
near the end walls (Region 3). The presence of Region No. 4
near the hub wall only was probably due to the thicker inner
wall boundary layer. Fig. 74 is an artistic interpretation
of the overall flow pictu?é as described by the yaw angle
contours. It can be seen that the sweeping of the boundary
}ayér fluid over the éuction surface of the blade and then

into the passage in a certain fashion so as to create

v’\
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significant overtufning and underturning in-the main flow. ’
In cdnclusion,-the single passage vortex formed

by the inner and outer wall boundary layer fluids resulted

in significant regions of both underturning and overturning

in the main stream arca.

8.5 Static Pressure Contours

Fig. 75 shows the contours of static pressure
coefficient CpS at the cascade exit. Seven regions of '
constant static pressure coefficient were selec'ted with an
eqhal interval of 0.05 to evaluate the flow field.

N%rmaliy if the {low were potential flow, lines of
constant CpS would be straight lines, parallel to the blade

< surfaces and normal to the annular walls. The position of
the low static pressure regions Nos. 6 and 7 confirmed the
fact that the paésage vortex dominated the flow in the
middle of the passage. Langston {35] obtained similar
isobars of static pressure at the cascade exit with the

lowest pressure region displaced into the passage near the

suction surface of the blades.

* 8.6  Spanwise Variation of Flow
Angle and Pressure Losses

Further information about the patterns of the blade '\
passage losses and exit angles were obtained by a further

analysis involving the loss coefficients and exitffldw

angles. At each radial position the loss coefficients and
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flow angles for the different circumferential points were
averaged_on a mass flow basis. This was done using the
data processing program listed in Appendix D. The mass
average total pressure loss coefficient at each spanwise

location was defined as follows:

S
zE:Cp (Vcosacosy)
5 O

om S
E::(VCOSGCGSY)
0

0 \ ’

where Va = Vcosacosy, and CpO is defined in Section 8.2. A

Cp - B (24)

similar definition was used for the mass averaged yaw
angle. These values together with the arithmetic means
of yaw angles, losses; agd velociﬁy (both absolute and
axial) are tabulated in Appendix D.

Fig. 76 shows the variation of the pitchwise mass
averaged losses as a function of the radial distance. From
this figure a single loss peak was visible at about 60
percent of the span corresponding to the peaks already
presented in the loss contours (due to the secondary vortex).
At a radial distancg bf about 10% and again at 90%, the
pressure losses as de?ined by an average contour' started
to change direciion td.adcount'fpf/;he pressure losses in the
newly developed tip ana $901/bgundary layers. The pressure
losses at the annular root were highér than that at the tip '

for a corresponding location due to the factors mentioned

in Section 8.3. Came [30] obtained similar distributions,
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T

but with two péak losses in the center of the passage
outside the boundary layer regions. The area under the
pressure losses curve (averaged on span) reprggent§ the
overall losses in the cascade including the secondary )
losses, end wall boundary layer losses and the profile
losses on the blade surfaces, It is of interest to note

at this point that the exact extent of the pfofile losses

is difficult to define, as both ﬂ}ofile ard secondary losses
interact with each other especially in a high turning

angle casc;dg. -

Fig.~77 shows the spanwise variation of the pitch-
w?se mass average.yaw angles. Again the overturning in
the'lower and upper hélf of the passage, and the under-
turning in the center of the passage is quite apparent.
The distributioq(QZZéﬁown is in general agreement with all
previous resultsftl, 10, 12, %Q, i7, 18, 19 and 29] with
%h? exception being that in the present high turning angle
cascade the two regiohs of underturning have combined to
form a 51ng1e and much stronger reglon of underturning

located near the center of the passage

8.7 Comparison of the Cascade Exit
Flow Angle with Existing Data .

The. first problem in comparing exit flow angle with
A,

other data was the choice of-some single value of outlet

angle change that would be useful and indicative of the

* \
measured flow pattern. The radial variatidn of the pitch-
) : * i & »

—4
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wise (or cifcumferential) average values could only

reflect the distribution of angles across the pésgage

exit. On the other hand, an average value of the radial
distribution would have little meaning, since due to over-
turning and underturning of the flow the average value could
Ef approximately equal to the design exit angle.

The  maximum value of overturning in the spanwise

direction was -somewhat unreliable due  to the uncertainty

in measuring flow angles with the present probe in the
vicinity of the wall. However, the region of underturning
occupying a considerable portion of the blade passage and
clearly a function of the seéondary flow might well be °
selected to rep}esent the exit flow angle changes. A
comparison of the calculated or measured mﬁximum flow under-
turning in the rad%gl diyfction is given in Table 3. The
tabular values presented indicated two poihts. One concerned
the lack of experimental results in high turning angle
cascades particularly the measurement of flow angles in the
exit plane.' Secondly, it was apparent that the degree of

underturning was in 'some fashion proportional to the blade

turning angle..
~

8.8 GComparison of the Cascade Overall Loss Coefficient
with Existing Correlations
L

In order to compare the cascade secondary loss

8
coefficient with existing. data and correlations, the overall

I3

pressure loss coefficient was calculated and tabulated in

T
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Table 3

A Comparison of Maximum Flow Under-
turning in the Radial Direction

Blade Turn- - Maximum
References ing Angle Underturning
Lakshminarayana 20° . 1.8°
[17]
Dixon [22) 64.2° ‘ 4°
Rohlik et al [31] 60° 6°
Moffatt [18] 20° 1.2°
50° 4°
Hawthorne. [19] 40° g°
100° 18°
Present tests . 128%30° 11.5°




Appendix D, along with the other exit plane paxameters,
The cascade loss coefficient mass-averaged in pitch and span

was defined as:

T
Yoo = T (25)
T o2m- 2Z2m )
where
%%(Vcosmosy)bpo
APp = % (26)

Z%(Vcosmosy)

APO = local total pressure losses = Poz-PO1
P02m= mean exit total pressure = Pol-APT x
PZm = mean exit static pressure = Pl-APs (where

AP_s was defined in the same manner as APT

shown above).

In -order to calculate the cascade secondary losses,
one wollld normally calculate or estimate the passage profile
loss. As mentioned earlier in this chapter, the extentigk‘
of the profile losses could not.be separated from the total
losses which wére calculated unless detailed measurements
of the velocity distributions and boundary layer growth

on the blade surfaces were performed. Denton [28] in 1973
| reviewed seven different profile loss correlations and

concluded that none of them predicted the losses accurately.

However it was decided for the present cascade, to compute
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the profile losses by means of three different existing

correlations. The correlations used gave the following

s at the maximum inlet velocity

values of profile 1lo

Ainley's Correlation, 1951 [26] Yp = 0.11
Baljée's Correlation, 21968 [27] Yp = 0.05
Denton's Correlation, 1973 [28] YP = 0.03

An approximate value of the secondary loss

coefficient was then obtained by a simple subtraction, i.e.,
“

[y -

Fig. 78 shows the variation of the secondary loss
parameter with the relative upstream boundary layer dis-
placement thickness. The blade loading factor Z in the

loss parameter is defined as:

(CL ) cosza2 (28)
Z = .__.3__.
m COS am

where the 1ift coefficient CL has the form:

CL = 2 % (ta?al-ténaz) cosa_- (29)

Shown in Fig. 78 are the nominal value of the’
secondary loss parameter used in turbine performance
‘ predictions, the Dunham {3] and Came [30] corfelq;ions and
~other test results reported in Ref. [30]. The total and
secondary 1ossﬁparam§ters’féund in the present study are

also shown in Fig. 78. From this presentation it can be seen
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that the present results agreed quite well with the avail-
able correlations. However it should be noted that most

of the previous results listed in the literature measured
the exit losses at some distance downstream from the trail-
ing edge (about one chord length), thus including the
mixing losses due to the trailing shed and trailing fila-
ment vortices. Came [30] measured the exit losses at
different distances from the trailing edge and found a rising
trend up to a distance equal to 120% of the chord.

Lanéston [35] measured the cascade losses from the inlet
section to the blades to a downstream location, 140% of the
chord from the trailing edge, and found aqsignificant Trise
in losses of 24% between 1.1 C and 1.4 C. °If one assumed

a factor of 1.24 to account for the effect of the mixing
losses such as suggested by Langston[35], then the present

experimental results could be plotted as shown in Fig. 79.

8.9 Blade Passage Flow Visualization

In order to obtain a qualitative description of the
flow field in the blade passage, flow visualization using

white smoke was conducted on the annular rig. Smoke was

injected at ;hé inlet measuring station; on the inner and
outer wall boundary layer regions, to check the rdll up of
the boundary layer fluid on the blade suction surfaée:
Fig. 80 shows a representative photograph of the deposits

left by the smoke filament on the annular root and on the
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blade suction surface. The smoke deposits have been out-
lined by pencil to help iaentify the various areas. It ‘
is clear from these traces and also by direct observa-
tion of the smoke pattern that the low momentum boundary
layer fluid started to overturn and roll over the blade
suction surface between 15 and 30 peréent ;f the axial
chord. The passage vortex could be observed to form at
about 50 percent of the axial chord, and resulted in a
strong-instability of the smoke filament at thi exit plane

of the cascade.

SRR, L e e g

e

-
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Roll-up of the root
houndarvy laver -n
_{the suction surface

werturning of the
AnnNuUi4Ar roct
boundary laver

Fig. 80 Flow Visualization Using Smoke Deposits’
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CHAPTER 9
CONCLUSIONS AND
RECOMMENDATIONS
With the aim of carrving out an 1nvestigation of

bh€ secondary flow phenomenon in large turniﬁg angle
tu}binc blade cascades, a special three-dimensional |
annular test rig was constructed and tested. Detailed
cascade tests, at a Reynolds number based on the blade
chord of 3 x 10° to 6 x 105, consisted of inlet and exit
flow parameters trave%ées, blade passage %rcssure dis-

tributions and flow visualization..

The results, presented in the form of contours

and radial distributions, were analysed and compared with

existing correlations and previous investigations. The
following general conclusions can be drawn:

1. The investigation of the inlet flow parameters

revealed the fact that the blade leading edge disturbance

was felt at the inlet measuring station in the form of

cyclic variation of tlow angle and velocity. This cyclic

variation was in agreement with the two-dimensional
potential flow solution obtained using an electric field
analogue,

2. - The scale of the test rig and the power supply

available assured the proper Reynolds . number range and provided

rom

e i e

R

e s .

L s
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free stream turbulence levels compatible with those
obtained in full scale machines. Sufficient flexibility
was built into the rig so that the inlet flow conditions
could be tailored according to the test requirements.

3. The pressure distributions obtained on the annular
walls exhibited a low pressure region removed from the
suction surface of the blade. This was q&fributed to the
passage vortex resulting from the roll-up of the inlet
boundary layer over the blade suction surface.

4. The pressure distributions found over the blade

surfaces were compared to those obtained theoretically

using a two-dimensional stream tube program developed by
Stannard {38]. Good agreement s found between the
experimental and theoretical pressure surface distributions.
However a noticeable deviation occurred in the first 50°%
of theé chord when one compares the results for the suction
surface. This was attributed to the three-dimensionality
of the flow and to the motion of the boundary layer fluid
over the suction® surface.

5. An the total fressure loss contours measured in
the exit plane, only a single high loss core was visible
and this occurred'in the middle -of the blade passage.
The vortex formation verified for the first time the
prediction made by Loos {10] in 1953 of tlie flow behaviour

in large turning angle cascades. Other possible reasons
\\

| . .
for the coalescence ?{ the inner and outer wall high loss

!
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regions into a large single one were presented. These
included the high blade turning angle, the general annular
geometry, the thicker root boundary layer and the
orientation of the blade trailing edges.

6. The exit yaw angle contours revealed regions of
maximum flow underturning and overturning 1in the main
stream. An interpretation of the formation of these
regions was given. The same factors promoted the changes
in the yaw angle as were present in the total ,pressure loss
contours.

7. The cascade overall secondary loss coefficients
were compared to the correlations obtained by Dunham [3]
and Came [30], as well as to previvus published data and
good agreement was found.

8. Finally the smoke visualization study gave visual

evidence of the separation of the inlet boundary layer

and its roll-up on the blade suction surface.

Suggestions for Further Study

As suggestions for further study, the following

-
'

recommendatioﬁs are presented.

1. The effect of the inlet boundary layer thickness,
on the exit flow parameters and on the cascade loss
coefficient, should be investiggted. The test r?sults
would have particular interest with respect to the shape
and location ¢f the vortex if one could have equai inner

-

and outer wall boundary laver thickness.
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¥
2. A detailed flow visualization study using the

smoke technique and high'speed photogtgphy could clarify

some of the interpretation made in the experimental

results,
3. A more detailed study of the end wall boundary
within the annular blade passage is required. \

4, The effect pf a radial orientation of the blade

trailing edges on the exit flow parameter contours should

¥

be studied. It should be recalled that the present test

L

rig employs a leading edge radial orientation.

5. In order tq have an accurate prediction of the

9

~secondary loss coefficient, the profile losses should be

further ‘investigated.

6. The effect of the location of the exit measuring

station on cascade loss coefficient should be investigated-

in order to generalize the existing correlations.
7. Finally a theoretical model, thrce-dimensional
in nature, has to be developgp to estimate the flow -

hY
overturning and underturning in large turning angle

~

cascades.
, : ~ ~

(
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APPENDIX A v

SUPPLEMENTARY INFORMATION REGARDING ey
THE ANNULAR CASCADE RIG : g,.;m o
~ ) . y cE

Y

&
w".f‘
Do

" S
T vE
Chapter '3 gave a descrlptlon of the maJor-comy ﬁiﬁgf "

o . f{;

""'h V“;}’—?’ 2 K;Ef:‘/\/:ﬂ:‘( ‘s

* ponents of the annular cascade rlg This Appendlx” T {, %ﬁ
. ‘; —:'— ...*,. i =

included to prOV1de add1t10nal lnformatgon on phe dé&ign ;ﬁa

and construction of the rig. © _z. 77 S g
Y -/;f‘ .

The radii of the 1nner agd outer walls” (@
for the 1n1et and exit segflons of the cascade wgre ";{h

shown in Figs. 14 gnd 22 .of Chapter 3. Flgs. 81 and 82 ¢%ﬁrqi¥
8 U e
show:how these radii were calculated for a glven'hélghﬁ“ééyinh

' x
VT § N
PRl TN Y
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from the leadlng and,txalllng edge plane re$pect1ve1y’ “ﬂ%’

k]

!)‘

- 5"‘:@2

Figs. 83 ‘and 84 describe the ‘inlet ﬁnd exit sectlon flanges L%
ﬁk&:

with the correspondlng sliding segment The slidlng $1de ; ’f“w
walls provided in the inlet sectlon f&ange f@g the control
of the inlet flow conditions 1§ also shqwn 1naF1g 83.

Figs. 85 and 86 show the detalls of the plenum chamber

“openings and the flexible connection used between the Tig ’

and the plénum chamber. - . . j
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APPENDIX B {
BLADE PASSAGE G‘EOMF%RY

. /

Due to the complexity of the blade passage geometry,
a computér program wag prepayed to calculate the blade
coordinates, the intersectpon with the annular walls and

the passage area at each aXial Ioggtion. The computer

notation used to describe the blade passage geometry is
A

given in Fig. 87.J/r - -

‘ " The blade pressure and suction coordinates were first
measured at different points by means of the digitizer
available in the department. In ord;r to define each blade
surface, ; least-square polynomjal fit to the d?ta was
used,and a fifth order polynomialfwa; found to represept
each surface. The blade coordinates are given in Table 4
for 51 axial sections along the blade. The program computed
the angular posit&ons_of the intergeftion of the blade
surfaces with the annular walls, as well as the angular
positions at mean radius, fér the different axial sections.
This was dong‘by“projeéting éach point on the blade surfaces
onto the leading edgé€ plans and using khe reference radial
direction, defined in %ig.-ZO, as the zero ordingte.
Finally, the passage crosg-section area was calculated at
each station and tabulated w%;h the previopf ordinates as.

shown in Tablé 4, ~ - -
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APPENDIX C
THREE-DIMﬁNSIONAL
PROBE CALIBRATION
Figure 88 shows the results of the three-dimensional

probe calibration carried out at United Sensor Laboratories
1n August 1975 and repeated in February 1978. The probe
was calibrated at midheight of a 76 mm passage, gi}h a
mean air velocity of 70 m/s. The probe was designed to
" read true static pressure gsubject to the errors listed in
Appendix E) when the holes are at least 10 probe diameters
(i.e., X 31 mm) away from the boundary they project through.
The calibratiq& of the probe will remain unaffected by
changes in Re;gglds number (based on probe diameter) within
the range 5 x 103 < Re < 105 [40]. For our tests the range

3 < Re <1.7 x 104, and the

of Reynolds number was 8.6 x 10
calibration test Reynolds number was 2.8 x 104. It can be
seen from Fig. 88 that the calibration data are in good
;greement although they spanned nearly a three year period.
The measurements shown in this report were pade using the

first calibration curve. The second calibration was carried

out as a check on the accuracy of the probe.

" 76
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APPENDIX D

DATA PROCESSING PROGRAM

A computer program was prepared in order to process
the data for the annular cascade rig. Program listing
and tables of inlet and exit flow parameters are given
in this Appendix. A

The program started by reading the measured inlet

flow conditions, exit flow conditions and useful cascade
parameters as defined in the 1isting: Table 5 summarized

the -inlet flow conditions at different inlet velocities.

The program then proceeded to calculate the 'local exit

flow parameters, which were defined in Section 8,2 and

in.the listing, 2t the iraverse points shown circled in

Fig. 89. This stqggered selection in the radial‘dlrection
was made to account for the tilted orientation of the blade
trailing edge with)rgspect to the local radial direction.

The measured énd calculated values of the flow parameters in
the exit plane of the cascade arc presented in Tables 6, 7
and 8. The radial variation of the circumferential .
arithmetic mean and mass-averaged yaw angle and pressure loss
coefficient were then computed, followed by the calculation
of the cascade average exit flow parameters. These parameters

were also printed out as shown in Tables 9, 10 and 11 for

the different test conditions. .

N he e eV S e e h
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Table 5 .

Inlet Flow Conditions

Parameters Test #1 Test #2 Test #3
Fan Speed (r.p.m.) 600 950 1300
Free stream yaw angle 63.5 ° 64 64
(Degrees) . )
Free stream total 0,302 20.623 21.125

pressure ('"oil gauge)

Fre? stream static -1.737 -3.873 -7.100
pressure ("oil gauge)

Mean velocity in the
center blade passage 22.8 34.8 45.9
, (m/sec.)

i
i
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APPENDIX E

ERROR ANALYSIS

In order to assess the uncertainty in the measure-
ment and the computation of the flow parameters, Test #2
was seleqted to calculate typical ahsolute errors.

Tabfe 12 summarizes the effect of the different
errors on each measured flow parameter. The total absol&te
error -in measuring each flow parameter was then calculated

using the equation:

E= | E- + E< +...E" , (30
= - +
‘1 PRI 30)
where -
E = total error in the measurement
El’ EZ’ ...En = individual errors.

.

Table 13 shows the error ;p the calculated flow
parameters. The following equation was used to compute

this error:

-
By = [(3—-%—1—[1)2+(g—§-:[52)2+ ...... +(§—f\‘,;5n)211/3 (31)
-where
R = result cohputed
ER = uncertainty in result R
X_ = nth v;riable

n

iy

N i o, 7l AT



-

En = uncertainty

From Table 13 it
error was less than ! 1%

for the static and total

198

th

in the n variable.

can be seen that the percentage
for the velocity, and T3 to 5%

pressure coefficients.
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Table 13

Estimated Error in the Cal-
culated Flow Paramegters

200

Definition of

|
f Flow Parameter Flow quqmeter Error
-
E Pitch Differential +
’ Pressure (pi-ps) - 0.047 HZO
7
Dynamic¢ Head (PO-P) - 05&%9 ”HZO
Pitch Angle 2+50(P,-P¢)/ (P_-P) I 0.87°
p . m Te ) +
Velocity 4, 78\/ Som ress P) 0.3 m/sec.
Static' Pressure P-P
Coefficient 1 Vl - 0.018
7°"1
-
Total Pressure Po1 %o * 0,015
Coefficient 1.2 :
Y1




APPENDIX F

o“

METRIC CONVERSION FACTORS

The author apologizes for the fact that the thesis
contains mixed symbols and units including SI metric and
Imperial. The Imperial units have been used to describe the
power sources and the pressure measurements including mano-
meters, traversing mechanisms, etc. The test apparatus on
the other hand has been designed using metric scales. A series
of conversion factors taken from the National Standard of
Canada Metric Practice Guide (CAN3—22}4.1-76) are shown below

to facilitate conversion where necessary.

bnits used in Thesis Equivalent in SI Units
inch 25.4 mm
inch water (20°C) 248.641 Pa
inch oil  (20°C) 205.375 Pa
inch mercury (ZOOCf ] 3.374 k Pa
, p-s.1i. ir6.895 k Pa
/ ., c.f.m, < 0.472 de/S
T.p.m. 0.0167  rev/s
B.H.P. © 746 W
i —

% 201
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