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SUMMARY

Two compressor cascades of aspect ratio 2.10 and 4,83 were
tested up to the stall point in a working section with so0lid side walls.
A change in aspect ratio was obtained by changing the blade chord only.
The blade section profile was the 10CL/30C50, staggered at 36 degrees with
a space-chord ratio of 0,88, and there was no tip clearance. Reynolds
number similarity was maintained but its value was kept above a "ecritical"
value.

Substantial difference in performance is indicated between the
two aspect ratics. The high aspect ratio cascade gives more deflection
at the mid-span near stall, but stalls first. The long chord, low aspect
ratio blade stalls gently whilst a classical type of sudden stall cccurs
at the other aspect ratio, Higher pressure rise coefficient is observed
at the high aspect ratio, increasing slightly with incidence up to the stall
point. Substantially higher spanwise contraction is evident with the low
aspect ratio. The order of magnitude of the increase in axial velocity
for both cascades is remarkably highe

Further tests show that the wall stall, which is present at each
incidence, is different in the two cases. It appears that the flow near
the wall in the long chord blade rotates further in the passage and the
stall near the end wall is more along the blade than along the wall, In
the case of the short chord, the separation areas along the blade and the
wall are approximately equal,.

The results for the overall performance are gensrally consistent
with compressor works.
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Notation
Symbols
A Blade aspect ratio (blade length/blade chord)
AVR  Axial velocity ratio (outlet axial velocity/inlet axisl
velocity)
C Fluid velocity
CL Lift coefficient
P =Py
= 5 Local static pressure coefficient
ec
1
Gx Axial component of velocity
Gy Tangential component of velooity
R =C1l/v Reynolds number
c2
D= o Diffusion ratio
mex
h Blade length
i=a-a’ Incidence angle
K Calibration factor
L Lift force
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1 Bleade chord length
P Totel pressure
p Static pressure
8 Blade spacing
x' Distance along chord measured from leading edge
y Distance along cascade " " " "
z Spanwise distance measured from end wall
a Fluid angle (measured from cascade normal)
&« Blade angle ( " " " ")
# Stagger angle ( " " " ")
p  Fluid density

b=g, —aF Deviation (or boundery layer absolute thickness)
v Kinematic viscosity

s=xa, = a, Deflection (or turning angle)
(b) Subscripts

1

2

max

stall

At inlet

At outlet
Atmospheric
Mean value
Axial
Tangential
Two-dimensional
True

Wedge value
Maximum value

Stall value



1a Introduction

Cascade data is still a reliable basis of compressor design.
Through the cascade model, an indication is gained of the behaviour of
the main design variables such as air outlet angles, losses, pressure rise,
stall-free operating range, etc. Data obtained from systematic cascade
testing is presented in the form of correlations covering a wide range of
geometry and a variety of flow conditions. These conditions have been
selected to simulate, roughly, those encountered in the real machine.

The compressor designer needs cascade information not only to select
the profile that satisfies his design requirements, but also to check on
the performance of the blade sections off-design. It is therefore essential
that the blade element data covers a wide range of operation if the designer
is to assess the overall characteristics of his stage.

The importance of the role of blade aspect ratic in determining
the performance of an axial~flow compressor is well recognised. It has
been shown that the overall characteristics of a compressor stage are adversely
affected by increasing the aspect ratio and that severe wall stall is the
primary cause of the deterioration in performance of high aspect ratio
compressors. It has been suggested that the cause of wall stall must be
found and eliminated if the performance of the high aspect ratio stage is to
be improved.

The influence of aspect ratio on the performance of compressor
cascades was first indicated in work by Erwin and ZEmeryls Their main
conclusion was that the performance of cascades tested in a working section
with porous side walls was unaffected by aspect ratioc., But there was
substantial evidence in Erwin and Emery's work that the performance of
cascades of different aspect ratios was different when tested with solid
side wallse I

In compressor cascades - where the overall pressure gradient is
adverse =~ the wall boundary layer is likely to separate in the corner
bounded by the end wall and the blade suction surface provided the fluid
turning angle is sufficient. Also, the boundary layer, when deflected,
gives rise to secondary motion behind the cascades. The three~dimensional
flow associated with 1he corner separation results in a strong stream
contraction through the central part of the blade passage. None of these
effects exists in a cascade tested in a working section whers the wall
boundary layer is extracted completely.

It is clear that further experimental studiss are needed in which
these effects can be clarified, Most tests on compressor cascades in
which the aspect ratio was the only variable have been restricted to design
point operation,

Carter? (19h5): tested cascades having aspect ratio 1, 2 and 4
at design point. Carter studied the effect of variation in the entry
velocity profile on the losses and concluded that as the profile got worse
the loss peak moved towards the mid-span location., His general conclusion
was that the total loss integreted over the whole blade height increased
as the aspect ratio decreased and the losses were slightly influenced by
changes in the wvelocity profile,
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Rouffignac10 (1957) tested cascades having aspect ratios of

125 and 2,25: in all other aspects the geometry was similar. Inlet

air velocity was fixed, so that Reynolds number similarity was not

maintained, The low aspect ratio cascade produced higher stream contractione

A marked increased in deviation at the walls was evident at the higher

aspect ratio; but this effect may be due to the low Reynolds number of the
test in this case.

Horlock, Shaw, Pollard and Lewkowicz © (1964), in their study of
the effect of Reynolds number of cascade performance, tested cascades having
aspect ratio 2, 3, L4 and L83, The high aspect ratio cascades (500), showed
a marked increase in deviation when Reynolds number was reduced below a
Meritical” value (1.0 x 102)s The low aspect ratio cascade showed little
change in performance at such low Reynolds numbers Pollardl3 (1964) also
concluded thnat the centreline performance was unaffected by secondary flow
developed near the walls for aspect ratios 2 3,0, He suggests that axial
velocity ratio and the aspect ratio are important parameters in determining
the stall poaint,

It was seen from this short review that the performance of
compressor cascades of diff'erent aspect ratios taken up to the stall point
remained to be investigateds This constituted the subject of the work
reported here.

Ze Apparatus
{(a) The wind tunnel

The solid side wall blower tunnel No. 2 of the Mechanical Engineering
Department, Liverpool University, was used for the present investigation,
Modifications of the working section and the traversing equipment were
introduced. The mechanism for incidence varying is shown schematically
in Figc1a

(b) The cascades

Two geometrically identical cascades of profit 10C4/30C50 were
built: one of aspect ratio 2,10 and the other of aspect ratio 4.83. In
order to maintain the ratio of the boundary layer thickness to the blade
length, and thus reduce the number of variasbles, it was necessary to change
the blade chord only, for a change in aspect ratio.

The determination of the chord leugth was governed by (i) the
dimensions of the existing working section, (ii) the space-chord ratio
selected (0.875), and, (iii) the practical minimum number of blades in
cascade, (see Ref. 185. The geometry of the experimental cascades is
summarised by the following table:

A= 2,10 A = .83
Profile 10C4/30C50 10C4/30C50
Space/chord 0487 0,89
Stagger (deg) 36 36
a, and ag(" ) 51 and 21 51 and 24
Chord length (in.) 13080 6
Span (inches) 29 29

m o/
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The blades were made of resin reinforced with fibre glass in the
form of "chop stranded matting". The method of manufacture is described
in detail in Ref. 17+ Excellent surface finish was obteined and warpage
and shrinkage effects were negligible, The blade profile was checked
following a procedure which is described by Gostelow/s Fige 2 shows the
experimental cascades,

(¢) The traversing mechanisms

The cascade tunnel was provided with facilities for traversing the
flow at entry to and exit from the cascade., Spanwise as well as tangential
traversing in a plane at one chord length distance from the leading edge
plane was possible in the upstream region. In the downstream region
traversing in the three mutually perpendicular directions was possible
using a universal type of traversing mechanisme.

(a) Instrumentation and calibration

The preliminary experiments in the early stages of the present
work were carried out using a claw-~type probe assuming that the static
pressure downstream was atmospherice Later on, the validity of this
assunption became doubtful and the need to measure the outlet static pressure
grew when it was decided to use a wedge-type instrument.,

The wedge instrument was calibrated against a standard NFL probe
which was assumed t0 give true readings for total and static pressure, The
calibration experiment was conducted over a range of Reynolds number
corresponding to air speeds from 25 ft/sec to 70 ft/sec and at a turbulence
level which was much the same as that of the actual tests {0+30%)s The
dymamic head calibration factor is defined asas

where P_ : total head from NPL probe {(true)

t
p; ¢ static head from " " (")
Pt total head from wedge probe (true)
p, ¢ static head " " * (false)

A sample of calibration results is given in Fig. 3.

The probe in question was also calibrated for yaw against a
claw=-type probe. From the calibration a reading was established on the
protractor and to which all subsequent angle readings were referred.

3o Experimental Procedure and Investigation

3¢1 Experimental procedure

At the beginning of each experiment, it was essential to attain
reasonably uniform conditions at entry to the cascade. This was obtained
by means of adjusting both top and bottom suction rates and, also, the
included angle of the bottom diffuser. (See Fige 1).

Given/
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Given low free-stream turbulence intensity, sufficiently low values
of Reynolds number give rise to laminar separation over most of the blade
suction surface. This separation may occur at low incidence resulting
in high loss. Horlock, Shaw, Pallard and Lewkowiczi0 have shown that there
is a minimum value of Reynolds number to have no effect on the performance =~
a conclusion which was reached also by Rhodenl?, This "oritical value" is
about 1.0 x 102 for the cascade under investigatione Reynolds number value
in the present work was varied from 1.2 X 105 to 345 x 10°,

3.2 Investigation

The mid-span performance of cascades of different aspect ratios was
first examined. Vhen significant differences in performance became evident,
further tests were conducted in an attempt to explain the differences. In
this respect, surveys of total, static pressure and flow angle were made
extending from the mid~span location to the end wall and covering one blade
pitche Sets of pressure distribution were recorded, not only at centreline,
but also at off-centreline locations gradually approaching the side wall,

Details of the investigation may best be presented by the
following table:

Location ¢ =902, Results on
Test (inches from Degrees Re Fig. Nose

wall)
Mid-section 1% 37 == 26 1.2 x 109 (L4)=~(7)
performance 3¢5 x 1
Profile s 37 == 26 142 x 102== (15)-=(20)
Pressure 3¢5 x 1
Distribution

1 =1 37 and 30 2.0 x 107 (21)-=(24)

Area - traverses Ali~—% 57 and 30 2.0 x 10° (8)=~(11)

$ : Cascade angle to the horizontal direction (see Fige 1)o
4 Discussion*

L+’ The overall centreline performance

The most interesting result is the variation of fluid deflection
with incidence which is shown by Fige. 4a. Whilst there is virtually no
difference in deflection between the two cascades near design, the
deflection from the higher aspect ratioc is markedly higher at near=-stall
operation., # classical type of abrupt stall is exhibited by cascade 5,

—— wmm wEm W Ty mum wem dww wew EER GE e G G wEe wme wwe MM BN WA EE ST DS YEm Shm ey emy e W Saa R Amy GmR Em me S W

* Tor convenience throughout the discussion, casecade of
aspect ratio 4.83 and cascade of aspect ratio 2.10 will be labelled

Cascade 5 and Cascade 2 respectively.
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the type that had been observed by Howell11 and others. Cascade 2 (which
has not been tested by Howell) stalls gently. On the other hand, stalling
of the higher aspect ratio 1s seen to have taken place at an incidence

some 3 degrees less, The negligible effect of Reynolds number on the result
may be seen {rom the plote

The variation of the non-dimens:ional pressure rise produced by the
cascade is given by Fige 4b. Both curves indicate but slight variation in
the pressure coefficient over the incidence range. However, the two results
are significantly different. The reason for this will be made clear later.

The corresponding variation of the fluid outlet angle with incidence
together with the total pressure loss are given by Figs. 5a and 5b. Losses
at cascade 5 suddenly rise at stall to about 16% of the inlet dynanic head,
A gradual increase in the loss coefficient is shown by the low aspect ratio
cascade.

From measurements before and aft of the cascade, the centreline
pitch-averaged axial velocities were derived. The axial velocity ratio

(AVR = E;E/E¥ ) was plotted versus the ratio (cos a1/cos az). If the AVR
1

is taken as a measure of the amount of fluid contraction, then it may be
seen from Fig. 6 that the flow contracts more at the low aspect ratioc. The
order of magnitude of the contraction for both aspect ratios is strikingly
high (130 = 1.40)e The result for cascade 5 is in almost exact agreement
with that obtained by Rhoden!d for aspect ratio 3 but with unity space=chord
ratio., Another important result, seen from the contraction curve, is the
sudden reversal of the curve at stall, for cascade 5, This is associated
with the sharp increase in the total pressure loss of Fige 5b and the
outlet angle of Fig. 5a. Cascade 2 shows a continuing increase in
contraction - which is consistent with the loss and outlet angle variation
observed. Rhoden's results do not show a reversal on the contraction,
probably because he had not stalled his cascaede completelye

L4e2 "Wall stall

Wall stall in compressor cascades has been observed by many research
workerses It is a result of the interaction of the well and the profile
boundary layers in the region bounded by the "end-wall" and the blade suction
surface. The presence of rotation, caused by the secondary vorticity
resulting from the deflection of the wall boundary layer, causes the
separation region to propagate along the blade towards the centreline and the
separation 1s partly elong the wall and partly along the blade. The relative
extent of the separation zone on the wall and the blade depends on the
adverse pressure gradient and the severity of the secondary vorticity lesading
to the rotation of the fluid in the blade passage near the end wall,

Wall stall was also observed by the present author. Figs. 8 = 11
show the total pressure contours behind the cascade, indicating a region of
zero flow in the corner. The measurements were accompanied by severe
unsteadiness in that region. The flow was completelg tangential (an:z 90°)
= the type of flow that had been observed by Horlock® and which was
comprehensively investigated by Armstrong?s The rotation of the total
pressure contours is also evident. OConsiderable growth of the separation
zone with incidence is seen from the plotse. It may be seen also that while
wall separation is present, there is no sign of two-dimensional stall at the
mid=-span even at a high incidence. Figs. 21 = 24 showing the profile
pressure distribution at spanwise locations close to the end wall prove the
existence of partial separation on the blade suction surface in the corner
region,

Jall/
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Wall stall also modifies the outlet angle {rom a compressor cascade
and gives rise to ihe disparity that ogcurs between predictirons from secondary
flow theories and experimente. Horlock®, Horlock, Percival, Louis and
Lakshiminarayana?, and Armstrong! have shown that the maximum variation in
outlet angle from a compressor cascade occurs at more than twice the entry
boundary layer thickmess from the end-wall, This result is confirmed in
Figs. 1J+ and 150

ko3 Increase in axial velocity

The principal eff'ect of well stall is the destruction of the
two-dimensionality of the mainstream and the consequent increase in axial
velocity. The effect of the enormous increase in axial velocity observed on
the pressure rise may be seen from Fige. 25. In this figure the inlet dynamic
head available for pressure rise has been broken down to various components.
It is clear that the increase in axial velocity is the predominant cause of
the deterioration of the static pressure rise coefficients The effect of
total pressure losses is small until close to stell, when it becomes dominante

Lol Total pressure contours

In order to further explain the different performance, detailed
investigation behind the cascade was carried out. Figse 8 - 11 show contours
of non-dimensionalised total pressure relative to the stmospheric condition,
and indicate a difference in the flow pattern behind the cascade. It may be
seen by comparing the plots that the nature of the end-wall stall is differente
The longer chord blade {lower aspect ratio) shows a separation region which
extends more along the blade than along the wall, This is a secondary flow
effect, since, with the longer channel, the flow has time to rotate further.
For the low chord (high aspect ratio) the separation areas on the end-wall
and suction surface are approximately equal. ZFurther, the separation area is
bigger for the lower chord and there is bigger contraction through the
mid-span (see Fig. 6)s This difference in the flow pattern explains the
different per{ormance which haz been discussed. Llhe difference in the fluid
contraction is responsible for the difference in the pressure rise prior to stall.
The stall mechanism determines the hehaviour of the performance therealter.
The considersble movement of the end-wall stall towards the centreline explains
the gradual stall of the low aspect ratio. The continuing increase in axial
velocity shovm by the low aspect ratio cascade (Fige 6) means that the wsake
blockage stays unimportant compared to the wall stall in this case. In the
other case (A = 4.83), the wall stall becomes unimportant at "mainstrean"
stall when the wake blockage has become so large that both the deviation
and the total pressure losses increase sharply and the axial velocity ratio
falls consequently. Again, this effect may be attributed to secondary flowe
Not only is the secondary flow more severe for the low aspect ratio but also
because there is more freedom for rotation its effect is transmitted further
along the blade. This result is seen from Figs. 14 - 15, where the
underturning has its peak at about twice the entry boundary layer thickness
from the wall for cascade 5 whilst the peak occurs at more than three times
the same thickness from the wall in the case of cascade 2. The earlier stall
of cascade 5 may be explained as due to the higher adverse pressure gradient
associated with the smaller contractione

Le5 Profile pressure distribution

Several sets of pressure distributions were recorded for both
cascades. The better unstalled performance of cascade 5 is evident from
Figse 16 and 17. The effect of the difference in axial velocity ratio is
also seen in these plots, being pronounced near stall., Comparison of the

pressu I‘G/
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pressure distribution at sufficiently high incidence (¥ige 18) (when cascade 5
has already stalled) shows the marked deterioration in the pressure
distribution on the rear half of the suction side of the high aspect ratio
blade. Although the axiel velocity ratio is much lower in this case, the
separation of' the boundary layer on the suction side is so severe that the
pressure curve has flattened completely near the trailing edgse.

Figs 24 - 24 show plots of pressure dastribution recorded at each
aspect ratio for off-centreline locations and they correspond to the total
pressure contours of Figss 8 ~ 11 The deterioration of the lift coefficient
near the wall is evidents. These results also confirm the conclusions from
the total pressure contours in that they indicate the blade stall near the
blade end which is induced by the slow moving fluid in the corner region,

Le6 Comparison with compressor results

The performance of axial flow compressors has been shown to be
adversely affected by increase in the blade aspect ratio. High aspect ratio
compressors generally have steep characteristics, whereas low aspect ratio
compressors have a wider range of unstalled operation. There is general
agreement between this result and the cascade result given here, in which a
large incidence range 1s observed, However, the characteristics of low aspect
ratio compressors show higher pressure rise. This is probably due to a
marked drop in the total pressure loss with decrease in the aspect ratio in
the case of the compressor. It 1s the total pressure loss rather than the
increase in axial velocity that is thought to be playing an important role in
affecting the compressor characteristicse This argument is based on results
by Fahmi”, who tested two low speed compressors of aspect ratio 1 and 2.

However, it should be noted that Fahmi's higher aspect ratio is the present
author's lower.

5 Conclusions

(1) The performsnce of cascades varies substantially with aspect ratio

Cascade 5 gives higher deflection near stall and stalls earlier
then cascade 2., The stall of cascade 5 is abrupt and is associated with &
steep incresase in total pressure loss and deviation and a sudden reduction
in axial ratios The stall of cascade 2 is gradual. The low aspect ratio
produces greater contraction on the centreline, especially near stall,

(2) The enormous fluid contraction accounts for the deterioration in
static pressure rise in both cases prior to stall,

(3) The nature of the endw-wall stall changes with aspect ratio

The longer passage of the lower aspect ratio cascade gives the flow
more time to rotate and the separstion area is carried more azlong the blade
than along the wall, In the other case, the separation areas on the end-wall
and the blade are spproximately equal.

(4) The cascade results are generally consistent with compressor
results,
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A.R.C. C.P., No.1103
28th March, 1968
M.R.A. Shaalan

A WIND-TUNNEL INVESTIGATION OF THE STALLING PERFORMANCE
OF TWO COMPRESSOR CASCADES OF DIFFERENT ASPECT RATIOS
AT LOW SPEED

Two compressor cascades of aspect ratio 2.10 and 4.83
were tested up to the stall point in a working section
with solid side walls. A change in aspect ratic was
obtained by changing the blade chord only. The blade
section profile was the 10CL4/30C50, staggered at
36 degrees with a space-chord ratio of 0,88, and there
was no tip clearance. Reynolds number similaraty was
maintained but its wvalue was kept above a "critical"
value,
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The high aspect ratio blade gave more deflection at
mid-span near stall, but it stalled earlier and suddenly.
The low aspect ratio blaede stalled more progressively.
High pressure rise coeffacient is observed at the hagh
aspect ratio, increasing slightly with incidence up to
the stall point. The increase in axial velocity for
both cascades was remarkably high, a greater spanwise
contraction being evident for the low aspect ratio.

Area traverses downstream showed that the wall stall
for the high aspect ratioc blade was nearly equally
distributed between the blade surface and the end wall,
whilst for the low aspect ratic blade it was shifted
towards the blade surface,

The high aspect ratio blade gave more deflection at
mid-span near stall, but it stalled earlier and suddenly.
The low aspect ratio blade stalled more progressively.
High pressure rise coefficient 1s observed at the high
aspect ratio, increasing slightly with incidence up to
the stall point. The increase in axial velocity for
both cascades was remarkably high, a greater spanwise
contraction being evident for the low aspect ratio.

Area traverses downstream showed that the wall stall
for the high aspect ratio blade was nearly equally
distributed between the hlade surface and the end wall,
whilst for the low aspect ratio blade 1t was shifted
towards the blade surface.

The high aspect ratio blade gave more deflection at
mid-span near stall, but 1t stalled earlier and suddenly.
The low aspect ratio blade stalled more progressively.
High pressure rise coefficient 1s observed at the high
aspect ratio, increasing slightly with incidence up to
the stall point. The increase in axial velocity for
both cascades was remarkably high, a greater spanwise
contraction being evident for the low aspect ratio.

Area traverses downstream showed that the wall stall
for the high aspect ratio blade was nearly equally
distributed between the blade surface and the end wall,
whilst for the low aspect ratio blade 1t was shifted
towards the blade surface,
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