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1.
2 ABSTRACT

The development of small éas turbine units with
high specific output calls for the design and testing of
rotor cascades with high turning blades. A major portion
of the losses that occur in such cascades are associated
with the secondary flow. The need for experimental data
of highly loaded annular cascades can be readily seen from
a review of the available literature.

_The objective of this study was to construct and *®
test an annuler test rig of special coqfﬁguration particu-
larly suited for high turning blades. The rig was an open
circuit wind‘tunnel with inlet and exit ducts of hyper-
boleidel shape. The test facility provided a means for
adjusting the inlet flow in the circumferential direction
(to’ensure periodicity) as well as controlling the inlet
“endyall boundary layers. The cascade tests were conaucted-
at a Reynolds number of 4. 73x105 based on the blade chord.
Exten51ve Flow measurements were taken at the inlet and the/
exit from the cascade both in the main stream-and the endwall
boundary ‘layers. The passagé walls static pressure dis-
tribution was also meaéured‘ IMaps of the exit fIOW'para-
meters were presented for the total pressure loss coefficient,
? statxc pressure coefflczent and the secondary flow velocity

‘ :;;éfj vectors. The averaged flow parameters were analysed and the

"losses were compared with several.gredlgtive corre&giiens.
-~} '
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The measured losses were found comparatively lower than

the predicted.

A flow visualization study was carried out using
smoke in the air stream and oil film (lamp-black and
kerosene) on the passage walls. The results thus obtained
were consiste§¢ with the general flow picture depicted

from the analysis of the measured data, ‘
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CHAPTER 1
INTRODUCTION

The prediction of the three-dimensional characters
of the flow in airfoil cascades to date is a challenging
problem to the 9esigner of turbomachines. An efficient
design of a turbomachine requires a realistic prediction
of the losses and exit flow angles from a blade row.
Studies conducted in this field were aimed at finding the
devigeions of the reai flow E£Eﬁ~zbo ideal (potentigl)
flow }ield. These deviations are ﬁanifested as distor-
tions in the velocity field.and as a total pressure drop
which is a measure of the losse# within the cascade. Apart
" from the skin friction losses on the blade surface (profile
losses) the remainder of the total pressure losses are
generally termed "Secondary Losses'. Unlike what the name
may imply the secondary losses, particularly in high turn-
ing cascades, constitute a major portion of the losses
in turbomachines. The distortion in the velocity field
results in changes of the exit flow angles from the blade
row which, in turn, results in incidence variation in a
following blade row.

The recent trend of developing small gas turbine

units with high spec%fic output and Sccordingly large stage
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loading focusq@ more attention on theé design and testing
of turbine cascades with high turning angles. The under-
standing of the complex flzw situation in turbomachines
required, in the past, testing of simplified models whereSy
several meaningful observations have been made and consider-
éble amount of data have been accumulated. However there is
a limited amount of data available for annular cascades
with high turning angles. The lack of such data projects
some dopgtlon the accuracy of many of the availgble prgdic;
tion correlations for the losses in such turbine casc;des.
The characteristics of the inlet flow Soundarx
layer is thought to be an important parameter which ingluences
the secondary losses in airfoil cascades. In the present
study the effect of this parameter is.investigated.
A unique annular cascade rig was constructed and
testod for different inlet boundary layer displacement
thicknesses on''both the inner and outer endwalls at the

inlet of the cascade. The test facility is an open circuit -

”l!lyind tunnel with an inlet and an outlet ducts of hyperboloidal

configuration, The ca;cadc consists of three flow passages
formed by four blades of ideantical shape. Tﬁe blades - of
flat back type - have an axial chord of 188.5 mm, a span of
190.5 mm and a turningyangle of 128%30'. The annulgr walls,
of the.cascade are made 'f clear acrylic plastic to facili-
tatQ ‘flow visualizatiop<§zudies. The inner radius of the

annular‘cascadé is 381 mm, the outer'radids is 571.5 mm.

»
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The inlet and outlet sections were designed to provide
straight streamlines with an inlet angle qf\64° ana an
exit angle of 64°30".

Details of the apparatus description are given
in Chapter 4. The instrumentation and geometric considera-
tions pertaining to the particular shape of the inlet and
exit ducts are given in Chapter 5. The establishment of
the inlet flow conditions with various boundary layer
displacement thicknesses is presented in Chapter 7. In
Chapter 8 the static pressure distribution on the passage
surfaces is studied. The corresponding exit flow character-

istics and losses contour maps are given in Chapter 9,




CHAPTER 2
DESCRIPTTON OF SECONDARY FLOW

The secondary flow in axial flow turbomachines is

generally defined as the difference between the actual

and the idealized axisymmetric flow. It arises mainly

"~ from the cross channel pressure gradient§, radial pressure

.grhdients, centrifugal force effects, tip clearancé, and ,
the relative motion befween the blade tip and the annular
walls. Secondary flows result in the displacement and .
accumulation of low energy boundary layer flow. The influ-
enéZS of suq&}?lows are usually indistinguishable and the
losses associated with such a complex flow situation are,
in many cases, difficulp to isolaté.» An overall picture

" of the secondary flow phenbmena has resulted from several
qualitative investigations utilizing flow visualization

f
techniques,

LN

The vortices commonly found in a rotating blade row
rd ’ -

rotating biade’row (see Figure 2.1) can be classified as
follows:
1. The Passage Vortex )
In annular cascédes both circumferential apd radial
pressure gradients exist. The deflection of the streamlines
: with;p'the passage gives rise-t;.étbss-channol (¢ircum-

ferential) pressure gradient, In'the main flow this pressure

°
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gradient is balanced by the inertia (centrifugal) forces
on the fluid particles. According to the boundafy layer
hypothesis the endwall boundary layer: (at the hub and
casing) are subjected to the pressure gradient imposed

Sy the inviscid core, hoﬁever, the flow iﬂ the boundary
layer being slower than the main flow has less inertia
force to balance the cross-channel pressure gradient,
Thus, near the annular walls the flow undergaes overturn-
ing which sweeps the low energy fluid towards the suction

side of the blade. Streamlines near the walls roll up

into a vortex termed the 'Passage Vortex' which gives rise

to a streamwise vorticity at the gxit from the blade passage.

The'passage vortex is normally located near thé corners

formed by the endwalls and the suction side of the blade.

2. The Trailing Shed Vortex
The change in the .blade circulation (gradient of
the bound circulation along each airfoil)‘resulté'in a
streamwise vorticity at the trailing edge. AThis type qf

vortex appears even in the case of uniform oncoming flow.

3. The Trailing Filament Vorte
' Vortex filaments iﬂ the approaching flow. are
stretched ar&und the blades‘resulting.in another streamwise
" component of VOrt1c1ty called 'Tralllng Filament Vort1c1ty .
The trélllng shed vortex and the tralllng f1lament

vortex combine to form a vortex sheet’ Whlch rolls up into

\
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a discrete vortex of opposite direction to the passage

vortex,

Y s g LRI/

4; Tip Clearance Vortex

Due to the pressure difference between the pressure

side of the blade and the suction side a flow is induced in
the clearance between the blade tip and the casing in a
rotor stage. The motion of the blade also induces mass

flow across .the gap as shown in Figure 2.1.

5. Scraping Vortex
In a rotating row thé blade tip scrapes part of
the annular boundary iayer on the casing and rolls it up
into a vortex called the 'Scraping Vortex'. At the tip
region there ¢an be partial cancellaﬁ&on of secondary
flow effects. An optimum tip clearance, for minimum fosses,

has been observed.
4

6. Horse-Shoe Vortex
, The 'Horse-shoe Vortex' is a vortex positioned

around the leading edge of the blade near the passage end-

—

walls. It streﬁgthens the'secondary flow near the pressure
side of the blade and weakens it on the suction side. Such
an effect is thought't%‘be dependent on the flow incidence

and leading edge shape:

7. Corner Vortices ' !

Due to the accumulation qf low momentum flow on the

.
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endwalls a vortex is formed at the corner of the passage
at the blade suction side. I/fs vortex is a self:induced,
rolled-up vortex sheet from the endwall boundary layérs.'
The tip clearance vortex and scraping vortex are
designated:- as 'Clearance Flow'.
The trailing filament vortex and the trailing shed

vortex are referred to as 'Main Stream Secondary Flow!',

-while the passage vortex is known as the 'Cascade Secondary-

Flow'. The mainstream secondary flow and the cascade

secondary flow are known as the 'Circulatory Flow'.

Radial Flows

In annular cascades, for radial equilibffhm,
centrifugal forces are balanced by the radial pressure
gradient in( the mai;x stream. In the bounéary layers onQ
the blade surfaces the low energy flﬁid is subjected to the
same pressure gradient. Therefore‘a radial flow component
is established in the blade boﬁndary layers. Rgdial‘flows

are generally inwards for stators and outwards for rotors.

Secondary Losses in Airfoil Cascades

For incpmpréssible flow through a cascade, ;he
overall mean stagnapion pressure loss is a funétioq of botﬁ
geometric and flow parameters: .

APb' = f (blade geometry, iﬂcidenée, spacing, chord,

‘ length, fiuid density, thickness' of trail-

. J
ing edge, velocity, viscosity, entry

/)

o
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Iboundaf7“13§er thickness ané turbulence?®
level). ©
For thé compressible flow of a perfect gas some other
paramefers allowing for compréssibility must be taken
into account such as the exit Mach number, specific heat

ratio, molecular weight or the gas constant. The losses

\ .
\

can be divided into: *

1. The profilé loss associated with the boundary
layer development on the blade surface.

2.‘ The annular wall loss associated with the bii?déry
layer on the hub and casing. 7

3. The secondary loss associétﬁd with theaturning
‘of the boundary layer on the éndwalls and the resulting
separation. r . . S

4. Tip clearance losses associated with tip clea(ance
flow.: ‘_ : ) .
Figures Z.i and 2.3 (taken_from‘references 1371 and [34]
respectively) describe the order qf ﬁagnituée of the main
logégfzin a pictorial fashion. ‘

It is difficult to separate the annulus wall loss
from the secondary loss, thus it is customary'to 1ump‘these
two losses together and thef are usually called 'Secondafy ’
Loss'. _ ‘ ‘ I -
| +- It is.clear -that the predicti;n of the secondary °
doss, &ue to the'many parameters invql&éd, is best determined

'through correlations from caxefully conducted experiments.
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Most of the correlations have a general pattern of being a
product of two terms: ‘
i. . Loading term representing the effect of blade

loading or deflection.

ii. Length ratio term, being;

a length associated with secondarx,loss)

A= § annulus height

s Recently thete have been several attémbts to
adequately include the'inlet boundafy layer character&stics
in the length term to obtain more accurate correlations.
This subject will be discussed in more detail in the

following chapter.

-

i
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CHAPTER 3
LITERATURE REVIEW \

\

From the study of the flow patterns associated

-

with the secondary flow phenomenon it becomes evident

- that a complete theoretical solution of the problem is

still beyond the reach of the available mathematical tech-
niques. The problem has been treated with simplified
mathematical formulations and exgen§ive experimental studies.
The common approach to'the problem thus falls into two

maiq categories; theoretical analysis and e*perimental
studiés.

»

1. ‘Theoretical Analysis

a) Inviscid rotational flow approximation,

. This approach deals méinfy with the passage vortex
and is known in the literature as the 'Secondarybflow Theory'
and/or the 'Secondary Flow Approximation'. ’

b) Endwall boundary layer aﬁaly§is,-also referred
to ih the literature as 'Annulus Wall Boundary Layers', 'T@e
Skewed Boundary .Layer' and the 'Tﬁtee Dimensional Boundary

Layer!'.

L

- 2, Bxperimental Studies

: a) 'Bxperiménts qonducted_t&lverify the Secondary

12
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Fiow Theor{ predictions (e.g.:‘exit angle deviations).
b) \Expérimentg devised to study the endwall
d boundary layer behaviour..
c) Expezimentg conducted to derive predictive
correlations for the seqonﬁary flow losse;.

d). Qualitative st&dy of the flow behaviour using

flow visualization techniques.

J

\ ' %?veral neviéw papers‘ﬁqvg been published over the
past two decades of whicg Roferénées (1}, (21, (3] and\[dl
are prime examples. Many of the studies reported in the
literature included both theory and experiment and therefore
may not fall into one of the classifications mentioned
above. In the present review an attempt has been made to

follow the main lines of the classifications as outlined.

3.1.1 The Secondary Flow Theory
The main objective of the secondary flow theory

\

is to determine:

1) The streamwise vorticity at the exit from
' {

~h/}he cascade. : . .
~a

' 2) The secondary flow (velocity normazgéo the
main stream) and the secondary flow streamlines.
3) The deviutlon in the exit flow angle from the .
main stream (ovefturning and undertuyﬁing).

s 4) The secondary flow kinetic energy.

ri

N BT I
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A presentation of the general equation of vort-
A
icity for compressible viscous flow is given in Reference

(s),
(V9T = @RV 3@.N - 7 x (B)-

T T - 4dus '
v X Ij?kf xw -3 =7 (v.9)) (3.1)

where,

—

w=9vxV

Several simplifying assumptions must be made
before attempting to solve the problem. The secondary
flow approach is based on the maiﬂ\ggsumptiogé that the
flow is stéédy, inviscid, rotational, incompressible and

with no body forces.. The authors of Reference [5] list

Several cases where a simplified form of Equation (3.1) can

" be sol%ed." On the other hand several investigators have

derived simplified expressions for the vorticity instead
of starting from the generil form (see Referonces . [2],

{31, 141, (51, (6], [7], [8]). Hawthorne's paper [6] is
one of the earliest pttembts to use simpleﬁderivétion
tgchnique‘to establish the fundamental model of the second-
ary vorticity. The vorticity & can be resolved into two
componeﬁfs as shown in Figure: 3.1, ' /
1) A streamwise component givén by:

'e" (‘;.V)v

€ - ‘ .“ ‘,
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2) A compopent normal to the streamline given by:
T .ﬁ;;%ﬂ : (3.3)

[

Taking the divergence of w (where div & = 0) in terms

\

of its components (3.2) and (3.3):

&=

div (9_'...?.) v - div Y.M = 0 (3.4)
g v.v R .
or ,
" div (55\,1) . div%‘ﬁ .0 (3.5)

which is a'purely kinematical relation between u, V and T,
Using BEuler's eduation in conjunction with equation (3.5) — -

the following equation can be obtained,
2

o)
P \
€ - . 0y 8in ‘
§; - @y =.-2 [ grad (=) _V,zidc\\ (’3 6)

The abdve equation cannot be solved without furthex
assumptions. and/or simplifications. For example, Squire
and Winter [7) have given a simple expression.for‘ez for

cascades with small deflect}On:

B R R N o '
L =2 e | - (3.7)

~

‘ o P
In Hawthorne's equation (3.6) ﬁ%g/term [grad 7?1 is considered

3

constant along & streamline. For incompressible flow it

N > Y 2 .
can be expessed as: 7 o

‘v
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P, ' T
-..._. " .—2 g ’
v > v 5 + 7.9V
dV1
o V1 a—z— (3‘8)

Hence Hawthorne's equation (3.6) for the case where & = 0

and ¢ = 5 reduced to :
€
2
dv.-
- . 1 1
€
1

Equation (3.9) has been also derived by Hawthorne [8]
th(g&&h*the'use of vector analysis. Preston [9] followed
a simple approach to derive the expression given by
Squire and Winter,

Loo's [10] integrated equation (3.9) assuming the
axial velocity to remain constant along the streamline
and obtained the expression:

1 sin 2a,-sin 2a
€. = 1 (oo, + — 2
2 COSa1 COSu2 2 1 Y4

1 (3.10)

}

‘In order to take into account the convergence or divergence

of the passage he suggested the following expression for

-l

vorticity h
CYN) ' ~
t m - Gy e ; (3.11)

b
’

exit area,

where N iy the:divergence ”%‘10 A(inIoE area

normal to the main flow.

In order to tuke the Bernoulli surface rotation

nara}ana and Horlock (llj showed thaﬁ

Y

), both measured

-
-—
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for moderate turning angles,

" (ae 2C

I LN G (3.12)

Bqua;ibn (3.6) was used with equation (3.12) together with the

assumption of constant axial velocity (vl'cosa1 = V,cosa, =

Vcosa) and a solution was obtained for the secondary flow

stream function. Bardon et al. [12] assumed the Bernoulli
surface angie to vary linearly with t for small turning
angles and estimated the secondary(flow effects on flow
outlet angles iﬁ rectilinear cascades with moderate turning..
Further studies attempted to take more effects into
account. Louis [13) considered the effect of viscosity
while Morri; [14]'p;oved the validity of £he basic
secondary vorticity equations in a rotating system.

t

3.1.2 Secondary Flow Approximation

In order to dotermine the secondary flow velocities
and exit angle changes in a cascade, the secondary flow
is regarped as perturbations from the shear flow trans-

4]

vorse tpqthe main flow. With the assumptions

BV 552U gng Fu 52U the c¢ontinuity equation for the
n 778s ¥z ~ise 4

secondary flow can be written as:

ov

2w
T T

(3.13)

A stream function is defined by 0.,

o
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T . }
N n e VT :
¢
thus, X
2
E =~ Vv™ oy
Al IV dw
5z " 5mn (3.14)

Once the streamwise vorticity £ is obtained the secondary
flow stream function ¢ and the secondary flow velocities
v, w can be determined by solving Poisson’s eqhation (3.14)
at any section in the passage. .

Hawthorne [15] obtained a series solution -for v
in a rectangular channel for the Squire and Winter solution.
Erich [lbi obtained a solution for a cascade with twisted
blades and Hawtho}ne and Novak [2] and Dixon [17i presented

solutions for annular cascades.

,3.1.3 The Trailing Vortices

Jrog

The trailing vortices exist at theAtrailing edge
of the bladés. Lighthill [lé} approéchod the problem by
introducing a drift function to trace the path of tho
vortex filaments carried through the cascade, Hawthorne

. and Armstrong [19] and Smith [20] followed a similar
procedure.

The trailing filament circulation is given by:

¢ _av oy | ds .

th Pl v vz : ' (3.15)

and the trailing shed circulation is given by:
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o

. Vo
yts = - S cos ay %? (tan a,- tan al) _ (3.16)

-

The averaged secondary circulation within the .

passage is the difference between the total circulation

_ far downstream and the trailing vortex circulation.

3.1.4 Limitatibns of the Secondary Flow Theory

The seéondary flow approximation loses validity
{ -
for large turning cascades with steep inlet velocity pro-

files. Radial flows, Bernoulli surface distortions and

.

viscous efféétsiaré‘generally not taken info account, The
the§ry can predict wish reasonable accuracy the secondary (
Vorticity fér low turning angles where separation does

not occur, The development of the secondary vortici;y in
fotating channels can also be assessed. The Secohdary
Flow Theory, however, fails to predict the flow near-the
endwalls and the losses associated with the complex flow

situation in cascades and multi-stage machines.

3.2.1 Endwall Boundary Layers

h

*  The endwall Bgundary layer presents'a difficult
_problem for adalysis because of its highly three-dimensional
nature which casts some doubts on the applicability of
some of the.basic boundary layer assumptions such an »
negligible préssufe gradient normal to the wall and the

identification of the boun&hry layer thickness: The

-

¢

IERTTEN
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analytical appreach to the problem is based on integral

schemes and axisymmetric flow approximations. Experimental

investigations into the problem have yielded some simple 4
endvall loss correlations employing only a few flow para- i
‘meters.

For the case of a bounded boundary layer, where

S and § are of the same order of magnitude'@o that ;%- and
Ll (see Figure 3.2) are comparable, the secondary flow
an gur, .

approach yields an "S" shaped cross-flow velocity profile.
Overturning occurs closer to the wall and underturning

in the outer portion. For the case of an unbounded boundary

layer (where<% + = and %E >> i!)‘ from equation (3.7)
n 92
= oY
¢ =3z
Ju
.. 2 ¢ U (3.17)
3z y)/’

Integrating the above equation with v = 0 when '’

u =V gives

LA _u
. J ’ 1
This velocity profile is the outer portion of Johnston's

(21] triangular polar plot developed for the three-dimen-
sional unbounded boundaf& layer analysis. .

While the secondary flow theory_does not preﬁict
the cééssover in the velocify profile‘fof unbounded boundary
layers, e¥periment§:[4] have shown that the crossoydr exists : ﬁg3

at the’oﬁtlat of 'the blade cascades. With the exception of
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the region near the wall, where viscous effects dominate,
the measured and calculated profiles are in good agreement

ovey much of the boundary layer thicknFss for small flow
| N
1

turning (<30°). A P

A summary of the calculation ;éhemes has been given
//by Sjolander‘[22]. Magén [23] derivdé the momentum
.integral equations i%'§he streamwisqﬁand'the crossflow
direction. This quasi three-dimensﬁonal anélysiﬁ is limited
to applicatio;a along one particuldr streamline. In .
Reference [24] a calculation method was developed for the
’endwéll boundary layer using a flat plate'expression for
the wall, shear st:ess (with one-seventh power law mean . f
veloc1ty proflle) ‘ ' '
Jansen [25] and Stratford [2;] developed simple
methods for predi¢ting thé blockage due to the bounéary Y
layer displacement thickness.
Further calcﬁldtipn methods were introduced by
Mellor and Wood {27].where pitchwise aVeraéed equations
were used. A'similay scheﬁe was introduced by Horlock
and Hoadley [28] and'an %Fprovgment to the Mellor and
Wood method was suggeste by Herisch [29i
A comparison of the calculation schemes with two
sets of experimental data was published by Marsh and o
Horlock [30]. Horlock [31] studied the cross flow in-the: -
three-dimensional thtbulent boundary layer .and cohpared
the éqrivéd‘profiles”with experimént&l dafa:~ Sjoidnder [22]:

-
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Aaccount terms in the governing equations that werg dis- -

) regarded by Mellor and Wood

: ftrated two types of three-dimensional separation:

fjshowing & herring pattern in surface row visualization".
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con&ﬁcted a detailed experimental study on turbine nozzle( '
guide vanes of 50° turning. The results of the tests
revealeh che presence of some local areas of adverse _
pressure gradient that can lead to boundary layer separation.‘
Anand and Lakshminarayana‘[SZ] reported an |

analytical and experimental investigation of the character-

-istics of a three-dimensional turbulent boundary layer in

a rotating helical channe{. The authors developed B
expressions for the velocity profile in bb%h/the inner and . '@
outer portions of the boundary layer. ' The analysis was
‘restricted to incoopressible flow through a rotor blade
with small camber. The measurements showed good ‘agreement
with the predicted values., |

Recently, Railly and Sharma [33] presented a more

rigorous analysis for the annulus wall boundary layer

problem using secondary~flow-hypothesis,“takiné into

—

3.2,2 Threo~Dimensiona1 Separation

According to reforence [34), Bichelbrenner, illus-

1) Enve]ope (or clash) separation, which results
from inertial effects arising from the clash of two flows

having opposing directions meeting at the separation line,
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This type- of separation occurs on.the suction Surfacé of
‘the blade and does ﬁot cause se&ere flow problems,

. 2) Asymptotic Séparqtion, which is pressure
induced. The separation on the endwall may be of this
type and often represents catastrophic failure of the
flow in the blade passage. It is thus important to

sacondary flow studies.

3.2.3 Limitations of the énanll Boundary
Layer Analysis “~

The integral boundary layer calculation sthemes-
used in conjunctioﬁ with through flow calculation methods
are restricted to .small flow turning and therefore’they
cannot predict the performance of turbine caécades: The /)
analysis is also limited to boundary lﬁyers that are //
originally collateral with simple main stream flow
conditions which is seldom the case in the actual machi k‘.
flow situation. The boundary conditions are difficult to

define because of the- interaction effects at the..corners

The prediction of three-dimensionql separation is still

.unresolved particularly the envelope type separation. It

. —
{s doubtful that the calculation methods, while not taking

separation into account, can predict the boundary layer

BN )

bohﬁviour beyond the separation ‘region.

A

" The losses associated with.the ‘endwall boundary

lhyer cannot bé predicted Bx the available 6alcilation .

. I

schemes_and the designer is, therefore 1a€ge1y dependent on .

P . ey
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correlations derived from experimental data.

3

3.3 Experiments, Losses and Correlations

N
o/ ~

( It is evident, from the discussions in the prqvious
sections, tha; due to the difficulties associated with
analysis of the secondary flow phenomena, the problem
cannot be dealt with solely on an analytical basis,
ngperiment@ data and predictive correlations are indespens-
ible to the designer of turbomachineg. BDue to the large
number of parameters involved in the‘problem, there is not
a complete set of data resulting from one experimental
study that takes ail relevant factors into account and
yields consistént prediction correlations. In fact there
is a 1érge amount of ekperimontal data available (particulariy
for compressor cascades) Sut only a few were presented in
detail with relevanf parameters specified, particuiarly
the inlet boundary layer, with reasonable reliability,.

\ The exporimontal approach has proceeded in parallel
with the theory to check the Secondary Flow Theory, to
provide more physical understanding of the phenomenon (e. g:. ¢
flow visualizat;on) and to study the effect of geometric

and flow parameters on cascade losses. . , -

3.3.1 Comparison with Thoory

b

Several oxperimonts have boen conducted on ducts.

cascades of guide vanes, rotor and stator rfows to compare




the performance &ith the related theoretical models.
Hawthorne [6] compared his hathomag{cal formulation with
. tests on circular and rectangular bdnds. Squire and Winter
[7] gompared their simple model with experimants on a
"cascade of turnihg vanes 94.8° and found satisfactory
agreement between the pfedicted and measured secondary
;1ows. Hachorne and Armst#®ng [19] measured the pressure
distribution on a cascade of impulse turbine Qlades
(space to chord ratio of unity, an aspoét-ratio of 3, wltp
>a1 = 35, and a, = -37°) and compared the local 1ift co-
efficient with Hawthorne's small-shear, large-defloction
analysis. . The results confirmed the variation of the lift
and circulation predicted by the theory. The co rehensive
analysis of Lakshminarayana and Horlock {lll\thcomQured
‘with experimental rosults obtained by Louis [35]: Soderberg
[36j and Lakshminarayana [37}. The comparison included
the change in outlet angles ‘and the kinetic enorgy of the
secohdqry flow. It was concludoﬁ-that tho strongth of
secondary vorticity was reducod substantially by viscous
effecte and to u lesser oxtent by Bernoulli aurfaca rotation
and thorofore inviscid.secondary flow theoories tend to -
overestimate the spanwise variatlon in the outlet angle.

Further experimontal data 15 reportod in [1], (16] and [12]

3.3.2 Losses nndrCorrolntion§

3 -

Losses in turbomachines are expressed in several forms
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B

[3%], the most common being the totd{ppressure loss
coefficient and the enthalpy loss coefficient. For incompress-
ible flow through a cascade the overall maan‘ftagnatioq

pressure loss is a function ofsinlef flow conditions, o

cascadefeometry and flow geometry:

- - 3.19)
Apo Fo1 Po2 (

= £ (blado geomqtry,'incidonce,’spacing S,

| chord C, length H, fluld density p, thickness
t, voloéity v, viscosity u, bodﬂdary layer
thickness §, entry bouﬁdary l;yer pnrafJ

A ' .
o meters and turbulence level).

/\
.In a dimonsionloss form,
AP C
0 - f (RN,i, blade geometry, &/C, (3.20)
~2-pV1 .

61/0 , inlet boundary layer
parumoicrs and turbulence
, lovol). ¢

For compressible flow other parametars allowing for

compréssibility are introducod, thus . . \

Y = f (RN’ blade geomotry, S/C,‘ S (3.21)
t/C, §,/C, inlet boundary
layer paramoters and, turbulence
‘ ‘ ‘lovel, Mz“, v, R orm),
Thoro'pro genoraily_two'methodg of correlating the
"losses to tho non-dimensional parametors, either the overall

B
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. e

lass is ¢correlated to all parameters or fhe separate
losses (profile*and secondary) are correlated, with th;
roelevant parametvrs. Soderberg [36] followed the first
method while Ainley and‘Marhloson [38] followed the second
method,

A comprehensive review of the ppéfilo.¥ossos in
turbine cascados was given in Reference [37]. Recently

Denton [39] reviewed seven prodiction schemes for the

profile losses and compared them to-seventy-nine sets of

' cascade data, The author concludes that, while none of the

‘available correlations predicted the losses accurately,

some progress could be achieved by obtaining the lossos from
calculations of the velocity distribution<and the boundhry
layer growth on the surfaces of the blades and in the wake.
It is worth mentloning that the effects of the .
relevant puiuqaﬁg;g on the socondary losses was not cloar
until recently. "Dunham (1970) has made a comprohensivo
attompt to clear up some aof the chaos that oxists on the
effect of the blado amt flow paramgters on losses in
cascados'™ In his roview paper, Dunham [3] presontod a
correlation for secondary 1oss includling a ﬁontutlve‘ .
oxprosslon for tho inlet boundary la§er bffoct; Baseod on
oxperimental data the correlation dorlvod”for’”YS‘ls

givén by’an oxprossion of the form

¢ Cosa, CE cos'zu2

R g —2(0.0055 + 0,078 [for) (3.22)
&80 (s/0) | |

8
CQ‘Qm

* Quotod from Roference [1] )

+ L4

> oot it
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The expression between parenthesis in equation (3;25) 1¢ the
boundary layer function. The first term in the expression
is the downstream boundary layer compoﬂent ﬁnd the second
term is the vortex core luss componentf‘/?ho author
emphasized that this tentative expression needs experimental
verification phrtibularlx for turbine cascades with high
turhiné angleﬁ. | ‘ |

Came [40] introduced another correlation for
secondary losses based on moasuromen;s in a larger tur§ino
cascade 3ith s maximum turning of 85° where the inlot‘bound-
.ary layer thickness and inlet angle were varied. The
author presented loss contour” maps and spanwise variations
of loss as a function of the inlet conditions. The correla-

tion introduced by Camo for Ys can be writton as

, Lol : < C(3.23

SRR AR L gt OIS | QEIITE IARR
n

whero(Y; doflnqg_the inlet boundary layer lossos. It was

also shown that Dunham's coyrolgtion agreed well yith
: Came's résuits. \ -
Dunham and Came [41ﬁ introduced a impro&oment to
thé correlation of Ainloy and Mathieson which is still widoly
\f‘;sed. _Tho adthor#lsuggest tho exprossion ‘
' ' C ‘cos"uz - :
" Yy = 0,033 g E3§f§I // (3.24)
instoad ofAiﬁlOY'S‘exprdsaion

Yy " A2 ' ' (3.25)
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whpre X is an empirlical function (see Reference [38],

Figure 8) and Z is the Ainely Loading Parameter defined .

as - ‘
C o8 a
7 - (37"5‘2 —t (3.26)
cos Qm

Bown [42] conducted tosts on models of rotor
blades  of high deflection (1320) impulse turbine blades
in a rectlinear cascade. The results showeé that the
predicted secondar} loss (using varlous corgplations) were
as high as teg times the measured Qalues. wgods [43]
conducted similar tests for blade aspect ratiog‘ranking
from 1.480 to 0.592 and found that tho secondary losses
increased wi;h decreasing aspect ratio., The author also
pointed out the discrepancies between the measured and
the predictod values.

Recently, Ldngston et al, (44) conducted dotni{ed
measurements of sugsonic flow in ; large scale plane tdr?'

Mo
bine cascade with an aspect ratio of 1.0 with a collateral

‘inlot bounﬁary layer and a turning angle of }100. Velocity

‘gnd prossure moasurements were taken at éight axial planes
f£pm the inlet to tho‘outlet. The measuromonts indicated
thajt a largo part of ﬂhe'ondwull bounQnry layor was very
tirin wﬂen compared with the cascade inlot boundary layer.
The three-dimensional soparation was traced.on the 0ndw§11,

and the suction surface of the blade.

LY
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/~3.3.3 Flow Visualization

In a series of excellent flow visualizatfbn studies
published by NACA -(References (45] through [50]) a Qéttet |
understanding of the physical nature of secondary flow in
cascades was aqhievod. Rohlik et al. [46]) stud}ed the
sec9ndary flow patterns originating in three sets of P
turbine nozzle blﬁde passages by means’ of flow visualizationﬁ
and detniled flow measurements. The tests révealed that
the low. enhergy flow originating at the outerkwall boundary
layer was swopt all the way down the trailing edge and
discharged near the inne? wall. In such a flow situation
it is difficult to assess the profile losses,

Sjolander [22] performed extensive surface flow
visualization, using the oil dot and oil film techniques,
on both the blade surfaces and endwalls in an annular
cascade of.turbine nozzle guide vanes. The exporimental -
moasurohbnts showed that even in g situation wheore tho
overgll pressure gradients are strongly favou;ablo. lacal
hreas of adverso prossure gradients can rosult in boundary
layor soparation which have a significant influance on the

rost of the flow. : : S

1) The secondary flow theory can predict, with

_reasonableTmecuracy, the secondary vorticity and outlot

£l g

“angle changes for cascad derate turning and non-

steep iﬁlat'velocity profilas‘-
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2) The losses associated wlfh the endwall bound-

ary layer and‘ité Lﬁteraction with the blade boundaryr
:layers cannot be predicted by the available calcula;ipn
schemes. )
3) The prediction of seccndar} flow losses In
annular cascades with high turning angles calls fgp;more
‘cascade data extracted from realistic gest modelgl

4) The effect of the inlet boundary layer
characteristics on the secondary losses needs further

investigation,

g
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CHAPTER 4
THE ANNULAR TEST RIG

4.Y General
The experimental investigation of the secondary

fiow phenomenon in annular cascades requires accurate
measurements of both the free stream and the secondary

flow, Many of the high work (output per stage) turbines,
considerihg the individual blade passage, are of such a
‘small scale as to prohiBit detailed analxsis of the three
dimensional effects using even the most advanced measure-
megt techniques. In order to minimize the probe size
i fluence on the flow, and thus to improve the accuracy
of measurements, large scale models are called for.

Annular cascades of large size, however, usually ﬁass such

a‘mass'flow as to prohibit - ‘from an economical viewpoint -
' the use of a complete annulus as a test séctiqn. To
;\circuyvent these.difficulties and -to provide the animum
\conditions of similarity of the Pffgcts taking place in
‘twi§ted blade passages, a special annular test rig Qag
|designed [Sllaaqd construcééd. .The design facilitates the
con{rol of the inlet flow parametefs in the radial and;
‘circumferential directions. It also provides a mean# for
controlling thq inlet flow bodndar} layer on the hub and

casing.

.34
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The test facility is an open c@rcu}% wind tunnel
consisting of three main parts:
1. A large scale sector of an annular turbine blade
cascade.
2. An inlet section.
3. An outlet section.
An ovérall view of the apparatus is shown in.Ffﬁures 4?1‘and
a cross-sectional view is shown in Figure 4.2, In order to
provide uniform inlet and exit flow angles, the inlet and
outlet ducts:(part number 2,9) have walls of a hyperboloidal
configuration as illustrated in Figures 4.3 and 4.4, A
sector of two concentric hyperboloids of one sheet (extending
to' the axis of symmetry of the hyperbola) forms the annular
boundary walls of each duct. 'The straight line generatrixes-

of the surface are inclined to the corresponding blade angle.

4.2 The Inlet Section

The inlet section consists of a bellmouth entfance,
two suppiementgry cascades (a curved cascade and a plane -
cascade) and the hyperboloidal inlet duct. Two suction
chambers for boundary layer control afe located near the '

exit from the inlet duct upstream of the blades. Also :

circular arc segment providing for.a slldlng traverse is

situated at the hub side of the inlet as shown in Figure 4 2‘
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Figure 4.1 The Annular Cascade Rig (OveralH‘View).
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to turn the flow fiqm the axlal diroction through a 64°
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4.2.1 The Bellmouth.Entrnnce

The Bellmouth entrance faces the axial directdion,
The purpose of using-.the belimouth is to avgid tho:offocts
of sharp edges at the entrance to the rig., It has a 1lip
yndius of 160 mm followed by a short (10 mm) straight
portiop\as shown in Figures 4,2 and 4.5. The boellmouth was
manufucfured from wood and fitted to the turning blade
cascade. The thick wooden structure of the bollmouth'mude
it possible to use-it aq‘a point of support for the rig.

-

4.2.2 The Turning Cascade

Tho bellmouth is followed by a curved blade cascade

dﬁgle which corresponds to the inlot blade angle. The
cascado consists of 21 blades (Figure 4.6) oqually spaced
on a circular arc of 55°. The sido walls of the cascado ¥t
&oﬁ approximately circular arc contours) are manufacturoed
from wood with grooves caévod.pt both onds .to position the
blades. - | | . |

;d
<

L1

4, 2 3 Tho Plane Blade Cascado

In ordor to provido further guidnnce to the flow -

in tho diraction of the blade inlet nnglo, a8 struight blado

" cascade shown achomaticnlly in Figuro 4,7 is located

adjacent to the turning blade cascado.  Tho sido walls of

" the cascade are also made -from wood with straight groovos

Sppermans ’
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for tho blade mounting. -For flow continuity and passage
rigidity both the curved and straight blades were formod

In ono plece as shown in Figure 4.8,

4.2.4 The Inlet Duct

The inlet dﬁét {s shown In Figure 4.9 wjth equl-

. distant cross sections normal to tho axial direction. The

genorating plane stréam surfaces are oriented radially

at the duct exlts to match theworientation of tho leading

"edges of the blados, The surfaces ave Inclined (64°) to

the, axlal direction. Tho annular boundary walls are
genetrated by roéating the stroam plates through an angle »
of 53° which ts 8° in oxcéss of the circumforontlal pitch f
of the test cascado. The oxtfa 8° ufo dividod;oqually
on the outer sldes of the.segment to pro;ldo for suctlon
ports that can be used to adjust the flow clrcumforentiully\
and also to reduce tho offoct of tho sido walls on tho ‘
contro blade passago. The duct hus a uniform cross-soectional
area from inlet to oxit converging clvcumferontially and
divorging radially. '

Tﬁo inlot duct was manufactured in two stops:

1. - A male mould was mado from laminatod wood. Circular
are sogmonta woro stnckod An a lnddor form (oversize) und
then carved down to tho raqulrod dimonsion by a pattorn makor.

2.. The matching walls wore made from Fibro Rotnfovcod

Plastic of 5 mm thicanBS.
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The walls were made in three parts:  an inner and
an.outer part to allow the removal /;)l' the moutd and surface
N - ) . .
finl;ihlng. and a4 90Y sliding segment at the inner wall far

inlet flow traversing.
4025 The Boundary Layoer Suction Chambers

On the annular walls of the inlet duct at an axial

distance of 67 mm from the leading odge of the test section,

thore are located two chumho;s.((b,h) on Flgure 4.2} ‘tor
houndary ltayer control, Tﬁq houndary layer suction is
appliod through a sot of 2 mm dlumtm' holes distributed
on tho gnnulur walla,  The layout of the location of  the
holes on the innor and the outor walls are shown in Flguroe
4,10, The rows ave inclined to the stroaml lne directions to
provide as uniform a suctlon as possible.  The ﬂnytlnn i
appliod using u set of t“rou uxhuuslér typo funs vach
driven by u‘Z.S H.p. moto% (LBOS watts). The suction lis
rogulated using 'a pute vuivv on the oxit port from puch
chumbor, Tho ahctlon systomals cupable of developing - 20"

“of wator (060,04 cm) In tho chambor at tho buh aldo and

18" of wator (-38.10 cm) at the céxlng sldo,

4.3 The Annuldy Cascudo Soction
Tho unnulae cascudo shown In Flgure 4,11, has an
ipner radlug of 38t1.5 mm and an axlal longth of P985 mw

and extonds,ovor 459 clrcumfprontial pltch.. The cascade o

k'S
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consists of four identical blades (three flow passages

of 15° egch). The two centre blades,'made\oﬁicleax Y :
.acrylig plastic, were instrumented (Chapter 5) for static
pre;sure measurements. The outer two blades,’ manufactured

of alumipiunm, were used as side walls. ' The cascade

4.1¢ show the orientation of the bladej in the annular = .

geometric parameters are given in Tablé\4.1: *Figures 4.12 and
\} {

section. The radial line marked "R" was'useﬁ'hs a referenceh
for the circumferential locatioms.

‘ The test blades (Figures §\1w and 4.15) are cylindricar
and of the flat back type. The blaae profile was de;igned
by’Malhotra [52) gnd tesped by Stannard [53] in a blow down
wind tunnel at high'préssure ratios. Thg blades were
manufactured by the division of Mechanical Engineering,

National Research Council in Ottawa, 2

The annular walls were made of 12 mm clear acrylic s

plastic to faciritate flow visualization. The bldde§ were.
installed with the iead!ng edges in the radial'diﬁecfioh. .

The trailing edges of theiﬁladeé are inclined 6.5% from &

the radial di}ection. Thq/%o;respondiné span' at the trail- =~ '

ing edge is 196.5 mm compared with 190.5 nm at the leading e
. [ . . ) .

edge ¢ N ’ .

4.4 The Bxit Duct

" Similar to the inlet duct, the exit duct (Figure 4,16)

.was designed to provide uniform exit angle. The ‘annular

.
: *

"* Text continues:on page €6. -
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Table 4.1
Cascade Geometric Parameters
BlgdelChord 214 mm
Bladé Axial Chord 188.5 mm
Blade Height at the Inlet . 190.5 mm
Blade Height at the Exit 196.smmm
‘ ‘I Blade Turﬂing Anglb 128,59
" {Blade Iﬁlgt‘Angle 64°
‘Blade Exit Angle 64.5°
'Blade Aspect Ratio 0.904
. o Cascade Aipect Ratio 1.0
| (Height/Axial Chord) \
% |Piteh to Axial Chord Ratio 5 66
, at Middle Diameter RRE
Middle ﬂihmé%ér to Blade s.o
. | Height Ra;io . e e
. . . ) ‘
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’ ;
arrangoment to drive the fan. The motor hgs & maximum
power outpué of 24 Brake Horso Power (18 Kw) at 3000

rova/min, The motor speed can be accurately regulated by ‘

a powor-stat (up to 0.2% of the oporating teat speed),

s

-~
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CHAPTER §
INSTRUMENTATION

Tho ﬂ.pdy of tho cascado porformance roquired the
measuroemont of thoe flow purametors at tho Inlot and the
oxit from tho cascadoe ns well a® tho measurement of the
static proessure on the wally of tho coentre blado pavsago.
<sThe assossment of the qualitative behaviour of the flow
was obtalinod through tho use of flow visualization toch-
niquos.

The baslc instrumentation for tho annular rig cuan
he classiflod as follows: _

1} Instrumentation for the muln flow upntﬁuum and Q"
downstream of tho cascado,

2) Instrumentation for boundary layer .yoasurcemonts
upstroam and downstroum of the cancade.

33 Instrumentation of the blado pansage.

4) Inatrumoentation feor flow visuallzatlion.

_

5.1  Main Plow Instrumontation

. The main flow travorsos wore conducted at two

~ moasuring stations locatod at an axial distance of 27.5 mm

~~upatroam and downstroam of the cawcado tost section. At each

moasuring station provistons woro made for both radial and

-

circumforential scanning. Due \; the speclfic goomotry of

00 R -

-
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tho Inlet and oxit ducty, tho offoct of the duct shapo

Wi further studied,

5.1.1 Geometric Conslderations

~ Flgure 5. shows schomstically tho pro)oLtion of
the loudlng und txu}llug vdgos of thoe blados on thv moasur-
Ing nrutlons Aor a cortain clrcumforontial cross-soction,
An lsometric roprasentation of tho genoral confjlguration
at tho leading edge I shown In Flgure 5,2, Th¢ wtroam
~nurfuco,ulhlb2u2 projocting from the leading edgoe lntn:
socty wlth any plane (B-H) normal to tho axial direction
at u stralght Line byb, parallel to tho leading odgo wy .
The line oﬁ/lntorﬂocilon byb, doviatos from the radlal
direction Olhl or Olhl a4 tho dlstunce 010 Incroasos,
The Inlot messuring statlon Is locutoed ut an axial distpnce
0,0 of 27.5 mm upstroam of the leading odgoe und‘thﬁ |
projoction of the leading edgo ut this locution blhl sub -
tonds an anglo &, of 2.81%,  An axinl projection of the
configuration s glven In Vluu:% 5.3, Since the probe
travorsos radial positions at an angle 4 to hyb, the Indloatod
yaw angloe y‘(und pltch angleo Py would Wé difforant from {i:%p
nctusl valuos at thoe loesding odge namely y and zoro pltch.

Roeforring to Flguro 5.4,

tan y = tun Yy con 4 (5.1)
tan Py ® tnn 4 cos yl (5.2)

R i
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It is estimated that the probe would indicate a pitch
angle.of 7.56% (with reference to the axial direction)
at the‘hub and 5.06° at the casing as compured to zero
pitch at the leading edge blaﬂo. Tho indicatod yaw unélo
is 63.75% at tho hub and 63.89° at the casing as compaygd , E
to blade inlet angle 64° at tho leading edge plane.
Simflar calculations wore carr}od out at tho oxit

Ny moasuring station (soe Figure 5.5 and Figure 5.6).. The

indicated pitch nﬁglo’wus -7.4° at the hub and -4.82° at

tho casing., Tho indicated yaw angle was 64.27° at the hub \
phnd 64.4° at the casing, compured to 64.5° at the truillng“' .
odge plane. It should be noted thaf the contro of the

passago at tho inlet moasﬁring station, faced an anglo of.

8.41% at tho hub and an angle of 5.61° at tho casing

moasurod from tho contro of the passage (the referenco

diréctioﬂ "R" as shéwn in Pigure 4.12) at the ioudlng odgo

plane. | ‘ '

g

5.1.2 The Traversing Goar

Tho traversing goar consists of two main parts:
1) A sliding annular segmont foffcircumforontlul
travérsing (800 Appqﬁdix 1).. |
2) . A lincar componont for radial traveraing'(sou | |
Figure 5.7). s R L B Eﬁf
- The sliding annulgr ségmont had. a pdintgr that v ;

;racés a gruduut@d scale on -the frame.of'tho test soction

; . A

s
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and can locato c¢lircumforential pcu}tlon» to an sccuracy
of 0:50. Thcllknour component , Flguro.5.7. In mounted on
tho sliding segmont. It has a linousr range of 250 mm
wlth a thread advance of 0,05 Inch (1.27 mn) por rvvvlu:
tion of the driving wheel. 'The wheel ls further graduated
Into 50 divislons thus allowing for fine powitioning to
0,001 tnch (0.0254 mm), _

A turntablo with a 360° protractor is mounted on

\

the traverse for }gy‘unglo meusuromonts. Tho protractor )
is provided with a vernler scale which enablos uﬁglo
monsurement to within ¥ 0,2° accuracy., A potontiometer

was mountod on the spindle of tho protractor with the cup
f1Xod to tho traverss to facilitato another means of moanur-
ing the yuw angleo. ‘The calibration curve for thc‘potnntlov

motor 1¢ glvenw In Flgure, H.8, -0

5.1.3 Threo-Dimenslonal Probe, Prewsure
and Vlpw Anglo Moasuremonts

'Mcuuuromonts in'tﬂe muinaircﬁm - at inlet, and

o#it from the cagcado - wore mado uslng 4 Unitod Sonsor
threo-dlmonslonal probe of thoztypc DA-125-42P-10-CD,  The
probe hnu 7 nunﬁing head diametor cf 0,125 inchos (3.175 mm)
und a rcinforcqmcnt tubinu of 0.250 tnchen (0, 35 mm) =
diametoer, rha'probe has five »enatng ports connocccd to
five bronnuro tako off taps marked 1 through §.- The contro
tap, 1, iu for total prcsauro moaauromonts. 'Tho 1utoru1

tupﬁ 2 und 3 aro for nulling und 9tutic prauuuro mcuauromcnta.

N\
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The tén and bottom taps (4 and 5) ave for pitch angle
moasurements. ‘The probe goeometry is shown in ﬁluuro ho7
Calipratioh curves suppllied by the manufacturer for the

three dimonsionul'prohc are glven In Appendix (2). Total
prewsure moagurements wore sccurato to within 0,84 over

an angular range of T 10°  Moasurements Qero-fuken by |
rotating the probe until the pressures Indicated by tho latoral
taps 2, 3 woro oqual. The pressure ind}fatod by. the five tapsa
and the yaw dngle were then racoraed. The cullb?utinn curven -
fitted with palynnﬁiulu - were used to callbrate the static
prossure, total preﬂsuro. pléch and yaw anglos, !

The prcssurcu WoTe measured using s Setra Transducer,
modol no. %37 setigl noa, 18198. The tvunuducer was a4 bi-
divottional difforontial type with U Tange of - 0 B
lbf/inz (35 cm .water). Spcclftcattons of the transducer
are glven-in Appendix (2). The trensducer was callbrated
using # Dotz manomctor with an accuracy of 0,1 mn
water, Calihrutlon datu iv given in- Mlguve §.9, The output .
from the transducer was.rucorded on a4 Rikadenki chart
r&cuidar'ﬁodol B-281L sorial no, 59682, The output'wu»
checked repeatedly for zero drlfc on & fHlewlott Packard multd-

" metor typo 34702A. Cnlibration waa roponted ﬂrequontly and
Ef‘iilent repoatability wak obtained throughout tha cslibra- 1
tion tosts, S '
| The pvoasurc leada from the probes wore connocted -
to o Scanivalve model 48D3 8/N .453 cgpﬁblo o£ handlinq_du

A

4
N




71

Il remswn mom e vavns cpec s v s vty o aacmar s g e S v e e o -

. -~

0.00 B SR 2 ST

Tt g

a3 e g e ks

'/o(", o L

0'00 i Al Ve . .

0.(\0 fowwncs, i fo~ o -

Hall) e wmmem b

(1Y TR SYSHARRPISUN SISO, 1 (P URN SN SER R A S

v

Chact  Recorter Besswg ix 107 vorut}

'
Pab) ofam e e, w2 wree b e mg vt ooyttt s o i« et
hd ~
h
.
j .0(’ e e WnEes e s [ 2 S e 1 ¥ i ey - Ay v if es e 4 oy ¢ o]
* v
f
b a

n'(,“ (W\rn& o . .,.n.,m.,w R W - e ot s 4,

. 00 W0 4040 ~ 0040 T P ST T R 1T N YT

Manometer Reading (mm wmv) ‘ .

. Pgure 5.0 Transducer CalTbration Duta,

»



RS a2 X1

T2

foparate fnputa: The main accosn to the Scanivalve was
through un iIntormedlate coénoctor panel which facilitated
connection to both the instrumentation and the model.

The chart rucoydud data won digltized uning o
Ruscum Logles Graph Digitizer (model rli). The digitized
datn was recorded on paper thpon and unod with the duta .

reduction program given in Appondix (3),

5.2 loundary layer lastrumentution

Two probes wore munufu;turod fﬁam_étutnlaua u;ecl
‘tublnu for boundary layer mousuroments at the hub and the
casing., ‘The pltot probos shown tn Mgure 8,10 wore desiygmad L
to ninimize us much as posulb£o the stem affocé and gﬁggﬁq;
woro provided with u flattonod tip which allawed messure-
ments 1o be made clowe to tho walls, Static proswure tups
word drilled in tho annular wall in the pluna of the probe -
tip. A8tatic taps.on tho Inlat wection, on tha hub and ST
cusing wore locutod at clrcgmforanctul ponitions 4%to 10° |
at 1° intorvals, Total pressure messuroments wore mado
using . the prossure tranyducor in con)unciioh with an uir
dnmpor to minimiza thc fluctuutians in the output signal,
At/cuch reading’ tho was allowcd for tha sianal to stobillze,

Thc avoraao damped ‘signal wax compared with tho avoraged
undampod signul sevoral times and good agreement Was

- obtained throughout, Btatic prouluvou for the houndwry

S

- layer neasuronents. were rp¢ard64 using the transducer olitput,
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5.3  Contre Passage Instrumentation

Provisions wore made for wtatlc pressure measuro-

ments on the walle of the centre hlado pussage, Atotal

~

of 130 static taps woro drillod. at seven axlal statidns
. /
in the test moction as shown In Figure  §.11,
Eah . .

§.3.1 Blade Ytatlc Tupu

The axlal und ludlul coordinates of the static
taps on tho blades ure shown in Mgure 5,12 uqd Higure H,13
At oach ntation five wtatlc taps of T mm dlametor onch
are lucutéd at difforont radial ponitions, fitgtion !
s lqcutod ui the blade !gudinu odge. The taps lﬁ the .
first flve stations ure connocted to. stainlons wteal tubos
at tho bladv onds through luvger hi?au kﬁ.? mm dlametor)
drilfad fﬁ the spunwine dlrouttbhw The atalnlons ntcol i
tubes woere Lﬂuortod into the holos and cpoxlad to prﬁvnnt

leakago. At station numbor 6 small groovos ware cut Lnto

~the blade wall opposite from tho contre pansuge. 'The

stutic'tupu at this logation woro’cunnbctod with stulnlons
stool hypadermic tubinu that wore oxtonded out aof tho ond |
of tho bludow. Thowo tubos were comonted into the grooves
and the b}udo surfacos wore refinished to the original
blade. shape: p | |

ﬂ

- 5.3.2 Annu;ng Wn;l fitatic Tups _ - '%

Tha circumforentinl 1ocntiona of the statle tapn

o~
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on_the annular walls at various axial locations are given
in'Fiéure 4.12 and Table S.1. The centre of the blade passagé
is the reference direction from which all circumferential
locations are measured. The taps, were chamfered

to minimize the error in the measuremeﬁts.»

The stainless steel tubes at the enﬁs of the blades were_
connected to two panels that provided permanent sealing of

the statlc taps (unless measurements were being taken) to
prevent air flow from the outside into the test section.

Each panel is made up of two flastic plates with a soft

rubber packing'sandwiched in between.

'S.4 .Flow Visualization Instrumentation

A sﬁoke probe*was.used for the flbw visualigation
study, Figure 5.14. The probe uses a mixture of twé gases
(anhydrous émmonia and’sulphur dioxide) that form a
dense whlte cloud of ammonla sulphlte downstream of the -
probe tlpS. Because of the large mixing zone, rapid -
diffusion of the smqke does not allow fine trac1ng of’ the'

stream filaments.

o
* Designed by the Nat1ona1 Aerodynamic Laboratory at the

National Aeronaut1Ca1 Establishment in Ottaws, Low Speed
“ Aerodynam1cZLaboratory

. . . .
¢ .
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%

. Table 5.1

Sy,

Circumferentifl Locations of Static Taps
on the Annular Walls at Different Axial
Positions (Measurements are Referred to
the Direction "R" in Figure 4.12)

Section
Number

, SGNjon?;mber-

1 2 3 4 5
Infier Wall © -6.00° 0.00° 3.00° 6.00°
Outer Wall ~ -6.00° 0.00° 3.00° 6.00°
_ Inner Wall o -7.25° -3,05° -0.95° 6.15°
Outer Wall ~ _ -7.00° -2.20° -0.20° “2.60°
Ipner Wall -9,75° -5.75° -3.75° .1,7%°
Outer Wall -8.33° -3.73° -1.43° 0.87° .
Inner Wall -7.83°  -5.93° -4,03° -2.13® -0.23
Quter Wall - .-7.10° -4.87° -7.64° -0.41° 1.82
Inner Wall -1.00°  1.20° 3.40° -5.60° 7.80°
Outer Wall 2.7 3.20° 2120 -4.5°  6.68°
Inner Wall =~ 6.25°  8.05° 11.456._' 14.05° 16.65°
Outer Wall ~°  2.08° * 4.81° 7.55° 10.28° 13.01°
Inner Wall 10.50° 13.5°. 16.50° 18.50° 22.50° .
Outer Wall ©5.00°  8.00° 11.00° 14.00° 17.00°
! ‘ . \\\‘L

—— c
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:1{;/*;’// 1) -The inlet main flow was traversed in the radial

CHAPTER 6
~ SCOPE OF INVESTIGATION

‘The literatufe review presented in Chapter 3
has 1nd1cated that the dependence of the turbine cascade
performance upon the characterlstlcs of inlet flow
boundary layer'is'e problem of fundamental interest. In
this study a series.-of tests were cofiducted through which

the boundary layer disolacement thickness was varied on

“the inner and outer walls of the cascade and the corres-

pondingfflow pafaméters at‘the exit plane of the cascade
were measured. The operating speed at the cascade inlet -
was kept constant at 112 ft/sec (34.14 m/sec). This. speed

5

corresponds to a Reynolds number of 4.73x10” based on the

blade chord. In most of the test data reported in the

° litefature the Reynold's number falls in the range of 109

6;- The series of tests can be summarized as follows:
and circumferential directions. The mid span periodicity
was observed and adjusted where necessary. The boundary.
layer displacement thickness was varied at the inner and

outer warls. The main flow was checked in the radial .

dlrectlon under maximum suction cond1t1ons at each wall
LY

A control parameter was established tg correlate the boundary

_*layer displacement thickness to the pressures_;n the

- P
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corresponding suction chamber. . The procedure‘and'resulté
of these series of tests are given in Chapter 7.

2) The préssu;e distribution on the wall< of tﬁe’
centre.passage was measﬁréd for specific inlet ;o;di;ions.
The results are presented in Chapter 8.

3). SE%}inlet flow conditions were selected for further

measurements at the. exit from the cascade. ° The downstream

>

traverses, corresponding to each inlet boundary layer

condition, included. the measurement of the total pressure,

-

xit endwall boundary
7

flow velocity and direction. Th
layers were also measured.. The local values of the total
. ) o
pressuire loss coefficient and the static pressure coefficient
L , “

were plotted in_{he form of c¢ontour maps. The secondary

v

flow velocities’in the exit plane weré calculated and

¥ - . : ‘
presented in a vector form. The pitchwise averaged values

of the total pressure coefficient, the axial flow velocity
and the deﬁiation in the exit flow angle were also presented.

The secondary loss coefficient was estimated and compared -

‘with some of the correlations reported in the literature.

The results of the 'exit -flow study is given in Chapter 9.

!

¥



. measurements and control at

' CHAPTER § .

INLET FLOW PARAMETERS.
. Q

In this chapter he results of extensive flow

he inlet to the cascade are
presented, The méésﬁrements were taken in the main flow
and .in the endwall boundary layer.

~~

7.1 Main Flow Measurements

7.1.1 Circumferential Distribution of Velocity

' The main-flow\was traverséd in ihe circumferential
direction at three épanyisé‘locations gbrresbonding to

‘Z/H values o§.0.25, 0.5 and 0.75. Readings were taken

with the three-dimensional probe at circumferentjal incre-
"ments of 1° covering a total angle of 40°.. The reference
direction for the. circumferential locations was radial

line "“R" ‘(as shown in Figure 4.12) whlch was the: centre of
the test passage at the leading edge plane The distribution
of the velocity ‘and incidence for Z/H values of 0. 25, 0.5

and 0.75 are given in Figures 7.1, 7.2 and 7.3 respectively.
The veIOC1ty has been expressed as a ratio of the local
values to the mean ve10c1ty across the test passage at mld-
span ( V = 112 Ft/sec (34 %ﬁ~m/sec)) It can be seen-from
Figure 7.2 that the circumferential vafiagion of fﬁg velocity |

at midsban lieés within 10% of fhe'mgan value. The maximum.

83
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velocity at the three spanwise locations occurs at an
angle of 4°. It will be recalled that the geometric
centre of the ﬁassage (as discussed in Chapter 5) faces
an angle of 8.42° at the inner wall (Z/H = 0) and an
angle of 5.610 at the outer wall (Z/H = 1) both calculated
at the upstream measuging station.

A review of the eprrimental.results shown in
Figures 7.1, 7.2 and 7.3 reveals that reasonable periodicity
was.established at the inlet measuring station. Periodicity
here is defined to be the cyclic variation of the velocity
and incidence of the flow as a functioﬂ of the blade pitch;
At the midspan location the periodiéity is faifly satisfiedjf”\\
over a circumferential distance e&tending between the
adjacent passages to the centre of each. The incidence
variation is noticed to be between - 3° over the same
distaﬁce. The periodici%?fﬁloser to the inner wall (Z/H =
0.23) is 'satisfied to a lesser e#teﬁt while near the‘ouper
wall (Z/H = 0.75) the periodicity is satisfactory.

/

7.1.2 Radial Distribution of Velocity

In 6rdef to establish a clear picture of the flow
at the ‘inlet to’ the cascade, several radial traverses
‘wete taken usingthe threeudiwensionél probe. The survey
‘cbvergd the area between the location whéxe.the'maxiﬁum
velocify éccurred'and the locations corresponding to the

geometric centre of the passage at the "inlet measuring
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statign. These locations were selecfed’at circumferential
‘V . —

positions of 4?, 59, 6°,7°, 8°, and 1W0°. The results
‘of these series of tests are giveh in Figures 7.4 through
7.9. Due to the fact that the use of the three diménsional,
probe does not yield accurate data (éarticularly the pitch
angle) in the vicinity of the walls, the resq;rg given
cover only a spanwise distance Z/H, ranging[}rom 10% to
90%$. It was decided to use the boundary layer probes iﬁ
conjunction with the three dimensional probe to obtain the
full range of the velocity distribdtiqn in the radial
direction. The measurements taken using each probe'were
extending beyond the range of the probe and the data'(

obtained in the overlapping zone were averaged around the

junction to produce a fazired curve (complete@;raverses are

discussed in Chapter 9).

At the circumferential location of 0 = 40, the

maximum velocity occurs at the mid span with only a slight

variation in the fange of Z/H from 20% to 85%. It is

. . ( . s
apparent that the gradient of the velocity near the inner
wall starts at'a larger distance than that at the outer

‘wall. The presence of the gradient in thé main flow

&

results in some difficulties in defining the edge of the .
boundary layer, this problem however, will be discussed in

a following section.

o, -

It can be seen that the point ofcﬁaximum velocity

moves closer to the inner wall as 0 increases. For any of’\

£
o

ﬁ Text continued on page 95
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the radial traverses shown, the change in veiocity, however,
over a spanwise range from 0.15 'to 0.85 is no more than
10% of the average value at mjf span.

The éﬁangé of the incidence angle is attfibuted
to the‘ﬁpstream.effect of the blade léading edges. The

cidence variation for any of the radial locauéggi:

tfaversed hai similar patterns. The inéidence increases
from the outer wall to»the inner wall. This is expected
from the geometric set pﬁ.of the blades and the probe at
the measuring stations. The incidence changelln the ‘ .
radial direction is generally within 4°. ‘It ‘should be
noticed that the 1nc1dence at mid span, in the glven range
of © (from 40 to 10 ), is always!p051t1ve

The pltch angle variation in any radial traverse
is within §° err a spanwise range of Z/H from 15% to 85%,
It éhogl&wbe remembered (from Chapter 5) that it was
expected to have an indicgted pitch-éngle within the range

of 4_.82o to 7.4% at. the inlet measurihg station..

7.2 Boundary Layer;Measurements.and Control

.

As shown.from the resu;ts of thg radial di#tribé;ion
of velogiéy it was clear that the'bounda§< layer at the
inner annular wall was relatively thicker ‘than that at the
outer wall. The defiﬂition of the eage o>\fhe bouﬁdary
laygr reQU1red the study of the main flow profile and the

»boundary layer profile. The presence of a gradient - ¢

’

e
£ -
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(although small) in the.main flow required a soﬁewhat
arbitrary criterion to identify the edge of the boundary
léyer. In the case of a simple two dimensieffiyﬁiundary

" layer and for general engineering applications it is

common to use the height at which the velocity reaches

99.5 percent of the value far from the wall. 1In such cases
the free stream fﬁlue is well defined. In the case of an
ill-defined main stream vélocity‘anothér measure must be
established. The following points uere'considered:,' 4

1) If the mair” stream has a dis?}nct shHape (e.g.,
con;}anﬁ velocity, or linear variation with dist;nce from
walls) that distinguishes it from the boundary’layer, iﬁen
it becomes possiﬁle toxidentify the boﬁndéry layer edge .
approximately by visual inspection.

2) Since the velocity gradient in the boundary layep
is generally steeper than the gradient in the main streanm,
the displacement thicknéss will convergé to a ceértain value.
The rate of convergence will be faster in the boundary layer
and, wouid then slow down Qr diverge in the main stream.

3) . Ia }nternal flows, if a’pdtential core exists in'the

flow, then the total pressure remains constant outside the

boundary layer'and varies within the boundary layer. The

deficiency of the total pressure is thus a logical criterion

to detect the extent of viscous effects. -
. \

4) Since the displacement thickness is of more

imporiance to this ,study than the boundary layer thickness ; .

v ————

s - A
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the calculation of the displacement fhi¢kness for different
‘béuqﬂa}y layers with an assumed fixed thickness still yields
the required information.

From the above mentioned discussion it was decided
to use the total pressure as criterion to judge the extent
of the viscous éffects near the walls. R

Preliminary tests-ﬁére conducted 'to estimate the
effectiveness of»the boundary‘layer suction systeq_and

to establish an accurate measurable control parameter for

‘ ! o
further tests. "~The suction system was found capable of

prgvidiné eqough suction to control the boundary layer over
';-reasonable range of the displacement thickness. With
two'exhauster;fans in operation, felow atmospheriﬁ pressures
of up fO'Zﬁ incheslof water (66.04 cm) wa&e obtainable

in the innegr wall, suction .chamber. In the outer wall

csuction chamber a similar arrangemeﬁt gen€rated up to 15

» 4 N A
inches of water (3?.10 cm) as compared to a value of 3 inches

’

(7.62 cm) of water below atmogpheric pressures under no
suction“conditisgs. "The pressure in the control chambers
was accuratgly'reguiated with the aid of the gatg ;alves
mounted on the suction pqyfs. It was found that fine

. regulatioq'of the chamber pressure was required for precise
‘control of,thé boundary layef particularly near thg initial
pressure in the suction chamber. It was algo found that
tﬁé'réad-oug ihstrumengation fof the c?amber pressure must

- be equally sensitive and accurate. In the preliminary

-~

P
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~

testing an ordinary U-tube water manometer was first used
for the chamber pressure measurements at the inner wall.
At the outer walls a U-tube manometer, with a vernier scale

[4
was used as well as a Betz standard manometer. ‘Difficulties

were encountered in setting the pressure in the chambers
to selected values using these types of pressure instru-
mentation. Since it was essential to facilitate a precise
setting technique for the pressure at selected values,
particularly for further measuremenfs of the exit flow
parameters, it was decided to use the iméroved accuracy
of the pressure tranﬁducer for this purpose.’ The signal
from the transducer as displayed on the chart recorder
enabied resetting of the pressure in the control zhamber

to an accuracy of up-to 0.5 mm of water. The refined bound-

ary layer data was thus obtained with a greater degree of

accuracy.
In order to relate the boundary layer characteristics
to the pressure in the suction chambers a control parameter

was defined for the data presentation purposes as follows:

_ Patn ~ Ps.ch.
, §_ = - (7.1)
‘ P Patn ~ Ps.ch.1
where S ' o
Patm is the atmospheric pressure
Ps.ch. "is the préssure in the suction chamber-
under current test conditions. )
Ps ch.1 1S the initial pressure in the suction

x e

PP R
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[N
chamber without suction or injection.

Thus Gé > 1 indicates suction and,ap < 1<{ﬁdicates
injection. i

As mentioned before in Section 7.1.1, the main 4
flow circumferential traverses indicated that the maximum
velocityloécurred at a lotation different from the geometric
centre of the passage. Based on these observations it was
considered appropriate to obtain the boundary layer control
data at two circumferential locations, one corresponding
to the maximum velocity (& = 4° at the inner and Qufer
o

wall) and thé:other near the centre of the passage 6 = 8§

at the inner wall and 6 = 6° at the outer wall).

7.2.1 Inner Wall Boundary Layer Control Data

In order to establish the general characteristics
of the boundary layer, measurements were taken at four
circumferential locations on the inner wall, namely at
6 = 40, 60, 8% and 10°. Surveys wére first conducted
without suction or injection. The results of these four
tests are shown in Figure 7.10,

The measurements extended over a radial distance
of 63.5 mm from ;he wall which correspon@? to approximately
33% of the span. In order to estimate the location of the
edge of the boundary, the total pressure deficiency criterion

(as discussed before) was considered. It was estimated that
! : ‘
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the boundary layer extended up to 36% of the span (63.5 mm)
at the locations where o = 60, 8% and 10?. The experi-
mental readings showed that at o = 4% the boundary layer
was slightly more developed than at othér locatioéns. It
was estimated that thé height of the boundary layer thick-
iness at this ﬁpcatio:gkas approximately 50 mm (about‘26%‘
span). At the estimateg‘boundary layer edges it was noted
that pressure transducer readings indicated a change of
total pressure of less than 1% of the reference dynamic
head at mid span. Jhis variagion was measured over steps
of radial increments of 2.SJC%m.

- The control data of the boundary layer at the
location 6 = 4? is given in Figures 7.11 and 7.12. "The dis-
placement thickness §*, the control parameter ép and the
shape factor qlz corresponding to each test gondition
are also indicated on the diagrams. As mentioned previously,
it was found that the boundary layer was very sensitive
to the applied pressure in the suction chamber particulaély
near the value of Gp = 1. The reduction in é* for values
of suc;ion pressure below -25.4 cm of water were insignifi-
cant. It was apparent, therefore, that §* decreased A
assymfigotically to a minimum value with increased suction.
Accordingly it ‘was decided not to exceed a suction pressure

value of 24.5 cm of water when exit flow tests were conducted.
N ) )
An examination of the boundary layer profiles

. -
obtained under reversed flow conditions in the suction
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Figure 7,12 Boundary Layer Control Data at the Inner

' Wall at o -=-4° (Effect of Transverse
Injection).
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Ehamber (i.e., injection) indicates that the flow may
separate at the inner wall. The corresponding shape factor for
‘these conditions exceeded the value of 1.8, a criterion
for flow separation for two-dimensional boundary layers
@4]. None of the profiles obtained under injection condi-
tions was used in the further examination in the flow in
the exit plane of the cascade.
The data obtained at the circumferential location
& = 8 is given in Figures 7.13 and 7.14. Surveys were conducted
under the same boundary layer control conditions as for

o = 4

7.2.2 Outer Wall Boundary Layer Control Data/

The boundary layer on the outer wall was surveyed
under different control conditions i? a manner similar to
that on’the inner wall. Because of the experience gained
from the preliminary testiﬁg on the inner wall fewer tests
were requiféd to establish the required control conditions
on the oute} wall. At the two chosen locations of 6 = 4°
and 6 = 69 different suction and injection values were
applied. Thé results of this series of test§ are given
in ﬁigures 7.15 through 7.18. It cén‘be seen that the boundar}
layer thicknéss was of the order of 15 mm' ( 8% span) ‘

for the two circumferential locations. The suction required

for bringing the displacement thickness to a minimum value

-~ . o Ty

was of the order. of -10 cmeof watef.

Text corntinued on page 111 .f{g
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7.3 Radial Traverses Under Boundary
Layer Suction-Conditions

In order to ensure that‘Fhe effect of boundary
layer suction was limited to the boundary layer region,
two radial traverses were made at o = 7° with maximum
suction applied at both the inner and outer‘wal}s as
shown in Figures 7.19 and 7.20. A comparison of tﬁese
experimental results with those obtained ﬁnder the condi-
tions of no suction (Figure 7.7) indicated that there was

no significant change in the main flow parameters with

the application of suction.

7.4 -Turbuience Intensi}y
The fufbulence intenéity was measured at three

radial locations at o = 5° at the initiél condition (without
suction) using.a miniature Disa hot wire probe (Model

# SSP14). The probe was. calibrated in‘the potential corxe

of a calibration nozzle (part number 2 in Figure 7.21) over
a speed rang% of up éo 50 m/s. ‘Calibration data for ‘the
pprobe is shown_in Figure 7.22. }At each fadial location
the r.m.s. tﬁrbulence level was measured over a speed'rangg

of (20-50 m/s) (See Figure 7.23).

The percentage turbulence is defined as,

$ turbulence = %-x 100 | .
e .
- r.m.s.x100
- = v dE . (7.2)
. dv ’

Text continued on page 117
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Figure 7.23 Turbulence Intensity at Different
Radial Locations.
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where °
< €rim.s is the r.m.s. ‘level measured
dE : S
v is the slope of the calibration

curve at the speed V,

‘The percentage level as depicted for Figure 7.23 is
within 3% to 6% a value that is comparable with several of

the cascade tests reported in the 1itbrq;ure.
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CHAPTER 8

‘ BLADE SURFACE AND ENDWALL
PRESSURE DISTRIBUTION

<z

.

The pressure on the surfaces of the centre

blade passage was measured at a total of 130 points. The

locations of the static taps on the blade surface and on

the endwalllié given in Chapter 5.3. An overall des-

criptioﬁ of thg‘coordinates'qf the measuring locations
~is given in Figure. 8.1. The results given in this chapter

are for the initial test conditions of no boundary iayer

suction. The pressure distribution expresséd in terms of

a standard static pressure coefficient C defined' in
/4 . .

P
the following manner:

¥

. P-P
st Ty R (3
L 70 Yy '
where .

.Pi is a reference static’p{eséﬁre (free . , :
stream static pressure at éhe inlet ‘ : -%'
ﬁeasur;né s;a;ion): !

? ‘ -%Efi c:t".he corresponding dyné@ic head atltﬁe : o
7 /M ‘ inlet to fﬁe cascade using the mean ’f%ig
; ,'“ v‘/*“ | values of the velocity_obtaiﬁedlat mid . jﬁ€&f
/ . ' ‘ ‘1Spah.‘ _— L )
’ o p. the local’ static pressure on the passage
R o surface. | ) )

Lo L ) 118



? *sadByiIng o8essed

.

aperg oYy uo sde] 2T31B3S JO SUOTIEBD0T T[°§ @indt1yg

.

h

Vzl

, ) . (HOLId 3IDVINIOHI)
. : 001
. ) : 08 .
. 0L
‘ ) oS
- =~
) .wvd . Ot
&) )
09 L, X (4]
RN b bo f : N
S0/ g -
SES o [ &
(S ()4 o ?Q
Sh o < S )
A Y @0 .
& X
. ~ :WO . X
o 3, .
— : L
i
-
=~ ~ . —_ ~ -7} -w
~ \ T — - - - - — - JU
\
\
v \
. ’ \
v \ .
- \ ! -
L 3
" .

‘fl

e e e

v m s A e e et S e S e | e



120

8.1 Blade-Surface Pressure Distribution

¢

Contour maps of the isobars on the blade pressuﬁe

51de‘and suction side are glven in Figures 8.2 and 8.3
respectively. Oﬁ the pressure~surfgce_of the blade
(Figure 8.2).the pressure varies littlg over the first

50% of the chord. Within this region the upper portion

has more uniform pressure distrf%ution.than the lewer
portion of the blade.Radial gradients of pressure are more
noticeable in the lower region near the leading edge.

In the region between 50% akxial chord and the ttalllng
edge, the pressure falls rapidly" and the pressure gradlenu'

is nearly ax1al with slight distortions: near the inner

wall, The asymmetry of the pressure d15tr1but1on pattern -

about the mid span ;ocatlon can be attrlbuted to the
increase in.pitch/chord ratio from the hub to-the tip:

On the suction side of the blade .(Figure 8.3) two
low pressure reg1ons were observed - The first‘region is -
located at about 12% axial chord and-the second region is
at about 60% axial chord. 'The axial pressure gradient is
steepest near the leadlng edge. The-radial pressure gradient
is more apparent | over the reglon extending from 30%
chord te‘the ttailing edge of the blade. ' It is evident
‘that the flow oﬁ the suction surface will have significant
rad1a1 components which can be assocxated with secondary

A
flow ‘pattern in the passage, Ce Gy

v e s e A i p——
v

A

F . e
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OUTER WALL

LEADING EOGE.

"_ TRAILING EDGE -

muea: WALL. .

il PR d .
.o o . 4
) - v .

Flgure 8.2 Statzc Pressure Coeff;uent Contours on ,
. the P/reﬁsufi'e Side of the Blade. - Co
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The blade loading is shown in Figure 8.4 which
describes the condifion'of the static pressure on, the

blade suction side and pressure side s a function of

" axial . chordwise distance at five spanwise locations

(L/H = 7%, 27%, 75% and 945).  Tha blade loading is seen
to be smaller near the end walls (Flgure 8.4 (a § ¢)) and
larger close to 75% span (Figure 8 4 Qn) ~ On the pressure
surface of the blade the pressure changes slowly within
the first 30% of the axlal chord and then drops more

rapidly indi%ating that the acceleration on the pressure

side was mostly gained beyond 50% axial chord. The increase

in pressure near the inner wall and cldse to the leading

‘ edge is associated with the presence aof a radial component -

of the gradaent as mentioned before.

On the suctlon 51de, rapid acceleratlon is not1ced

S

Toup to 12.5% axial chord The pressure then rlses_due to

local separation up to approx1mate1y 30% chord The
pressure then drops.towards ‘the throat reglon (75% chord)
and starts :to rise past the throat till the tralllng edge

The rise’ in pressure beyond the throat 1is due to transverse

,area'changes‘resulting in flow deceleration.’

- HIt.is apparent from Figur®s 8.2, 8.3 and 8.4 that the
spanwise focefien of maxinpum loading (75% §pén)_c§fresponds
to” the 1owest rad1a1 pressure ‘gradient. At;this location‘
the pressure d1str1but1on is. compared w1th a theoretical

two~d1men51onal poten£1a1 flgw model dpe to Stannard 153]
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. «
- -

_Qs shown in Figure 8.5, good agreement is noticed on the
pressure side except for the leading edge zone. On the
suction side, however, some deviations are noticed }gutw
the irend of variation 1is feasonably similar. The devia-'
tions are assoc1ated with the three dlmen51ona1 effects
in the vicinity of the(;uctxon surface (1 e., the roll-up
of the passage vortex from the inlet boundary layer flow)
and the separation pattern on the blade surface. More\

deviation is'observed at other spanwise locations for the

same reasons. Y

8.2 Endwall Pressure Distribution

Isobar contour maps of the inner and outer annular
walls are shown in Figure 8.6 and Figure 8.7 respectively.
The cross channel gradient exté!gs over a larger distapce :
on tﬂe outer endwall than on the inner endwall. This is
in agreement with the low blade loading near the inggr
endwali depicted in Figure 8.4. It is also noticed that the
minimum prgssdre occurs at a‘point shifted away from the
suction side of the bla&e. Langston et al. [44] observed

'a similar 51tuat10n and associated it w1th the local -
;eparatlon occurrlng in the vicinity of the suction 51de
upstrean of,the throat region. The authors noted
‘considefable diffefence between the méasurea endwall-

:pressure and the calculated potznulal flow pressure

* dxstrlbut%on. SJolander [22] fOund ‘that

e e

b e AR e i e won n

e g o i e #
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Figure 8.5 Blade Surface Pressure Distribution
. at Z/H = 75% in Comparison with 2-D
Potential Flow Solution of Ref. [53].
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Flgure 8.6 “Isobars of Static Pressure Coeffzclent
' on r.he Inner Wall.

,
R \
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on the Outar Wall.

"Figure 8.7 Isobars of Statmc Pressure Coeff1c1ent
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‘'remainder of the passage.

130

| . - -

' ) 1
the shear stress' trajectories in the endwall region were

s}

essentially panaliel to the pressure gradient, indigatiﬁg
that the énérgy of the fluid is so small that inertia
effects are unimportant. Thus the endwall p;essure is
dominant in determining the direction of thé endwall shear
stress and consequently the cross channel flow. Accordingly
the cross flow on the outer endwall is expected to extend
over most of the passage. On th_'inner endwall it is
expected to find moTe CTOSS flowAwithin the first 60%

of the chordwise distance in the passage than in the

The pitchwise pressure
distribution on the en&walls at:;he exit measuring statiom

is shown in Figure §.8. e
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" CHAPTER 9
EXIT FLOW PARAMETERS

The flow at thé’exit.measuring station was traversed
for six inlet flow conditions with different combinations
vf boundary layer displacement éhicknesses at the inner
and the outer annular walls. UThe tests were conducted
at an inlet mean velocity of 34.14 m/s (correspondingxto
a Reynolds number of 4,73 x lQS based on the blade chord).

. !
The measurements included the total and static pressure

as well as the flow angles. A complete traverst, covering

NI SVPY

a circumferential distance of twice the blade pitch, was

Y
.

first performed to examine the periodicity of the .flow

T

at ‘the exit from the cascade. During the test,readings

o ——
a

were taken at 16 radial locations (over the annular heighﬁ’
of 7.5 inches (190,5 mm) énd 15 cirqumferential positions
(at 2° increments).- The Temaining tests.covered the center
passage of the cascade with an ayerage of 120 points 1n the
main flow and 20 points.in each of the endwall ﬁvundary _
layers. Measurements in the main £low were taken u51ng

the three dlmen51onaL,f1ve hol probe. -The exit blade B

e
angle was used as a refere

e for measuring the yaw angle, - I
thus the yaw angle measured (Aaz) 1nd1cated the difference - Tﬁ;:j
between the exit flow angle nd the exit blade angle -

* (underturning or overturning)

°

132.
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From the total and static pressure readings, the
loeal total pressure loss coefficient Cpo , and the local

static-pressure coefficient C__ were calculated according

. ps
to the following formulas,
Ps17Po
Cpo S S ” (9.1)
7P "
_ PP : |
CpS = 1——;—;{—2- " . . (9.2)
‘ Z 1
where
. P,1 1s the inlet free stream total pressure
measured at mid span. ’
i Po is the 1local totel pressure at the exit
; . 'measuring plane.
Py is. the inlet free stream static pressure
. corresponding to Pol’
" P is the local static pressure.
: Vl is thezlnlet reference ve10c1ty

From the exit flow veloc1ty, pltch and yaw angles the

ax1al flow velocity as well as the secondary flow veloc1ty

(in- plane velocity of the exit measurxng statlon) ‘can be
_calculated.

v A data reduction program was developed (Appendix 3)°

for calculating the local flow: parameters, the pitchwise '

averaged values and the total pressure loss coefficients.

The program faC111tated data presentatlon 1n severa} forms

-

1nclud1ng contour meps, vector presentatlon of the
.o , _ o \ oY

-

-
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secondary flow and a -three-dimensional illustrafionlof

the local values. In the following sections, the inlet -

. flow conditions selected for the exit plane testing are
Qefined. Maps of the local parameters are présented and
analysed. The pitchwise averaged values 'of the total
pressure loss coefficient and the exit ; le deviation
(Aaz) are studied and compared with previous cascade data.
The overall total preg?ure 1oss'€pefficient and the
secondary loss coefficient are calculated and compared with

Ied

existing correlations.

LA

-9.1  Selected Inlet Flow Conditjions for
" Exit Flow Measurement

In order to examine the influence of the inlet
boundary layer characteristics on the flow at the exit .
from the cascade, it was essential to select those inlet
conditions that were expected to have a significant effect
on the exit flow. In order to sfuay the effect of each
endwall boundary layer as well ‘as their combined effect the
following test conditions at the inlet were con51dered for

further measurements at the exit: . . .

/

1. Initial conditions with no suction at either endwall,

2. Suction applied-at the inner endwéll:

3.. Suction applied at. the outer endwéll.

4. Suction applied at both endWalls (at the same
values of suctlon establlshed for tests 2 and 3)

5. Suctlon applled at both endwalls (at dlfferent

e sy
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values from those for 2 and:3).

6.  Transverse injection at the outer-wall.

'fferenée in the values of the displacement ihickness
at the endwalls presented some difficulty in establishing
' a representative value of &* for the cascade that would
be indicative of‘the boundary layer characteriSt;cs at both
- walls. Since it was required to find such a value, for the
purpose of comparing the losses at the exit with existing
correlations, an a;eraging Procedure for 6; and 53 was
introduced. Two alternatives were proposed.

1. To taﬁe the arithmetic average ofh-ég and 63, i.e.,

Sp = (81 + 833/2 (9.8

°

2. To scale the values of 6? and 6% by the ratio of '

rj and 1, namely,'

' d*r +6"'r
o0
6* = .-—-——————-— ' (g 4)
. ¥ .
av Ty T, 5

It‘shquld be noticed éhat the second.alternative incorp-
orated the relative area of flow in each boundary layer.

Ano?her pOSSlbllltY con51dered was to calculate the loss .in

.. the 1n1et flow by lnteg;atlng the total pressure def1c1t’

toe

over the span. This alternatlve will be con51dered in
a follow1ng gectlon.
Jhe selected control cond1t10ns for further measure-

-

‘ ments. at the exit were chosen such tpat noticeable diffédr-

o o . ~
v ' R : ~ 4

3 .. *
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ences in\G;v existed between different inlet conditions.
The data for these inlet conditions are given in Table
9.1. The corresponding inlet velocity profiles at g = 4°

?

are given in Figures 9.1.

9.2° Total Pressure Loss Contours

The contour maps of the local pressure loss coeffic-
ien; (Qbo) corresponding to the six .selected inlét
conditions aré.shown in Figures 9.2 to 9.7. An incremental
value of A Cpo edhal to 0.1 was chosen ta pravide a }eason-
able ;tmber of contours in each map. The traverse shown
in Figure 9.2 was for the initial ‘inlet condition with no

suction applied and covered the center blade 'passage

extending to the center of each adjacent passage. The
v

overall picture of the loss distribution depicted in Figure

9.2 gave evideﬁce that reasonable periodicity .prevailed ét
the exit meagﬁying plane. M
A A.study of the loss coeffiéient maps for the six

inlef conditions revealed some common features{

1. The presence of a farge high-loss core (Cpo =_0.ﬁ) '
in the region between Z/H = 40% and Z/H = 80%.

2; The presence of'a loss peak located at fhe“
junétion of the blade.trailing eéges and the'

.. inper wall. |

3. The presence of two low-loss _zones,. one élose to

the inner wall (extending up to a 1/H value~w£——:7

SO%j and thejdther'near\the 6uter,wa11 (starting‘

4

e e

_____
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from Z/H = 80%). )
4 ] '

In Figure 9.2 the high-loss core Cpo = 0.6 is seen to
enclose two higher peak zones (Cpo = 0,7) located at

Z/H of approximately 50% and 65%. Figure 9.3 shows the
exit traverse for the case where‘boundary layer suctikn_,
was apblied at the inner wall. The comparison of Figure
9.3 with Figure 9.2 reveals that the removal of some of
the inner endwall boundary layer fluid resulted in a
reduction of the high-loss c&;e area (Cpo = 0.6). It was
also noticed that the inner peak of Cpo = 0.7 completely
disappeared. The outer peak %one (Cpo = (0.7) was still
6bserved wiph a slight reduction in size. It can also be
seen that the low-loss zon% (Cpo = 0.1) loc;ted close to
each endwall (shown in Figure 9.3) have increased in area
with the applied suction.

Shown in Figure 9.4 are the results obtained whgp)
boundary layer suction was applied at the outer wall. é%
comparison qf Figure 9.4 and Figure 9.2 shows that the inner
and(outer peaks of (Cpo = 0.7) were eliminated with
épplication 5f suction. Furtﬁérqore a noticeabie reduction
in the high:loss area of Cpo = 0.6 can be observed. It
can also be noticed that the loss zone of Cpo = (0.3 was

shifted outwards. The outer low-loss zone (C = 0.1)

po

has grown even further and exténded towards the inner wall.
When boundary layer suction was'abplied at both

endwalls (Figure 9.5) a significag: reduction in the high-loss

-
-
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s

core (Cpo = 0.6) was observed.” The reduction is further *
noticed in the cifcumferential direction in the. area N
between Z/H = 40% and Z/H = 60%. The low-loss zones _ o
(Cpo = 0.1) have éxtended in the spanwise direction and o

joined to forq~a single low-loss valley separating the high

loss cores of adjacent passages. When the suction effect

was reduced on both .endwalls the 1oss area (Cpo = 0.6)‘

was observed to increase as shown in Figure 9:6. \
In an attempt to examine th;'exit flow charactér-

istics when low energy fluid is injected at the inlet

endwalls, only one tegt was conducted with transverse

.injection at the outer wall. The test results indicated

’

a definite growth of the loss ‘zhnes (Figure 9.7). The

i

. A
appéarance of even higher peaks within the zone of C 0.6

po

is readily observed in Figure 9.7.
. “ !

In comparing the present experimental results with pre- -
vious data it would appear that the spanwise location of fhe:, 9

high loss core is associated with flow turning,-aspect ratio

. - S
and radial pressure gradients in annular cascades. In tests

reported in the literature og rectilinear cascades the secondary

[

loss cores were normally located near the endwalls ahd the -

suction surface of the blades. . Came [40] conducted
xests on a plane cascade of a 70° turnlng angle varying ‘ ' -

the 1nc1deﬁ§b and the inlet boundary layer displacement . | ; i
th1ckness. ' The author found that loss peaks increased in

* . . Lo

size with upstream boundary layer displacement thickness. << 155\2:
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The results also showed that the location of the loss
_ cores shifted away from the blade suction surface and the
endwall into the passage as flow turning was increased.

Woods [43]' carried out an experimental study on a 132°

turning rectilinear cascade of an impulse type turbine

rotor blade varying the blade aépe t ra . The test -

results indicated the presence of tw fé?ite loss peaks

X

shiftqd away from the end;alls. A region of lowef_loss was
also~obsqéve&“ne T the w511§. As thé blade height was
reduced the reIatlyf position of .the core of the low momentum
fluid was moved_fuifher away ffom the endwall. The loss
gfak.moveé_from.a spanwise location between Z/H of approxi-
mately 15% to a‘}écation of Z/H ;:24% as the aspect ratio

was reduced from 1.036 to 0.592. Thg.author concluded .
thét the éeCQndér& flow influenced the flow in the blade
passage as'wefl.ak that on the blade suction surface boundary
layer. It was pointed out thét the three-dimensioﬁal flow
.had the effect'&f moving the loss peaks rélativel} closer to
the mid-Span location as the blade height was reduced and
fherefére fhat the size of the lower’loss-fégion qea£'theh
endwall inéregsed. Langston [44], in tésts'carried out on
a ractilineér'caSCQde‘of 110° deflection, took measure- -

. ments wighin and outside thé passage at diffegeﬁt axial
»loéations: .Thé loss core was observed to climb up the
'suéfioq surfﬁcé\of“tﬂe blade growing in siz; as the furning
incbeascd}dlong'the éaéé;dé axis. . T@e loss peak aEathe

" exit plane was located at Z/H of appr " 'r;zsi'and <
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loss zone extended up tes48% span from the endwall.

In annular cascades a more fundamental dlfflculty
arises which is of importance to turbine blade rows. The
spanw1se_ ressure gradiefits move the low-energy air along
the span. ThlS effect will cause the loss cores to be
shifted even further into the flow passage Sjolander [22]
carried out tests on an annular cascade of nozzle blades
with 50° deflection. The 'experimental results identified
two loss peaks, each near the suction surface of the blade
at a radial locetion of approximately 25% spae fréom the.
endwall. Rohlik et,al.“[dll showed clearly how low-energy
air originating in the euter wall boundary layer was swept
not merely on the blede surface but all the way down the
trailing ‘edge towards the hub and was finally discharged
near the inner wall. This effect was noficed to increase
. w1th the Mach number of the flow in the passage In this

case. the tip secondary loss was observed to be very snall

and the hub secondary loss was correspondingly larger. The

assessment of the secondary and profilehloss becomes

difficult and the extent to which the profile loss is
.affected is not known. '

The ana1y51s of the tést results presented in )

{40] and [43] suggests that in the present tests the dlS'

placement of the loss cores into the @iddle of the passage
.~ is associated with the cascade-geomeeﬁ>\and flow turning

since the cascade hasa low aspect ratio (1,b), a high
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turning anglé (128.59) qnd a loW inner to outer diameter
ratio (0.667). The variation of pitch/chord ratio along
the span and thé orientation of the blades in the annulus
ére also believed to.affeét the location of the loss cores.
A typical three-dimensional illustration for the variation
of CpD across the exit plane is shown in Figure 9.8.

9.3 The Secondary Flow'pt the
Exit from the Cascade

The secondary flow velocities in the plane of the
exit measuriﬁg station were obfained by calculating the
component of velocity perpendicular to a reference dg;éction
inclined at the blade exit angle. The reference in this
case was the same as that of the genera;ratrices of the
exit duct (Chapter 4). The normal velocity component was
projected along the reference direction onto the plane
of the exit measuring station. The effect af the exit duct
geometry on the pitch angle measurements .(Chapter 5) was .

taken into account. The calculation procedure was
i ‘ »

summarized as follows:

v, =V sin sy | (9,5),;
V. T Y cos By sin ba,/cos a, ' (9.6)
Ve = ViV . D (9.7)
where i o ' | $
.V, = the radial comppneht,of the secondary flow

velocity,’ . "
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. ‘}QE\:?ngentﬁal velocity component in the
. ~

plane of the exit measuring §tation,

<
it

V' = the resultant secondary flow'veiocity
projected onto the plane of the exit

measuring stgtion,

Ay . = the actualpitch angle measured from the
Aa, = the deviation in the exit angle (difference

. " blade angle), - E
@, = the iade’exit angle.

The calculation procedure outlined was incorporated
‘in the data reduction sub-program "Dart" (Appendix 3).
Vectors representing-the secondary.velocify wére plotted at
each location in the exit measuring plane with an arfow
léngth-Prqportiogal to the magn;tude of the velocity. The
vector maps corresponding to the six inlet test conditionms
(discussed in Section 9.2) are‘shoﬁn in Figures é.9-through
9,14, Ia the seéondary flow vector maps for the\complete‘
traverse (ﬁigure 9.9) a }epeg;ed_pattﬁrn is observed in the
aregrsurveyed for the thi'ee"blade: passages. The“pattern
indicates the same type of periodicity depicfed in ‘Figure
9.Z,~ahd is, in'thié respect, eonsisfent with the total
pressure loss pattern, where the areaszdf high loss

coincide closely with the vortex cores.

3
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- The general features of the secondary flow at the
cascade .exit as can be seen from Figures 9.9 through 9.14
can be summarized as follows:

1. Two areas of overturniné are observed, one near the

%

inner wall and one near ‘the outer wal®.

2. The overturning increases with distance away from
7 -the endwalls (overturning of up to 12% was measured).
3. The experimental results also indicate the
presence of a band of-high undertdrning located at
a radial distance IZ/H of approximately 60%.
4. It is also apparent that two vortex cores are
éresent in the exit plane, one located at approximately
50% span and the other at approximately 75% span.

The vector plots show clearly these vortices and

their extent.

The merging of the boundaries of the two vortices
at a spanwise location of approximately 60% is obviously
the reason for the presence of the high underturning band

(maximum values of up to 27° underturning were measured at
thi§ radial lozation).~

The comparispn of six cases tested shows clearly
the»effect'of the inlet boundary layer on the strength of .
the vortex and exit angle deviation iﬁ terms dg_overturning
and under;urning. The ?ppliéation of boundary layer suction
at the inner wall dlone results in a reduction of the

strength of the inner vortex (Figure 9.10). The reduction

oo e e
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in the overturning "associated with this vortex is more

obvious than- the reduction in underturning. A similar

effect was noted on the outer vortex when suction wasg applied
> \ i pp

. on the outer wall (Figure 9.11). Combined suction on both end-

walls (Figures 9.12, 9.13) affected the two vortices in a

s

Eimultqneous fashion. The reduction in underturning in.
this case is more pronounced. Flow injection at the outer

wall, on the other hand, (Figure 9.14) resulted in a

strengthening of tﬁe_vortices and a widening of the area that

they occupied. o . NS
. : It is evident, therefore from the-analysis of the ~ -

&

total pressure loss maps and the secondary flow velocity. :

vectOrs that the vortices are formed by the roll up of the

-Anlet;endwall boundary layers on the'blade sucih;n surface
‘“j;vffé, blch is finally dlscharged at .the center of thelpassage.
- T
P The sequence of the boundary layer f1u1d migration across

~ i

~ the passage is shown schematlcally in Flgure 9.15.

.

9.4 Static Pressure Distributibn ) -

‘

. . The static pressure coeff1c1ent contour maps for
the six cases'under 1nvest1gat1on are shown in Figures 9.16
through.Q.Zl.‘ The static pressure distribution exhibits
a slmllar behaviour to that of the total pressure and
secondary flow veloc1ty The general characteristlcs of the
) statlc pressure distribution’ indicate that the center of
Vort1ca1 motion coincides clesely: w1th the center of ninimum
‘pressure. “The slight shift in some cases can.be attrgbnted

. [y . s * .
'}‘h . . ~ 'Text continued on page .169

v . .
R -~ -
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to two factors:
1. The defiﬂ&tion of tpe secondary flow used in
obtaining the secondary velocity vectors.
2. The instabilify of the measurement of the flow
angles (yaw) at or near the center of the vortices.
(The characteristics of the 5-hole probe are
undetermined iﬁ regions qf\high shear).

N~

9.5 Spanwise Distribution of Pitchwise
"Averaged Flow Parameters

Further information about the patt%i?s of the
o,

cascade losses and exit flow angles were obtained by plotting

‘the averaged loss coefficient (YZ), exit angle deviation

(A%z) and axial velocity (Vaz) for each pitchwise traverse
agajnst the distance along thé span of the blade.

Since the local parameters C Aaz'and Va are a

,po’
function of both radial and circumferential locations

(r,8), the mass averaged parameters can be defined as

f Cpo (r,e)Va,(r,e\)de
S

follows:

"

Y (r)
YA . .
2™, vaa(r,e)de

Cpo(r,e)va(x,u)

Véo(r,e)

(9.8)
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jbaz(r,B)Va(r,B)dB
b, (1) = S
! V. (r,8) da
a
] (9.9)
I ba,(r,0)V, (r,8)
= 8 )
Vv, (r,e)
Va (r,8) ds
v =8 (9.10)
az f :
g7 de S
8
' ) _z_XaW__“"’_L |
8 \

where N6 is the number of circumferential measurements

at the same radius r.

~

The averaged parameters for the six tests are shown
in Figures 9.22 through 9,27 respectively: The exémination
of the averéged parameters iﬁdicates that the two-dimensional
(ﬁrofile) losses are indistinguishéble from the secondary
losses. The general features of the local loss contour
maps discussed before are manifested correspondingly in
the averaged loss Y. The effect of the upstream boundary
layer on the losses is evident. 'At Lﬂis point however it
should Be emphasized that the lo;s coefficient Yz includes
the ioss aPre;dy present in the upstream boundary layer.

The results presentgd alsa do not includé meaéurements wi;hin

the downstream boundary layers. The effect of the upstream

and downstream.boundary layer losses is discussed in

-
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&
subsequent sections of this chapter.

As mentioned before, the displacement of the high

loss region into the passage is associated with low

aspect ratio, high turning and low inner/outer diameter ratro .

of the cascade. Iﬁ Ref. [45] pitchwise,averaéed spanwise
distribution of the losses reveaied that the region of
constant loss near mid-span became'smaller and finally -
vanished, for decreasing aspect ratios. The results also
showed -that the magnitude of the mid-span pitchwise
averaged loss increésed with decreasing blade heights.

In the test results presented by Came [40], the
magnitude and the displacement (away from the endwali) of
the loss core.were found to increase.with flow turning as
well as the upstréam boundary layer displacement thickness.,

_ :From the spanwise variati;n of the mass averaged
'Aaz,.the overturning ;;ar ghe endwa%l, and the uhderturning
near the center of the passage are -quite apparent. The
maximum averaged underturning was found to be of the order
of-18°:‘ The boundary layer suction had the effect‘of

¢

Teducing the maximum underturning. Comparison of the exit

’

angle with several test results reported in the literature

v

indicate that in the present tests the regions of under-
. turning are combined to form a single region. A compari-
son of the maximum underturning with previous results of

1

calculated or measured values- is given in Table 9.2. ’

PRSI Y
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Table 8.2

/

L
Reference Blade Turning Maximum Under-
Angle s turning
s - O
}d Lakshminarayana 24y 1.8
‘ Ml
Moffatt (121 20 TR
, sov ‘ 3°
Rohlik et al. o0® 0o°
lar ) .
: 0
Dixon [17] od. 2 a0
Hawthorne [j9] a0° $°
100° . 18°
Present tests . 128.5° 189"

9.6 Exit Boundary Layer Measuremént ‘

At the initial inlet condition, the'oxit boundary

layers on the inner .and the outer walls were traversed at

- vthree circumferential locations {Figures 9.28,.9.29). At
the geometric‘centers of the passage the boundary lavers
wete measured for the six inlet conditions. The results
aré given. in Figures/§.30 and 9.31. It is nptieed that the
, boundary layer thickness at the passage exit is very sma-ll
in comparison with the thicknesstof the inlet boundar§
layer. At the outer endwall. the houndary layer is‘genérally
“thinner than that on thé inner endwall. Since’thc exit
béundary layer is formed after the inlet boundary layer

%

.
.t \
4 oy - "
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sepapates,‘it is suggested that the inner wall boundary
layer devepreé over a Iongar'distance than that at the
outer wall. Thié also indicates that the separat}on on
the inner wall probably occuryed at a shorter axial dis~
tanéé (from tﬂﬂ leading e&qe) than on the~outer wall,
As mentioned pxeviouxlv, the &Q\\ in the exit
boundary layers was hot included in the meaxurements of.
the local and pitchwise-averaged loss coefficients, Regard-
ing ;he small thickness of‘the boundary layers in compari-
son with the spanﬁise resolution of the tests, its extent
on the pitchwise-averaged loss plots is difficult to assess,
The variation of the thickness across the blade pitch
suggests that &easprqments should be averaged across the
blado pitch However, vegarding the small magnitude of the
lésg associated wftb the oxit boundary layer, -1t was
docidgﬁ to use the profiles obtained at the passage center
‘for the ‘estimation of the losses. The estimated losses thus

‘obtained were found neglibly small in comparison with the

’

- other exit losses as well as the upstream boundary layer

loss. The offect of .the upstream boundary layer on the
‘exit”boundary layer is very small as shown in Figures

9.30 and 9.31,

-

_ Cane [40] found from his tests on a vectilinear

casca%g that' variation of the exit boundary losses with . ¢

-

that of the upstream boundary layer "is .net great" (<20%).

M ’
» N
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9.7 Llosses - Comparison with Cerrelations

The comparison of the cascade secondary losses
with the existing data and correlations requires the

calculation of the'integrated overall loss coefficient

and the secondary loss coefficient., The overall coefficient

of the mass weighted average loss is detfined as follows:

; AP.l.
; Yo \ (9.11)
T o2m’
: | .
where, ~/‘./‘[pol P (r, 0)1 V (r,8) rdrds
APy f rr Tr 8] rdrde L (‘9.1:) ;
b ‘ l 2 v‘
LR T L L (o3
and T SRS TRELLN L o)

.1t should be noted that APS is defined in a manner similar

tO .AP'l - . C ’ o

~The secondary ldss coefficient.can be obtaxnad b\

eubttactin; tha protlle loss from ‘the tctul lp\b, i. e,

>
1 N -

The net secondary loss coefficient Y} is defined as:

Yg

B

!

|

ATRR ! L (9.10)

~ where Yl is the mass avera&ed intet boundary layer lqgs

e

— .
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relative to the exit dynamic pressure.
. i1

9.7.1 Effect of the Exit Measuring
Station Location

The effect of the exit measuring station position
on the measured losses should be accounted for bv esti-
mating the mixing losses. Most of the cascade data reported
in the literature included thé mixing losses, in which‘
case, the measurements Neve taken at some distance
downstream from the cascade (generally of the same &(der
of magni'tude as the chord length), C€ame [40] in his
preliminary tests noted a rising trend for both the profile
and secondary losses with distances downstream from the
cascade up‘to l.iCl_ Further test data presented by the: X
same_ author were obtaingd at a distance of 1.36 C déwnstream
from the cascade. Wolf [§5]) found that the most favourable
position for the exit test plane is in the range of
1.2C to 1.5C downstream from:the trailing edge. fhb rise in
the measured losses, in Wolf 's results, over a distance
ranging from 0.8C to 1.2C was of the order of 13%.
Langston [44] measured the losses at diff;;;nt positions
from the cascade inlet section to a downstream location

.

of 0,75C from the exit section. The losses were found to
rise by aboﬁi 20% over the distance between 0:2C and
0.75C downstream of the exit plane,

In the present study, since the measuring plane is

located at a streamwise distance of only 0.33C from the
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r

trailing edge, it was estimated that the measured losses
should be increased by about 15% to account for the
effect of mixung.

"

9.7.2 Prafile and Secgpda{v Losses

[dexllv the test results should be analvsed to
separate the protile loss, endwéll boundanv layer loss and
the ;econdarv loss associated with the vortey vore. As
‘mentioned esvrliev in this chapter, the differentiaflbn
hetwveen the profile loss and the secondary loss was not
possible, ’

) In ovder to calculate the se}ondary loss the protile
loss theretore is to be pstimuted using existing covrela-
tioﬁs. The available corvelations however do not vaeld '
aqeurate results. Denton [39] examined seven different
correlations comparing them with 79 cascade results and
found that none of them predicted the profile loss
accurately. The author of [39] recohmondéd the mothod of
Ralje and Binsely'ls?l, having the least ervor according to
his study.

"7 For the present anatvsis, tour ditferent covrela-
- tions were used to estimate the protfile loss. A summary
of the measured loss data in comparison with several
correlations is given in Table 9.3, It ‘can be sven that
‘ A s .
although the loss lovel ts high, vet the meuasured overall

total loss coefficient 1s less than that predicted by

,
various corvelations (with the exception of Sodevbery [30}).

’

v b Gt i o
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The variation of the calculated secondarv loss parameter s
. _ ¥
with the relative upstream boundary laver s shown in R
Figure 9,32, The blade loading pavameter 2 in the - . .
loss pavameter—as defined as: ) N T
P " N .
Cl Lo’ o, . '
» ml < —_— * ' -
SR (I SR T ¢ (9. 17y
¢ m \ T
. { ’ !
and . s . X
¢, o2 i {tan o tan a,) cos a (9. 1) :
l ¢ 1 2. m <t
P
/'
Shown n Figuve 9,32 ave the Dunhak [3] and Came:
[40]' correlations as well 8s the nominal value of the . ‘ .
. .
secondary loss parameters used in turbine performance . .

predictions. Other results shown in Figure 9:32 show a
noticeable scétter. In many of these cases the secondary .
loss had to be calculated [40] and $*/C values yoypo hased'on

N .
1/7 power law inlet bounddiry layer profile. It is worth
mentioning that the vatues of &§7C in turbine applications
are within the lower half of the rvange shown., Came [d0] '
mentioned that .in this range the cascade 1@ss is very much

less than the indicated loss i turbines for the same.

§A/C. Commenting on Dunham and Cameds  eovrelation  [41],

g o

Denton mentioned that their covvelation considerably under-

v

-

ostimates the efficiency when ppplied to low aspect

-

ratio multi-stage steam turbines. ‘He found that in order to

obtain a corvect prodiction, the Dunham and Cume secondary .

loss had to be multiplied by 0.35. . The present results

. ° N
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confirm Denton's point since it was found that the Came-
Dunham prediction is about 3.5+times the méasured loss.

It éhould be remembered that for the present results,
the inlet boundary .layer displacement thickness was
évefaged on both endwalls as indicated in Table 9.3. [t
should also be recalled that the secondary loss was ¢
calculated by subtrmacting the pfofile loss (obtained from,
correlations from the total loss.

‘Figure 9.33 shows the variation of the secondary
loss coefficient Y;'with §*/C in comparison with the
results of Wolf ([S55], Kl;in [58] and Came [40]. In
Klein's results no“variation of Yg with si/C was noticed

over the Antire range. Wolf's results indicated ‘that

a maximu&%?é was reached at s;/cko.oq while Came's showed

. a risingg;rend. The present results also indicate a rising
; N

KN

trend. However, it 1s not linear.

i .
Wolf [S55] suggested that 6i:ritk at, which Yg

reaches a maximum must be related to the location at which

w

the inlet boundary layer is deflected just enough to reach
the suction ;urface of the blade. Came associated it with
the main stream deflection rather than the boundary layer
thickness. |

A comparison of the secondary loss parameter with .

the inlet boundary layer loss is shown in Figure 9.34. The

. correlation of the gross secondary flow loss coefficient Yg

with the blade loading parameter does not seem to yield

~
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consistent results with respect té the actual losses as
affected by the inlet boundary layér displacement thickness.
! " The general conclusion that can be drawn from
comparing the secondary losses with qpr;elations‘is.ihat the

. P,
correlations ,overestimate the losses.

9.8 Flow Visualization

In order to obtain more insight into the complex
flow patterns within the blade pa§sage a flow visualization
study was conducted utilizing smoke injection and oil-film

techniques.

9.8.1 Smoke Flow Visualization

Smoke was produced by mixing anhydrous ammonia
ghd sulphur-dioxide using the smoke probe shown in Figure
5.14. The rates of smoke production and injeétion into

the air stream were carefully controlled by means oﬁ?

. pressuré regulators to obtain close matching of thejlocal

smoke velécity andAdirectioﬁ with that of the air ﬁéreamu
Difficulties were encountered with the Smdie diffusion
since the final tracé was formed by the mixing of two jets.
It was also found difficult.to‘pregent the test results
photographically. Since.fhe phopographs cgnnof fhow the
three-dimensional path of the'trgces only projeétions on

¢

the passage endwalls and/or blade surfaces can therefore
P {

, ) .
be envisaged. Mojeover, in regions of low contrast clear
y

. / i i

i
¢
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pictures are difficult to obtain. . ‘ .

¥ B

The smoke was injected at different radial and

.
AR

circumferential locations at the passage inlet. A typical
photograph of the smgie trace is shown in Figure 9.

A summary of the smoke flow visualization test resulfs

can be ;given as follows:

- 1. Smoke 1n]ectedwwx%h4n—th&\endwall boundary 1ayers‘\

was swept towards the sugflon ﬂp&face of the blade
shortly after the leading edge plane. The flow
folfed up into .a vortex climbing up the suction
surface and wa; finaliy discharged near the middie
of the pdssage with considerable diffusion. :
2, The smoke injected neaq‘ghe outer part of the
boundaxy layer élose to the blade pressure surface
was assocxated with larger envelopes of the vortex
indicating that the outer part of the vortex is
forméd from thé Boupdary layer fluid close to the

pressure surface. On the other hand smoke . '

inj cted near the blade suctlon surface within the

bounfdary layer formed spiral motions of smajller s%ze
&

indicating that such fluid formed the inner core |

of the passage voftices. f ' ‘f /

3.' Smoke }nlected within the boundary iayer é?ér the ' ' ;
blade{l@ading edge was divided ihto.two traces, one ‘ :
looping around the suction surface of the blade and

> the other was swept across the channel to the suction
‘ k) ) N

«
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’ ’

side of the next blade. - The swoke thus visualized
was considerably diffused, but it is believed
that at this location the horse-shoe vortex .

was tdentified.

Smoke injected in the mi;iﬂj}rﬂnm near the edge of

the boundary layers was divected towards the end-

walls shartly bdvond the leading edge plane. The
. : 0

flow had a tendency to migrate towavds the blade

suction surtace. .
/

Smoke ~injected near mid-span near the blade pressure

surface followed.the passage. geometry reasonably

well up to an -axial location of about O.YQ/gpd/”

A}

was then slightly displaced towarvds thi/ﬁrossuro
side, '/
Smoks’ injected in tho main stream close to the

suction xurtatc was dxt{uxed xupxdly beyond an

uxxnl di\tunco of uhout 0. 3(

burtace I1ow szuuli~ntlon

’

A mixturo of lamp-black and Kevosene was used for

the passage surface flow vistalization. A thin layer of

the mixturve was spread.as ovenly as possible on the passage
walls {1 order to obtain pictures of roasonable consistency.

A typle:

Figures

1l illustration of an oil-film test run is shown in

9.36 through .39, It should be noted that the

3»gonerhl flow pattorn dobictod from these figures is\cumpaiiblo

\
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with the static pressure contours on the passage walls

discussed in Chapter 8,

¥

The general featurgs of the passage surface flow

patterns can be summavized as follows.

-~

,\)

1) Blade Pressure Su{face

1. On the blade éressure surtface (Figure 9.3b) the
stagnation iine h;h ls tdentified as a dark strvip
parallel to the leading edge, |

2. In the lower 10;ion there le considerable radial

flow towards the lnnex Nﬂll neai the Ieudlng edge.

- .

ipe radial flow dacxeases gradually towardx the
flailing edge.
3.// In the upper region of the blade surface the flow

looks reasonably two-dimensional.

~

11) Innor Wall R * I

1. ‘ 6§‘tho tnner endwall (Figure 9.§?) the inlet bound-
ary ldyer 1s swept towards the suction sfde.of the
blade in the zone a i n, |

2. A sopar&tion line h j can be identified across the’
channel, " - ' |

3. The cross'chaﬁnel flow in. the neQ endwall bound-+
ary layer is obsorved.to be directed strongly
towards the yuction‘séde in the vogion h i p k and .
gradually gains an axih{.componcnt in tho vogion
kpe T, '

“




4, The horse-shoe voyrtex teg looping around the
suction side of blade A séemod to extend over the

z
zone designatod ax a p d. The flow directien in

i
|
|

the area ¢ p d jfwas opposite to the cross flow
indicating a vorJex motion of an opposite direction
to that of the péssuge vortex, '
8. The flowjdirectidn in the zone b ¢-g was found
difficuft to idéntify. The flow motion in this
area was found to bechaotic. The flow direct{ou
in the area a b g was also vague,
b, The flow in the zone & e f tollowed the hlad&
surface closely. Although & clear separation line
©d e can bo identified it is not'ﬁure whether the’
* - flow in the zo@a d o f was a vesult of the cornev
vortices ov thé log of the ho;se~shbe‘vortex‘
associated with blade B (whié\\iggld not be traced

A

beyond the point i).

ilt) Blade Suction Surface -

1.  Tho two-dimongjonal flow was limited to triangular-
‘shapod:hroa a b r (Figure 9.38) starting from the
leading edge us a bq;» and narvowing down to a point
b. | '

2. The polﬁt b 1s likely the point at which the two

- pagsage vortices merge and depart from the blade

suction surface into the paisage. The traces of the

e - N
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outer edge of the passage-vortices are within the
areas design&#ed as;u i hand r p w.

3. The radial flow emanating from the focal zone t )
have a fan shape. The zone t j also shown in
Figure 9.37 is associated with Jdense c¢ross-channel
flow. A similar pattern 1s observed near the outer

walt.

1tvl  Outer WQLL

The flow traces on the outer wall are shown in
Figure 9.39., The pattern ts seen to he similar to that on
the inner wall. The inlet boundary layer however is noticed
to separate at a distance furtﬂer downstream than that

on the inner wall, t © e

~

L
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k/ Outer Wall

t ) | v Inner Wall
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Figure 9.39 Flow Traces on the Outer Annular Wall.
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\\/J CHAPTER 10
CONCLUSTONS AND -
RECOMMENDATTONS .

In ovder to study the pe‘Prmanc¢ of a highly loaded

N

annular cascade of turb\ge blades, & special test vig -
of hyporboloidal inlet and exit ducts was constructod
and tested. The tests were carried out at a Royholds
number of 4.7x105 (based on the blade chord), vatving

the inlet boundarv layer displacement thickness on bob\
the inneg and outer endwalls. The analysis of extensive
test results obtained at the inlet to the cascade,
coentor passage walls and oxit trom the cascade leads to
the following general conclusions:

1.5 The inlet main flow traverses at several locations

in both the radial and cirvrcumferential divections

indicatod that reasonable periodicity was established

at the inlet moasuring gtution. Adjustment of the
inlet tlow conditions was effected utilizing the
experimontal measuroes provided in the test vig
design. '

2. Tho data obtainod for tho inlet endwalls boundarvy
layer indicated that the average displacement

»

thickness could be controlled within the range

199
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of practical interest for turbine applications,

The Reynolds number and the free stream turbulence

leQel are compatible with most of .the cascade

data reported’in the literature. ’ .

The analysis of the static pressure contour maps

for the center pdssage walls and the results of

the flow?visualization study render a physical

description of the flow behaviour within the

cascade. Two large vortices were visible in the

center of the passage at the cascade exit. The

vortices were formed by the roll up of the endwall

boundary layers on the‘suction surface of the blade.

The study,of the total pressure loss contour,

flow visualization results and the secondary flow

patterns at the exit measuring station revealed ’

some interesting ¥aatgpes:

i A high ldfé\cdfé was found in the middle of

| tﬁg blade passage with two peaks enclosedr

ii  Two large vortices were detééted coinciding

& with the high-loss core, one vortex correspond-.
ing to each loss peak within the core.

111 The two counter rotating Ygﬁi}ces-merged into a

band of high underturning.

iv Two low-loss zones were identified near the

endwalls, c

‘~v Two' smaller areas of high loss were located at

N\

—~

¥
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the blade trailing edge junctions with the
inner walls. < , a
The comtrol of the inlet endwall boundary

‘;ﬁyérs indicated that each boundary layer,

[ 13

ad a direct contribution to the corresponding
loss peak of the high loss core as well as the
corresponding vortex.
The area of the high loss core and the associated
high underturning were reduced with the reduction
of the inlet endwall boundary layer displace-
ment thickness. ‘ '

to the merging of the two secondary vortices in

middle of the passage, the profile loss could

W, ~ - '
be distinguished from the seci?dary loss. The

profile loss was, therefore, estimated using

existing correlations,

The exit boundary layer measured at the exit from
the cascade was found to be very small and the
losses associated with it were found negligible.
Comparison of the overall and the secondary loss
coefficients with existing prediction moéels
indicated that most of thé available correlations

overestimate the losses.




Suggestions for Further Studies .

202

1.

The effect™6f the location of the exit measuring
statio; requires further investigation in order
to assess the losses due to mixing. /1
The efféct of the flow incidence.can be examined
using different inlet ducts to provide various
inlet flow angles.

The effect of the orientation of the blades in

the annulus can be further studied. It is suggested
to reposition the blades such that the trailing
edges coincide with the radial direction.
Further measurements within the blade passage may
lead to a better understanding of the vortex forma-
tion as well as the endwall boundary layer

! .

behaviour.:

It is strongly recommended to construct a recti-

j=d

linear counterpart to the present a?nular cascade

test rig. The new test rig wodld serve several,

purposes:

i C8mparison of the general performance
characteristics of the annular and recti-
linear cascades. Since in annular cascades,

the radial pressure gradient and the varying

pitch/chord ratio:undoubtedly influence the

location of the secondary vortices at the

exit from the cascade, the extent of such - L

N
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1)

effects can be assessed through the study of

the difference in the performance of the two s

rigs. >

“The two-dimensional (profile) loss can be

readily measured, since it is anticipated that
the two passage vortices would be separated

R .
from each other in the rectilinear cascade.

iii Considering the flexibility of the réctilinear

cascade rigs, the effect of various parameters
can be studied (e.g., S§/C, H/C, incidence,
61,...etc.) with the aim of obtaining a complete

data record for the given blade profile. v/
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Specifications of the Pressure Transducer

Model

Range

Maximum overload

Excitation

. Full range outp?t

Zero output

Non-linearity
Hysteresis

Ambient operating
temperature limits

Compensated temperature
range -

Thermal zero shift

* Thermal coefticient

of sensitivAity

Acceleration response

Volume increase
due to F.R. pressure

Natural frequency

’

Output noise

<

Setra 237 low range pressure
transducer (capacitance type sensor),

Y 05 psid (¥ 3447.878 Pa) bidirectional.

100 psi, positive direction, 2.5 psi

in negative direction.

24 volts D.C., 25 ma, nominal.

+ .
- 2.5 volts, nominal.

<

100 mv at 77°F (-0.010 volts).

v

<

0.25% of full range output,
(best straight line-method).
<1 0.1% of full range output,

(infinite resolution).

- 0°F to 175°F

30°F to 150°F
+

<1 0.015% full range 1°r, 30°F
to 150°F.\ A

< ¥ 0.01% full range 1°F, 30°F
to 150°F. (-

< 0.0002 psi/g typical.

5

1 x 10° 2 cubic inches.

~-5000 Hz nominai.. e

< 5§ mv R.M.S.
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PROGRAM TST ( INPUT, OUTPUT, TAPES® INPUT, TAPE6=QUTIUT)

DIMENSION 7.(20),DR(20),R(20), THETA1(20), THETA2(20) ,P11(20,20),
$P2(20, 20) , P3(20,20) , P4AL308,20) , PE(20,20) ,DIV(20,20),PT(20,20),
$I§(20,20) , P ITCH( 20, 204, V( 20, 20) , VA(20, 20) ,CPQ( 20, 20) ,CPS( 20, 20) ,
8Ci'0Y( 20) , CPEY( 20) , D1VY(20) , CPOM(20) , CPSM(20) , DIVM(20), VY(20) ,
SVMN{20)

NN AN NENC RN NN N TN I INNENCN N NS S K 3SR AK NG S 3K A R N RN KK

DATA REDUCTION PROGRANM
INPUT DATA......

Z.......ARRAY OF THE RADIAL LOCATIONS MEASURED FROM
THE INNER WALL.

DR..,...ARRAY OF THE RADIAL [INCREMENTS.

R...... . ARRAY OF THE RADIAL LOCATIONS MEASURED FROM
. THE CENTER OF THE ANNULAN CASCADE.

THETAL. . ARRAY OF THE L.H.8. BOUNDARIES OF THE PASSAGE
TRAVERSED IN DEGREES MEASURED FROM THE DIREC-
TION *R*, 7

THETAZ. . ARRAY OF TIE R.H.8. BOUNDARIES OF THE PASSAGE
TRAVERSED [N DEGREFRS MEASURED FROM THE DIREC-
TION *R*.

(P1,P2, ARRAYS OF THE l’l&‘.SSUI\E READINGS OF THE FIVE

P3, P4, HOLE PROBK IN CHART UNITS.

PO L .

DIV.... . ARRAY OF TUE EXI'T' ANGLE DEVIATION (AR EXIT
ANGLE<BLADE EXI'T' ANCLE) %

x
X x
x ES
X x
3 *
 J ®
* X
L 3 x
E 3 x
x X
n |
%
x X
] x
x
x X
x X
x X
x ES
x x
x x
» *x
» x
x* x
»* %
x x
* %
x x
* CALCULATED PARANETERS...... *
* . x
* PT......TOTAL PRESSURE IN MILLIMEITERS OF WATER. »
» x
* PS......8TATIC PRESSURE IN MILLIMETERS OF WATER. *
*: ,
* PITCH...PITCH ANGLE 1N DEGVEES. »
3 - x
% V.......VELOCITY IN (MN/BEC). x
X x
*  VA......AXJAL VELOCITY (M/3EQ). X
»n . X
* CP......LOCAL TOTAL-PIESSURE LOSS-COEFFICIENT. *
»* . *
x CPS.....LOCAL STATIC PRESSURE COKFFICLENT. x
3 3
®  CPOY....PITCHVISE MASS AVERAGED PIESSURE LOSS COEFFI- %
% CLENT. x
»x ®
% CPSY....PITCHWISE MASS AVERAGED STATIC PRESSURE CO- =
" KFFICIENT. , )
3 X x
* DIVY....PITGUWISE MASS AVERAGED EXIT ANOLE DEVIATION., x
x »®
»x x
x n
L L
* »
» ¥
»n »n
" »
»x »
€ n
3 "
» "
t n

CPOM. ... PITCHWIGE ARUTHMATIC AVERAGE TOTAL PRESSURE
LOSS COEFFICIENT..

CPSM. . . .PITCHWISE ARI'THMATIQ AVERAGE STATIC ‘- PLUSSURE
COEFFICIENT.

DIVM. .. .};';'IEIIWIBE ARITHMATIC AVERAGE EXIT ANCLE DEVI-
‘ION, - ‘

VY......PITCUWISE NASS AVERAGED AXIAL VELOGITY,
R ***i**********K******&ﬂ**********************************

a

a

MAT
MAL
MAL
MAL
MAL
MAIL
M\
MAL
MAL
MAL
MAl
MAL
MAL
MAL
MAl
MAL

MAl.

MAL
MAL

1o
a0
340
90
8o
60
70
89
90
100
1o
130
180
140
100
160
170
180
190
200
Q210
220
230
240
280

. 260

270
280
290
800
810
820
380
340
800
860
870
880
800
409
410
420
480
240
400
460
AT
480
490
000
510
820

, 880

50
800
860
87e
689
690
600
610
620
680

680

,600

740
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RN AN NN 2N K NN VR KK N

* *
*  PREPARE PLOTS. . »
* ]

PR T TR RTE TR ERP RS P 3

CALL PLOT(X,Y,-20)
CALL NANE
CALL PLOT(8.0,0.0,-3)

3 K NN AN AN K R NN NN

» ® i
*  READ INPUT DATA. x

w *

AR N NN N KK N KATR N

~ N\

*******&&**k**%**!*i*%*****!*********'**!!l**!**!l***!****&

»
PAT. ., . ATHOSPURRIC PRESSURE IN INCHES OF MERCURY. »
¥
TAT. .. . ATMOSPHERIC  TEMPERATURK IN m:olamr.s FAHREN-~
HEtT, .

NR..... . NUMBKR OF CIRCUMFERENTIAL LOCATIJNS.
NP......NUMBKR OF RADI!AL LUOCATIONS,

YATER

*
X
x
%
»*
x
»
x
*
x
»x
3
] .

x l’S({ soe el INLET NTATIC  PRESNURE IN MPLLIMNIERS OF WA~
x

x

x

x

]
»
*
w
]
]
]
POl..... INLET STACNATION PRESSURE IN MILLIMETERS OF =
L3
n
»
x
X
X

R -
TER
ST K YO N ENCNNEEN G I NEARIENR NRIE G YR N RN N NEIR N 3R XN 0K AN 3 RN K NENEN NN

READ(B, ») PAT, TAT, NR, KP, POL, P8I .
READCS , %) (12¢0) (Je UL NR) L (DNGH) LI 1 NR), CTIETAL(J) \Jw N,
SCTHETAR(J) \J™ 1, mm

DO 1 Jet, Nl\

NCJ= 10, ()+Z(J)

READ(D, ) C(PLOL ) (PACLD)  POCL, 0, PO, J).l'ﬂ(l J),

DIV, J). [=1,K), J-l NI

AR N HEIACR NN R R FHOR AR HOR MR ORI AU KR IOK RN AR
® ¥
* USK THK TRANSDUGER CALIDRATION DATA 70 ODTAIN TUE »
» : L]
®  PRESSUNK READINGS IN MILLIMETERS OF WATER x
* ]
HORAIS NIV I VR IR IO AERATHOR RN IR RAN YR AR AN AR MR RN
«CALL MIRANS(P1,P3: PO, P9, P8, NP NI

!“!m*!************miﬁ***ﬁ“m*¥**H**&*R*l!l**!**t!ﬁ@*'***lm*l

»
*  USE TIE TURKE-DINENT IONAL PRODE  GALIBIATION DATA 'O w
® "
% OBTAIN THE TOTAL, STATIC PRESSURS AND THE PUTCN AN
L] L
¥ GLES. "
» o »
] *

BN 0056 30008 6 A 000 8 A E O 0 X0 R0 2 A SN ARV A A N YOOI 6 SN K R

MAL T80
MAL 760
MAL TTO
MAL VDO
MAL 790
MAL 800
MAL 810
MAL 020
MAL 630
MAI 040
MAL 380
MAL 860
MAL 870
MNALl 880
MAT 890
MAL 900
MAL 910
MAT 020
MAL 980
MAL 940
MAL 930
MAL 960
MAL 970
MAL 980
MAL 990~
MAL1000
MATL1O10
MAL1O20
MAL 100D
MAT 1040
MAI 1000
MAT 1000
MAL1OT0
MALLOBO
MALIO90
HATY 100
MALL L0
MATT 1RO
HATL 10
PMALLLD0
MALLLBO
MALL OO
MALLLETO
MATLLHO
MAL 1190
MAL 1200
MALLQ10
NAT 1220
MAT 1280
MAL 1240
MA 1260
MA L1260
MA11270

“MAT 1200

MAT1290
MALIBOO

MAaltote

MAL1OE0
MA T 1010
NA L1040
NAL1300
NALLOGD
MALHUTO
HALLB00
NALLUOO
NAL 1400
NAL1d£0
NA L1940
MALI4U0
MAT 1440
MAL 1400
NAT 1400
NA T 1470
NAJ 14030

.};\\- .,

RTINS
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CALL .PRID(P L, P2, P4, P8, P ITCH, PT, P8, NP, NR)

-
100N IR NE NN A0 NE AT AN S NE D0 S A0 T2 AN K Nt 2 5 NENE A 0 N 300 00 NNE SEA T VENENE e N 0 W e
» ? ’

. * USE THX POTENTIONNTER (‘ALIl\l\Al‘loN DATA 1O ODTAIN THE »
*

’« KXIT ANGLK DEVIATION IN DEGREES. *
" *
AT SRR ————

CALL POTR(DIV, NP K1)

AORNORAR RO RN N NERI VORI RN ROK K RN R AR AN TR NN

»n »
®  GALCULATE THE FLOW VELOGUTY IN ' FIv/8KQD) . %
an 4 *®

LA AL LLE RSB LR EREEESLE RS C AL EMNAEESEERELELEE LTS DT LT

CALL, VEL(PAT,TAT, 'S, P'T, V, NP NIL

NSO 0 AR S0 E NN N N RO NN S NENETEN RN NN NN SR KN N N MR A 3N
% %
*  CALGULATE. THE AX1AL VELOGITY IN (FIVS8KO). *
» »

**mm*%}****mm*&*n*mmwm*m****mm&*m**mm**vmmmmmamt*mmwmmm*mm*
.
GALL VELA(V, VA, PUTCH, DLV, NP, NID

APERFR A R 1K T30 E VT B VE 00N B K ME AT VER N A 200 N9 00 A0 S 20 NE SRR 00 ANE NN N NN N AN BN NI AN M e N
W . . W
*  CALCULATE THE LOCAL PARAMKTEIWN CPO,CPR, " ‘W
» n
30 3N RE U N HENE 2 3 30NN 8 NG SEE A0 A NE O NE N AN 0 A SR SENE LA S RN SO0 N 0K NP0 N O VO

CALL LOCAL(P'T, ¥, POL, P8L,CIO, CP8, NP, NI

m*mm*mmm*mmmmaﬁmmmm&mt*mmq*mm*mwim*mm*m*mmmmw*mm*mmmwm*mm**
» . -
» CAL(}UI.ATE THE PUTCHWINE. MASS AVERAGED AND  ARITUNATIQ
"

m AVERAGE PMWIE’I‘M\B.

N
L
»n
L
L]
ammm*mammm*»mm&um*mmmmmmmmmmm*mmmm*mmmmmmmmw*nmmmmmmmmmmmmm

CALL AV“AGN(OPQ Qry, vy, VA.OPOY CPOM CPRY, CPNN, DIVY, Y
SD VM, VY, VN, NP, Nﬂ) ' v

2

VLI A0 M N A R 0 A D A N O 0 L LR N O SR RS
w L "
®  CALCULATYS 'TUE LOSS DATA. . )

» . : L
S0 AN A0 D0 A 3R 0 2000 00RO 0 A LU O A VY 0 0 AP 96 A LA 00 M0 NCHE A0 V0 0 NN ORI

»

GALL LOBSCIOL, P8Y,PT, VY, DLV, VA, L DR, DT, DPS, PQON, AN, YT, NI, KID

-
NN NN NOR 3NN RER N N
»

«
i WRETE INPUT DATA. %
W ) "
N RN N AN

MAL 1490~
NAL L0V
MALIBLO
MALIORO
MAL1BU0
MAL 140
MAL L0
MAL 8BGO
MAL18TO
NAL LU0
NALIIOO
MAL 1000
MATEOLO
MAL 16330
MAT LOBO
MALLORO
MAL1OJ0
MALLOBOO
MALLOTO
MALLODO
MALLOOQ
MALITOD
MALLT (O
MATL?H0
MALLTO0
MALLT40
MALETOO
NALLTOO
MALLITTO
MNALETOO
MALLTY0
MALLBOQ
MALLOLO
MA L 1DR0
MATtOOO
MAT L0
NAT LOTSO
MATIUOQ
MALLUTO
MA 1 LB
MAL OO0
NAL1VOO
MALIO LG
MNAL 1020
MALIODO
MAL V40
MAL1IOBO
NALID0O
MALIOTO
MALLOHO
MALIYOO
MA LDQO0
MALLGLO
NALQOR0
MA LROBO
MA1Z040
MAIR000
MA Q00O
MALROTO
MA 12000
MALROVO
MAT&LOO
MALRE10
MALLD Q0
MALLLOO
MALR140
MNALRLDO
MAlQt0O
MALGtTO
MA TR LU0

- NA L3100
NAL2200

NALUD L0
NALR2Q0




(Y

N
]

Y

(¢]

b

M

Q
1
Q

% NRUTE QUTPUL TNFORMATION, - ‘ . m
W

CALL NRETLCPAT, TAT NP NI, POL, P81, TUETAL, THETAD, 4, F1, P2, P,
3P4, 1'0, DIV, 2%)

-
AFUNEAN NN 200NN NENHNN KNG A 200 NI -V VE 08 0 0 00 00 A0 R L0 RN PN AV 06 0 AR MDA N 00 3 N

* »
¥ OWPAINSUME D EMENS TONLENS VELOC LY VALUKN, w
., , . »

NE XN TR0 NS NNV SN NV 00N VEHUI W BN TN A 340 NN MR RN

GALL DIMLSNG YN, 47, N
o RN

NERONR NN A AN N N300 NN RN 00 N 0 06 DN 20 0 0 VRV 0 A0 0 V0000 30 O A0 N 20 0 0 9

» . »
W OCPREPANE TUE PLOTTING FRANE, ]
N L]

LEREEEE LR ERERELLECERREEEA R LS DE LS DAL ELL TR LELLLLEL DT

QALLS FRAMKU

e
"

30N N NN N RN DN ML AN E N A0 N AR N0 0 00 NV 00N P 0630 10 6 0 a0 NN DL NN

L »
a0 PLOT TUK KRPRRINKNTAL POINIS, "
» L

300 AR RN R N 30 UENEAN O AN R RN AN T AU 00N DN N O N M

CGALL QRAFNC - VN, 22, 0.0, 01N i\. NIV

LR UL PGP LA ELERELEL LTV UL R LD PR LRV LELE e L LT E

o : X »
O JOIN CETRE POINTR W A QURVE, oW
" ' "

mmmmmmmmm*mmmmm*mmmmunmmmmmmmm*mmmummn*mmm*mnm\*mmmmmmmmmm%

GALL QUUVEL VN, 88,00

GALL PLOT(Q0, 0,0, 0,-) °

Qalil, FUAN . .
CGALL GRAFNCQPOY, 82,00, tIllUll\ N . ‘
QAL QUUIVISC (}l’('\' 2 N

GALL PLOTCRY. 0,0.0,-t)

QALL FIANKY

CALL GRANHIDLIVY, 84,0, 0, llllhll\ N

QALL ‘UIWE(IHV\' 24, N

GALL PLOTCRE. 0,0 ().—(l)

m*mmummmmmmmmmmmmmtmmmummammnmmmmmmmm&mmmm«mmmmumummmummmmm

, L]
O 0 A A N 0 L0 L PO 9 9 LAY A0 0 U LA 00 D0 9N N

QAL WILITED( ¥, VA, 1 PHGEL, DLV, GRO, GR, N, NIV
QAL WRUTEG(QDO¥, QUON, QUSY, QNI DTVY , DIVAL VY, V1, NP, NIV
QALL WIRETESC DT, DPR, 120N, VAN, YF, NIV

QAL FRANES

NUALK 0, 00D

.

3

MATRE00
MALR%40

MAlUQOO -

HAIUY00
NALQRTO
MA tg200
MALZO00
MA L8600
MALat (0
NATQURO
MATRHHO

CMALSQ4G

MATROOO
MA L0060
MAIROYO
MA Y00
MALBOOO
MA G400
MALRa Lo
MALLAQ0
MA 18400
MA 184990
MA 18400
MA L4060
NA 12470
MA 1Q4H0
NA TR400
T MA QB0
MALB G
MATQBS0
MA LUBO0
MA U040
MAl2000
NALLBOO
NALQUTO
J HALQGUG
MA LBt
NATR000
Al 10
ALZOR0
NALAGH0
NA L2040
NALROBO
HA tRd00
NALZATH
NAtGativ
HA QOO0
NATQTOO

NALQYT L .

NALRTQO
MALRTUO0
AA LU0
MA LTG0
HA QYOO
NALRTTO
NA LOTOO
NALQTOO
NA LRBOD
MA IO
NA QUL 0

- NALTRONO

MA QU140
NALQUIO

. NA LRI

MALRUYY
HALIROG0
HA [RU00
NALQOOY
MALROLO
MA 129U
NA 12040
MA thvg0
NA 12900
NALQOOO

i At o meare 5
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mm&m**mummmmmmmu&*nnm*mw&mmnamwmumuummm*mwmmmuumwmmw*&mm*tw

GALL DARTUVHETAL, R, V, DUV, PITQI NP, KR, BOALK)

(h\l.l. PLOTEUD . 0,0, 0, =th)
80P
END

NUNROUTING NAMK

()A‘(‘J l'l;u'l'(vﬁ . 01 0 . 0 'Y "“)
QALL DATR(DD)

QALL LKTTEI(G, 0, tl are. 0 l
QALL, LETTRIVC 10,0 0 awe. 0. 8.9,
Uy

KND

QUILOUTINE MTRANSC L, PR, PO, PO, PO, NP, NI

Q"ﬂ‘QI.II!I‘."..'l‘l’l!"ll!l‘.l.'lﬂll

DIHRNQH)N PLeRo, HO) l‘ﬂ(ﬂb a9 ruceeae), N(RO.RO) fO(R0,80)

DO { Ju g, NR

DO 1 1s g NP

P, JUI‘I 1, 0wy, 470
PROCD A0 T, 0) w00, 170

pact .J)!l’tl( l.\l)*ml.u?ﬂ s
PO D w4 1, 0) #R0. 070

POCE DR E0C 1) wR0L 078
GONTINUR

ARTURN -
END

.O.NKNQDKY)
B, 00

AUBROUTING PRODCP1, PR, PO, 1O, PITOH, 1T, I8, X, M)

l.'Il“IIII..‘IUﬂII‘UICI.I’III"ll‘lllﬂ'l.\i‘

DINRNBLON l'lfﬂ“zﬂl\)ﬁl'ﬂ( uozamﬁmuao.w P4(20,80),10(80,80),

orLTOie N0, 40) ¥

nmmuaum X9, vm.xx(o» w(w.vmuo.nw PEPCRO, 20D , NOJKEDD) ,

+=0,04,0, I? ﬂ.tl'( 6,06,0,77/
0.0 00.0,40. 0/

0 30.0.00‘0.“’.0/‘

‘6\ l\“r‘ .03‘0\00‘0.00.

SACO) , MO

DA'PA W-o “?;"0 0‘."0.‘“\“0030
DATA Y/=46.0,.=00.0, 40, 9.-10.0,
DATAKN/~40. 0, ~00.49, =40, ¢ (=10,0
DATAVYZ 1. 00, | 200, i

OALL LEBQOYORK, A, K, ¥, 8, 0)
(uu.u. l.muu NOIK, 1)) X, VY 0, 9)
Do 1 ;. N

00 | I,

PR T m-mwmu KD =1RC 1K)

R l.K)l( po¢ l\K)‘I‘M LR PR,

l’ 'muu RHM

00!
0.0,

K)

0.4

04, 1, 800/

. “.'I' ll( l K)'MJN( LK "(J-I)Hl'l'ml!( LR

ﬂ
I‘l‘( 1K) R 1) g l‘l'mll( 121:) ol = 1) F e PRPC I X

PEPC L Ko DEPCL, KD wABSC L 1, K
1N r.k)-mwum Fokr+00pe 1, K0)
DT LI O PL( L K

CONTINU

NETURN

END

-l‘l!( LKD

~

MALLOTO

12000
NA14000
NA16000
NALBO 10
NALA020
NA{3000
MALOO%O
HALBOOGO
NALOO6
HAIBOTO
NAL8OH0
NAT8O90
NALG 100

NAM O

NAM RO
NAM W0
NAM 40
NAM 80
NAM 60
NAM 70

W10

Ptk Qe
Ml W
Mt 40
e oo
Mg a0
PR TO
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o
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PR goo
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SUDROUTINE POTR(DIV, N M)
SIABAAANBABRYERRVRRIYNAD

DUHKNELON DLV(20, 8)

DOt Jst, M

DUEI= (N

DIVCL, D eBLvet, H-4,00

DIVCL N sDIVOE, DI w?, 017

GONTIRUR

HETUTWN .

KND t

SUNROUTINE VEL(PAT, TAT, P&, PT, V, N, N
AYAUBURRUINASAWENNNEIRNINRNIFARNNNEY
DINENBION Pﬁ( 20, 96) PT(R0,30) , V(20,20
TN TAT+ 460, 0

DO 1 Jet N

DO ( s, N

HH'!‘A'I‘-I'&N 1. J)/U‘“- Lxqt}

Ny TSSNN

X ARSI PTCL, JY-PEC T,

VL Y0, LBONSQIVTCAXNEN)

JONT INUK

RITURN

BN

ek

SUBIOUTINE VRLACV, VA, PITQIL DIV, N M)
UABNNYUNSURNPBUIRARERDETRESTARIRNPIREN

DIMRNSTON V(24,20 , VA(8Q, 20) ( PIIQI(RKO, 80) ,DIVILO, RO

Pivé, OXATANC £.0) 7100, 0

N e, M

DO s N

AsPUINIC L, Dapt )
Be(DIVCL ) +04 . 8wt N
VACL JY oV 1, D RGONCAY RGOS

(CONTINUX

NEVURN .

END .

SURROUTING LOGALCPT, 16, 1QY, PH1,QPO, QPS, N, 10
HPUSBURANMRANRNNNREVARES (IXTIITRTIRRNTERY I
DINENNION PTCU40, 40) , PRCIO, 1) ,Q'O(H0, 40 , CIRCRO, §0)
DO e 4N

DO 1he N

QPOCL, JIvABICCITCL D =PO1D) 2R E=101) )

QPNCL, ) RATRCCONCE DD =PRD Z/(PRI=PO D)

CONTINUK

INTUIN . .
END

\

HUDROUTINR AVRAGH( QPO, QP& DIV, VA, QI'0Y, QPONM, QVSY, UPEN, DIVY, DIVY,

-qw‘npll-n-nnuopulou-uqqiulauu-luluuvnulnnnhqn-ouluculuul-u-uunn
VY, VH, N} .

l)um“ﬂ !6N QPOCR0,80) , QPRCUO, 80) , DIVIEO, 80) , VA(R0,020) , POV 2 ,
l(“‘()m 90) ' l'UY( aﬁ) m‘ﬂm a0, bl V\‘Z 20) DIVNERD) , VY(Qo) VN80

(
fhog(rebra - : o
CPRY(J) 90, 0 :
DIVY(J) 90,0
VY¢I e 0
QUON(J) %00
QLR S) 0, 0
DELVIN() %0, 0
V(10,0 -
00 .1Ls 4N
0

gar

v
rav
POY
poT
ravr
rot
rat
rot

LOQ

L0Q
LOQ
o0
104
L.0€6
1L.OQ
100
L

10

oo
8o
<40
ao
o
To
60
90

0o

100D
Lo

14

20
i
+0
0o
o
T0
w
U1
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CPEYC DA GPEYC D +OFEC T, JIRVAC L, I
DIVVCD DAV + DIV LD RVAL 1 )
VY(J) s VEEID +VAC T, O

CPOMCJY = CPONC D +QPOC T, DD
QPSM(J) =« GPEM(D +CPNC E, D
DIVMC D s DIVHC D +DIVL, D)

Qrovad) (3!‘3\'( J+EPOC T, JY VAL, )

VMO = VRO +VACT, D) .
GQONTINUN ’

QroY( ) s QrOY(J) /VY(]) ‘
GPRY( ) »GPEY (D) 2VY( D) -~ M

DIVY(H s DIVY(J) /VY(S)

GPONCD s CPOM(J) /FLOAT(N)
CESNCL) = CPENCD) /FLOAT(ND
DIVNCJ) = DIVNCS) ZFLOATCN)

VMOJ) s VIS A FLOAT(N)
CON PINUK -
RICTURN :

KND

SUBROUTINE LOSS(PO(,PE1,PT, PR, DIV, VA, R, DR, DPT, DPH, PORM, PUM, YT, N, I
ll'l..ll“.lllII'IIIIIII,IUQI...II-I--IIll.lllI&.U.‘I'...n‘..I‘IIII
DIMENSION PT(20,20), PH(20,80), DIV(20,20) , VA0, 20) , R(20) , DIRD) ,

SHTINT( R0) , TN R) , HTRD(20) , 8TRV( 20) . )

b Q=1 N

HTRT(J) =@, 0

STIN(J ) =0, 0

NTRINJ) 20, 0

STRV(D) #0,0 ,

PO L=y, N .

HTRTCD CETRT(D +(PTOL D =POD RVAC L J)

HTINCD sNTRECD + (PR L, D -PHIY WVAC L, J)

WEADCD o BTIDC D +DIVO L, D RVAC T, )

HTRVCD »BTRV D +VAC L, D .

CONTINUK :

NTICTCD s 8TIEC ) RIS DRODD

ST YN ETIAC DD WROSD ® DI

ST «NTRDCD) w0 RDREH

HIRVOT) s HTRVC DD * I wDREDD

ﬁ()l:’l‘ (l) NUK . .
4, \ﬁ

tsv.0”

o0, 0 o &

DO, 0

DO BJa g N .

AYA+HTIVEC D) b

De N+ PRI )

Qe Q+RTRIC D)

De EATRVC DD

CQON'S'INUL

DM ACD

DPR= /D

PORMS PO 1 DIT

PAM» PHL+ IS

Y% DIIALN( POIN- 1AM

NETUNN : ;

END .

SURROQUTINK DIMLENC VN, 24, NIV

RN NP NNNERENNCENRT NN URO Y

DIMENBION VMO NID , SACNG

DO § e, NI C .
VM D2VNC )71 10,9 . AV
QON'T' I NUK y :
RETUNN

KND
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AVH
AVR
AVR
Avit
AV
AVt
AVR
AV
AVR
AVHL
AVR
AVR
AVH
AV
AV
AVR
AV
AVR
A

Los

LON
LON
LOS
LON
Las
Lo8
LoN
LOW
LON
Lon
1.0y
Los
LoON

"LoN

LoS
Lo
Lo
Lo
1LON
1.08
10N
Lon
1.08
LON
LON
1.08
Lon
LON
Lo
Lo
1L.ON
Loy
LON
LON
a8

LbiIN

01N
LIN
DIN
DIN
LIN
DIN

too
too
170
1o

90
00
10

220
T
440
260
260
470
200
400
100
010
420
260

4o
40
80
ad
70
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HUBROUTINE WRETRICPAT, TAT, NP, NI POL, PN L, THETAL, THETAR, Z, L, 12,

‘I.ll‘IUlh-'1‘."'lll.‘...ll'.l”‘.-..‘ll..'....l.ll.‘.'l..l.I‘

sI'g, 4, B0, DIV, L /
L DINERNLON TUETA1C20) .'l’lll‘fl‘A'.l('-(()

1, AC30) 2420 P, 200, PA(20,30),

SIU{( 20, 20), P4(20,30) , PUCLIO, 20) , DIV L, 20) ,"THL0, 20)

DIMENNTON WO(Z30,20)

DATA HL 13,18, 14, 10-1,3,0,4,0
DO gt N

PLCNSLD T8

As 'Oy

s - PN

DO At MR

© AN THETALCDDY

DO Alet, ne
THCE, ) *AA
AR=AA+D ©
CONTINUE ,
WRETECO, (0 PAT, TAT, B, A, NP, NIy
WIVETEC 6, 22)
Ke NP+ o
WRETECO 00 (NP 2400 CPHOL, D (1o U XD L Je L )
DO B0 je g, NP
DO 10 J= 1, NN
WOC L, D) a=Pycl, 0
WRITECO, 44 1]
WREIKCO,80) (NP CWOCT, 00, In L, NP Ja NI
o 20 le, NP
0 30 Jet, NN .
OCL, D e-pact, D
WRETK O, 44) 19
WILTTECO, 08 (XPOWOCL,J3, T, NP Je i, 1D
DO 1Y Iet, NP
DO 8O e, NI
WOCT, D= Pacl, D
NRLTK 6, 440 1D
WRETKCO, 00) CNF, (ROCT D e 1N et NID
DO 40 1<, NV
N0 40 Je 1, NR
WO 1, J)re-Tec D
WREJRCO, 440 14
WILLTROG,80) (NP AWOLL ) a1, e 1, N
DO 6O 1e| NP
DO 00 Js i NN
WOU LD e-Piet, D
WRITECo, 44) 10
WILET®C0, 880 (NP, TWROCE Y e 1 NI 0 £ 00
NRITEC0, 06)
WILUTHCo, 08) ¢ N,
DO 3 Ke it KRR
LK = LAK) w100 . 0

(DIVOL D e NPY et N

FORMATC UL~ 7, BX, *EXIT FLOW DATA® *,0X, {0C (100 22, £ {X, “TENT NUMUKR

SCOD "N UK 1000,

LUIX, “ALHOSPIKRIC PRENSHURE. . ... ... s L FTL,
QUIX, SATHOSPHRRL G TEMPRATURE . ..., = 7.4,
BEEX " INDNGT 3TTATIC GAUQE PRESNSURG. . . ... ", K74,
4,

SLEX, CINLAL TOTAL QAUGE PRENNUREK. . ..., F7.2,
‘,

INGUEN MERCURY® -/,
DEQUKEN K-/,
MUILLIMETRIWN NATKR®

MILLINKTERY WATER®

BLIK, *RUMBER OF RADIAL LOGATIONS.......e 43,7,
BUIK, *NO. /OF DATA FOINTH (NANK RADIUMY s *,11,7)
FOWRATE 112227, DK, *LOCATIONSE OF DATA POINTN®., HON, 340 L) /. | D7X,

[ Rdvf FRRENTIAL LOGATIONN
X, “THETA* /) ,
FORMATCROX, 0. 0, s (F8. 1,3%X) © )
FORMATC LWL 27 2 3N el L L")
8s/)
FORMAT(OX, «FFO. U, 7}
FORMATC S/ 7, 01X, *YAW ANGLE® ., IX,9¢ 1w /1)
RETUIN
END

CONGURES) - aTX o TH-) - RIK, ot

IN MILLIMETEIW OF WATENY.  Q1X,80¢ L)
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1H0
190
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230
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S
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0
S
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SUNROUTINE FRAMKI
scaRUSERAEUPIRBNSE
DIMENSTON X(2) ,Y(Q)
Ned

XlLe10.0

YLe 10O

XMARG=4. 0

YMARGe3. 0

XNDIVs (0.0
YNDEIV=10. 0

HXw O, 108

ity=0. 10

XYeyd.0

YN=ib. 7

X200 . d

Xt1)1ep, 0

XM et 0

YOl e0. 0

YO = 100, 0

LI )
R ¢

DATA FMIX, FETYZ0U(FO. D), 601(KT. Q) 7
GALL FAGTORCHM, X, Y, XL, YL, XMARQG, YMARG)

CALL URAKETCXL, YL, XMAIG, YMARW)
CALL DIVIDRCOXL, YL, KMANG, YMARG, XNDIV, YND IV, FMTX, FNTY, 11X, HY,

#XY, YX, Xd)

GALL QRIDOX, Y, XNDLY, YNDIV, M)

CALL LEUTER(4,0.30,0.0,0.0,0.0,41CP0Y)

CALL LETIKNCY,0.208,90.0

HETUNRN
LND

SUMIOUTINKE FRAMEQ

sSNBaNsERNNARENOaY

DIMKNYION X(2D) , YR~

M ik
Xl=t0.0
Yie 18,0
XMANRGU=4. 0
YNALU= 4. 0
XNDIVeD . ¢
YNDIVs10.0
iIX=0. 10
liy=0. 10
Xy»l.,9

YXe U, T

Xue 0, 0

x‘ ')"uo-o
Rd)»i9.0
Y(1)=0.0
Y(8)=100.0

0, i)

DATA FNUX, FMTYZ0UHCFD. 1), 011(FY . 8)/
GALL FAQTOIMM, X, ¥, X1, Yl XMAIG, YHARG)

QALL BIAKETCOXL, YL, XMAIW, YMARG)
CALL DIVIDR( XL, Y1, XMARG, YMARG, XNDLV, YRDLV, FRTX, FICTY, KX, RY,

8XY, Y), Ki»)

(Ml.l. QILDCX, Y XNDEV, YNDIV, M)

GALL LETTEI(4,0.80,0.0,0.0,0,0,41DIVY)

CALL LETTERCU,0.30,90.0,0. 1,7

NETUIN
KRD

0, BitA/1)

FRA

FRA
rRA
[ 1PN
FitA
FIA
FRA
FRA
FRA
FRA
FRA
FRA
FRA
FitA
FIA
FRA
A
FIHA
rFitA
FRa
FRA
FRA
FRA
FRA
FIA
FRA
FRA
MRA

ilA

rha
KA
A
FhA
FIA
FIA
Kia
FIA
FRA
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FIlA
FAA
Fla
FlilA
FILA
FIA
FIA
FilA
ria
A
FRA
FllA
FllA
Fua
A
FIA
FilA
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a0
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SUNROUTING FRAMKO
llllq..ilﬂlh‘l‘.d
DIMKNNION X(d, Y

M=

Nl t0.0

Yho (8.0

XMARG=A . O

YMARG2 %, O

XNDIV 10,0

YNDIVe (0. 0

1X<0. 18 &
Yo, 10

XY« 3.9

YH=0.7

Xi«0. 08

XC11e9, 0

X(Qrwg, 0

Y110, 0

Y e (00, 0

DA'TA FMUX, FMUY/61RS. 1), oH(FT. M)/

CALL FACTORCM, X, Y, XL, YL, XMARU, YNARG)

CALL BRAKKTOXL, YL, KMARG, YMARD)

CALL DIVIDECXL, YT, XMARG, YMARG, XNDLV, YNDIV, FMTX, FICPY, IIX, 1Y,

OXY, YX, Xi)
CALL GRIDOX, Y XNDIV, YNDIV, M)

CGALL LETUOROR,9.30,0.0,6.8,0.0, 20V
CALL LETIER(U,0.30,90.0,0. 1,7, 0, 812471

RITUNN
KND

HUBROUTINYG FIANKY
ANOR AU NS BNNERN
DIMIKNNTON X(QD),Y(R)
N«
Xl tlé. 0
Y12 20.0
XHARGQ (). 0
YNARGD, O
XNDLIVelh, 0
YRDIVe LD, 0
1IXe 0,2
10, 3
Xy}, 0
YX*$.0
X2:0.0
/XCL o= 1,0
X =-0,0
Yl 0. 0
Yidr= o, @
DATA ENYX, FIIYZaIURD, D, all(r7,. 2) /7

GALL FACTONCN, X, VoKL, Y1, XNARG, YMARWD)

QALL DRAKKTOXL, YL XMARG, YNANG)

GALL DIVIDKCXL, YL, XMANG, YNANG, RNDIV, YND LV, FMTK, FNTY, HX, LY,

OXY, YX, X2)
RICTURN
KN

NUBIROUTINE GRAFN(X, Y, N N8, )
SRR URNBURRNTUSINNNERONVYNAY
DIMENNION XN, YOI

AN CR

GALL UNEETO (XU D) YO XX, YY)
GALL ORAFORX, YY 8, R

RICTONN

KND

k8

"RA
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FNA
FRA
FRA
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SUBROUTINE CURVE(X,Y,M)

[ ERRZEREEIEREREEESREEERR N

DIMENS ION XD, Y(PD

MMw M- |

X1sXt 1)

Yi=Y(1) -

CALL UNITTO(X1, Y1, XX, YY)

CALL PLOT(XX,YY,®)

DO 1 1=, MM

CALL UNITTO (XClt 1), YCI+D) , XM, YD

GALL PLOT( XM, YM, 2) '
CON'TINUK -
RETUN e

END

SUBROUTENE WRITEA( V, VA, PITCH, DIV, CPO, CPS, NP, NR)
FEPNABSYERNNNARABESNNANUUEN ARNADNNENNDENANRUNE SN

DIMENSION V(20,20), VA(20,20), PITCH(R0,30),DIV(20,20),CP0O(20,20),
sCIS( 20, 26) ’

DIMENSTON WO(20,20)

WRITE(6, 1 1)

WRITE(O,Q2) (NP, (PITCH(1, ), Ist,NP ) ,J21,N)

DO 10 .= 1, NR

N0 1o Jst,NR

WOCT,J)=VOT,J)¥, 8048

WRITE(6, 13) |

WRIUTEC(6, Q2 (NP, (WOC 1, J0) , [ 2 ,NP) ,J= 1, NR)

N0 20 =1, NP

DO 20 J= ., NR

WOCT,J)sVACT,J)*. Q40

WRITE(6, 183)

WRITE(6,29) (NP, (WOCT,J), In 1 ,NP),Js L, NR)

WRITE(G, 14)

WRITK(6,33) (NP, ( CPOCIT,J), 0= N ), Jnf,NN)

WRITK(6 , 18)

WIITE(6,82) (NP, ( QPSCI,J), Ing, NP ), Jo [, NID

FORMAT( tHI/7/, 80X, "PITQH ANGLE "/, HOX, 1 L( 1}Ix) 7/)

FORMAT( tHL//77, 29X, "VELOGUTY (M/8KC) */, A0X, 10¢ LIw) 2/)
FORMAT( 111,77, Q0X, "AXIAL VELOCITY (M/8KQ) "7, 20X, 18 (%) 2/)
Fglll‘lﬁ'l‘i lll)l////. 17X, *TOTAL PRESSURKE LOSS COEFFIGIENT (CPO) */, 17X,
83T 1Y /v : .
FOJ\\;!AT( Ues77, 49K, *STATIC PRESSURE COKFFICIENT (CP8) */, 10X, 00( (1%
®)//
FORNAT(BX,=F9. 8,/ '
RISTURN
KND

~

Y

SUDROUTINK WRITEO(CQPOY,CPOM, OPEY, CPSM, DIVY, DIV, VY, VX, NP, NIO

l'.‘.."._‘.'..“.l"I‘....--.'.."‘--I-..'H."I.I.!-I..ﬂll‘l

DIMENS ION QPOY(20) ,QPOM(20) , CPEY(20) , APEN(10) , DIVY(20),
eDIVN(20) , VY(20) , VH(20)

WRITEC(6, 11)

Do 10 le g, NIt

VIUITECO, Q2) (COPY( 1) , CPOMC D) ,QPSY( 1), QPEM(D ,DIVY( D  DIVM(D VY1),
BVMC 1)) .

ONTINUE o

FORMATC LHL/ 727, 81X, *PITOUNISE AVERAGED PARAMETERE“/, 81X, 89¢ LI*) /7,
SOX, ‘CPOY", BX“QlON*, BX, "QPEY Y, BX, "CPEN", BX, “DIVY", OX, *DIVN*, BX, 6X,
.'V\"‘.'ﬂ(. “V"‘ Q//) "

FORNAT(OX, UK9. 8,77

RETURN

KND

COR

CUR
CUR
CUR

CUR.

CUR
CuR
QUR
CUR
CUR
GUR
cun
cun

Witl
WRI

WR1
witl
Wil
Wil
Wit
WHl

vl
Wi

Wil
witi

" WRi

Wit
witl
LY
WAl
Wit
wR1
Witl
Wit
Wil
LY
Wiy
Wil
Wi
WRI

WRI

Wil
Wil
WRI

Wil
Wit
Wil
Wit
wiul
WRI
Wil
WR1
wih!

10

20
1)
0
60
60
70
6o
20
100
110
120
130

10

20
8o
40
80
60
70
80
920
100
110
120
1430
140
160
160
170
180
100
200
ato
220
200
240
ano
260
avo.
a0
290
aov
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"SUBROUTINE WRITE4(DPT, DPS, P20M, P2M, YT, NR)

‘Ill'.'IIB..I.'..lll.lllﬂl:ll‘.l‘.""l'ﬂl

WRITE(6,33) DPT, DPS, PAOM, P2M, YT

FORMA'T( tH1~//7,8X, “DPT »*,F9.3//8X, *DI'8 =*,F8.3//,0X, 'PZOM"' FB 3.7
8/ . 8X, "PIM a® l“8 8 27,88, YT

RETURN
END “

SUBROUTINE DART(THETA!,R,V, DIV, PITCH, NP, NR, SCALE)

I EREEERRERREAEREEEREREEERRREIRRSR A2 RRRARERERERRER T

229

“.F8. %

DINENSION THETAL(20),R(20), V(20,30) ,DIV(20, 20), PITCR(20,20)

XN=6.9829

YRe 14, 266

PI»4, 0XATAN(1.0)/180.0
tEn64. BxP1

DO 1 Jst,NR

© AASTHETAL(J)

DO t [*L,NP

As AAXP ]

BsDIVCL, %Pl !
DP=4.83+((R(J)-18.00) /7. 5)%3.58
Ce(PITCHC L, J)+DP) %P1
XNX=R(JIRSINCA)

YY*R(J) *COS(A) -YR

VRSV, D%x8IN(D)

VIV 1,J)1xCO8CC) *SIN(B) 7GOS( K)
DX (VIRGOS(CA) - VIS IN( A) ) *SCALE
DY» (=~ VRRCOS(A) ~VIRSIN(A) ) x8CALE
AAmAAG2. O )

VX XX+DX

VY= YY+DY

GALL UNITTO(XX, YY, XXX, YYY)

CALL UNUTTO( VX, VY, VXX, VYY)

TFOXXX, BEQ.VXX. AND. YYY. £Q. VYY) COTO 1

CALL ARROW( XXX, YYY, VRX,VYY,3)
CONTINUE

RETURN

END

SUBROUTINE BRAKET( ML, YL, XMARG, YMARG)

CALL PLOT(XMARG, YMARG, 3)
CALL PLOT(XL, YMARG,2)
CALL PLOT(XL, YL, 1)

CALL PLOT(XMARG, YL, 1)
CALL PLOT(XMARG, YMARG, 1)
CALL PLOT(XMARG, YMARG, 8)
NETURN

END

SUBROUTINE DIVIDE(XL YL, XMARG , YMARG, XNDIV, YNDIV, FMTX, FMTY, X, RY,

Ill.\ll.Il.-‘.Illll..'l'i-Il-..IIIIQHII.l'.llll..‘l‘ﬂ

SXY, YN, XD

YR'TEP# ( YIL-YMARG) /YNDIV *
XONs XMARG

YOR« YMARG

NDIVX= IFIXCKNDIV) + 3
NDIVYs LI RO VDIV + )

DO 10 KYw{,NDIVY

CALL PLOT(XOR, YOI, 1) _
CALL PLOT(XOR+0. 1, YOR, 2
GALL PLOT(XL~0, {,YOR,8)
GALL PLOT(XL:YOR,@)

QALL. INCI'TO( KNANG, YO, XP, YP)
KNCODEC 10, FITY, YD) YP

QALL LE'I'I‘ER( 19, 1Y, 0. 0, XY, YOR-1Y/2,0, YD)

YO{te YOI+ YBTKP
CONTINUE

I\..II-H'-‘

»

WRI

WRI
WRI
WRI
WR1

DAR

DAR
DAR
DAR
DAR
DAR
DAR
AR
DAR
DAR
DAR
DAR
DAR
DAR
DAR
DAR
DAR
DAR
bAR

DAR
DAR &
DAR ¢
DAR 2

DAR

DAR 2
DAR &
DAR
DAR
DAR &

BRA

BRA
BRA
BRA
RhA

DRA
B
DRA

DIV

DIV
D1V
p1v
Dty
oy
Dly
Dlv
DV
D
D1V
nly
nv
plv
niv
DIV
niv

1e
20
40

80
60

{o
20

30 .

40
8o
60
70
80
20

10
20

40
go
60

a0

20
190
110
120
180
140
180
160

170

-
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20

230

XSTEP» ( XL-XIMARG) /XND 1V

DO 20 KX+ i ,NDIVX

CALL PLOT( XOR. YMARG, 9)

GALL PLOT(XNORW, YMARG+0.1,2)
CALL PLOT(XOR,YL~0.1,3)

CALL PLOT(XOR,YL,2)

CALL INCHTO( XOR, YMARG, XY, YH)
ENCODE( 19, FITTX, XD) XK

CALL LETTER( 10,1X,0.0, HOR~X2, YK, XD
XOR=* XQR+ XBTEP

CONTINUE

RETURN

END

SUBROUTINE UNTARCH, Y, NORK1, NORKZ, M)
NAUANIANRETUVRNIEU IS EARNENSERNDNAN
DIMENS [ON X(M) , Y(M), WORK! (M) , NORK2( M)
DO 1 1=y, M

CALL lmmo()«‘n YO ,WORKLC 1), womcz(m
CALL PLOT(WORK1( 1), WORKZ(1) , 8)

RETURN

END

_ SUBROUTINE STLIN(X1,Z1,%2,22)

llllli.tlu..ﬂ!l-'l-linln-t-lai
gNlTI‘O(Xl vZ1, XX, 22)
G by
¢ 22,XM,2M)
CALL PLOT(XM,.ZM.2)
TURN

.

END

.SUBROUTINE GRID(X,Y,XNBIV, YNDIV,ID

.I.‘.I--II.IIl"llll‘ll.'.l‘.‘..‘.
DIMENSEON R(ID, Y(ID

DELX® ( X(2) ~X( 1)) /¢ XNDIVWg, 0)
DELYS( Y(2)~Y( 1))/ YNDIV2. 0)

NN= IFIXC XND V) %2-1{

MMw 1FIXCYND 1V) %2~ 1

XN KC 1)

YV Y1),

DO 1 l'l.NN

XX+ 10+ DELX

QALL STLIN(XX,YC1) XX‘Y(Q))

no 2 =y, My .

YYs YY4 DELY

CALL STLINCXC 1D, YY, K(2), YY) N
RETURN '

END

D1V
D1V
DIV
DIV
Div
DIV
niv
Div
DIV
niv
DIv
DLV
DIV

UNRT

UNT
UNT
UNT
UNT
UNT
UNT

8TL

8TL
8TL
8TIL,
8TL
8TL
BTL

GRI

CRI
cnl
Ghl
CGHI
Gil
GRJ
Ony
Ont
Gl
e
GR1
Ghl
cnl

- BRI

cnt

180
190
200
210
220
230
240
280
260
270
280
290
300
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