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(ABSTRACT)

The oil-film surface flow visualization technique was applied to circular arc compressor blades

in a solid wall, high aspect ratio cascade for the purpose of describing the transition from comer stall

to full blade stall, and the blade surface flow under fully stalled conditions. Photos of the visual-

izations for three stagger angles are presented and analyzed. A map quantitatively describing the

observed boundary layer development at midspan is presented.

The most interesting discovery of the work showed the suction surface flow to be essentially

two-dimensional, in the geometric sense, preceding and following the transition to a fully separated ·

flow at the leading edge. Corner stall was the observed three-dimensional mechanism prior to full

stall. For fully·sta11ed conditions, the three-dimensional mechanism took the form of recirculating

flow regions at the blade ends. Complete separation at the leading edge occurred at lower angles

of attack for the higher stagger angles. Special blade oil—flow tests were conducted to evaluate

Reynolds number and tip clearance effects on boundary layer development.

The experimental work was done as part of a larger research program aimed at measuring and

predicting the stalled performance of a compressor cascade.
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. 1

. 1.0 Introduction and Literature Review

The stable range of operation of an aircraft gas turbine engine is limited by the onset of stall-

related instabilities in the compression system [1].* In an axial·flow compressor, one type of insta-

bility which may occur is the rotating stall phenomenon. Compressor operation in rotating stall is

usually associated with a large reduction in the mass flow and pressure ratio. The resulting low

compressor efficiency may make it impossible to sustain the operation of the gas turbine. Recovery

from rotating stall becomes important and poses a difficult problem because of stall/unstall

hysteresis.

At Virginia Polytechnic Institute and State University (VPI & SU) a research program has

been initiated to investigate the basic mechanisms of axial-flow compressor post-stall behavior.

Hopefully this work will identify blade row designs which will suppress the onset of instability, thus

extending the stable operating range of the engine; and in the event of stall, will exhibit low recovery

hysteresis. Part of the approach taken to the problem involves the study of the stalling process in

a rectilinear compressor cascade. lt is believed that compressor post-stall behavior is related to the

development of cascade flow losses. To evaluate this hypothesis, cascade performance data covering

pre- and post-stall operation is needed. Systematic two·dimensional cascade tests were perforrned

during the l950’s by NACA [2]; and more recently in the l970’s, emphasizing high inlet angles, by

I Numbers in brackets denote references.
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Ikui et al. [3]. Much useful loss and turning angle data were generated, but these tests were limited
to a range of angles of attack between negative and positive stall (the stalling incidence was defined

by a doubling of the minimum total pressure loss). Of the cascade studies which have probed past
the stall limits, interest has been focused on the deterrnination of the speed of stall propagation [4].

The first phase of the present cascade experimental program was accomplished by Tkacik [5]. _

He made operational a high—angle—of-attack cascade test facility, and conducted an initial evaluation
of the performance of the tunnel and that of a single cascade geometry. After making refmements

to the test facility and data acquisition techniques, Yocum [6] is continuing the experimental study

to obtain basic loss and turning angle data for three stagger angles, along with the blade pressureV
profiles. He also plans to use smoke flow visualization to observe the dynamic nature of the stalling

event. In addition to his experimental work, Yocum [6] is developing a mathematical model which

will predict the performance of a fully stalled, compressor blade cascade.

The objective in cascade testing is to have the middle region of the blade row operate under

conditions similar to those of an infrnite cascade. In order to satisfy the criteria of periodicity and

two·dimensionality, the growth of the boundary layers on the cascade walls must be controlled.

NACA [7] has established adequate boundary layer removal techniques employing slots and porous

walls. Such methods were inconvenient in the present test facility because of the planned smoke
l i

flow visualization studies, and were not applied. The cascade walls are solid. To minimize the in-

terference from the walls, the cascade incorporates a large number of blades of high aspect ratio.

But, the literature shows that true two-dimensional conditions (in the aerodynamic sense) cannot

be obtained at midspan without removing the tunnel wall boundary layers.

In view of the above, the study described herein was carried out to evaluate the periodicity and

two-dimensionality obtained in the high-angle—of·attack cascade test facility. The objective of the

tunnel evaluation was not to verify the two·dirnensionality of the flow in the classical sense, but to

observe the development of local three·dirnensional phenomena. As will be explained later in this

chapter, the two-dirnensionality of the flow through the blade row is most appropriately indicated

by a measure of the axial velocity ratio at rnidspan. Yocum [6] will obtain measurements of the

axial velocity ratio through his upstream and downstream traverses. Since the development of

Introduction and Literature Review · 2



losses in a cascade is largely govemed by the nature of the stalling process at the blade surfaces, it
was felt that the cascade research program would benefit from a qualitative knowledge of the blade

boundary layer behavior. Therefore, the primary approach taken to evaluate the quality of the test
i

conditions involves the study of the three-dimensional boundary layer development across the blade

height.

At this point a summary of past research on the boundary layer development in solid-wall
compressor cascades is appropriate. First, attention will be given to the profile boundary layer be-

havior under two·dirnensional conditions. Afterwards, the three-dimensional tunnel wall effects will
be described. To clarify the cascade terminology that appears in the following review, Figure l
shows the principle components of the present cascade test section, and Figure 2 illustrates the

cascade geometry and flow angles.

The basics of boundary layer behavior in a two-dimensional cascade of compressor blades is

discussed in reference 8. The viscous flow at the blade surface can be laminar, transitional, turbu-
lent, separated, and reattached. The growth of the boundary layer is said to be dependent on the

blade chord Reynolds number, free-stream turbulence level, blade surface pressure distribution, and

blade surface roughness. The effect of the latter can be ignored in the present investigation since all

the blades used were polished smooth. i

Much experimental evidence is available on the effects of variation of the blade chord

Reynolds number and the inflow turbulence level [9-13]. The literature showed that for high
Reynolds numbers, laminar to turbulent transition on the blade suction surface can occur naturally.

With natural transition, variations in the Reynolds number and turbulence level have little effect

on the cascade performance. But, if the Reynolds number is reduced below a certain critical value,

transition takes place over a laminar separation bubble. With further drops in Reynolds number,

this bubble extends downstream on the blade surface and causes a rapid increase in profile losses

and a reduction in turning by the cascade. It was found that the point of laminar separation does

not vary significantly with Reynolds number. The critical Reynolds number is dependent on blade

shape, incidence angle, inflow turbulence level, ar1d aspect ratio. For Reynolds numbers below

critical, use of an aspect ratio below two or an increase of the turbulence level up to three percent

Introduction and Literature Review 3
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tends to suppress laminar separation, reducing the associated losses. However, employing a low
aspect ratio has several disadvantages which will be discussed later. Likewise, increasing the turbu-

lence level beyond three percent produces a rise in the profile losses because of the increased energy

dissipation. The critical Reynolds number is typically taken as 1.0 >< l0‘ for high turbulence tunnels

and 2.5 >< l0’ for low turbulence tunnels. In the present cascade experiments at VPI & SU the

critical Reynolds number is of concem because the testing is done within the critical Reynolds
i

number range described above, and at a modest inflow turbulence level of 1.1 percent.

For typical compressor blade sections exposed to flows of high Reynolds number and turbu- _
lence level, Horlock [14], citing the work of other researchers, states that at negative incidences large

regions of laminar flow are observed on the suction surface, followed by a long separation bubble

and a short turbulent reattachment region. On the pressure surface, the flow is predominantly tur-
« bulent. At small positive incidences, turbulent flow quicldy develops on the suction surface, and

on the pressure surface the boundary layer is entirely larninar.

At high angles of attack the boundary layer on the blade suction surface cannot withstand the

excessive adverse pressure gradient and tends to separate, causing the airfoil to stall. Stall usually

occurs before the blade is fully separated. Gault [15] has correlated the type of stalling behavior

observed for an isolated airfoil with Reynolds number and an ordinate representing the curvature

at the nose of the airfoil. Three pure types of stall have been identified. For well—rounded airfoil

noses, separation proceeds from the trailing edge as the angle of attack is increased, producing a

gradual stall and a well-rounded lift curve peak. With sharper airfoil noses, a sudden stall occurs

with an abrupt leading edge separation, resulting in a sharp lift curve peak. For even sharper airfoil
noses, a thin-airfoil stall occurs, in which a leading edge bubble grows slowly downstream as the

angle of attack is increased, producing a gradual stall and a well-rounded lift curve peak with a slight

discontinuity preceding the peak. The stall of any airfoil section can be described by the character-
i istics of one of the above pure types of stall or by a combination of two of the types. Cheers and ‘

Funnell [4], citing results of published experimental investigations, have determined that these three

types of stall appear in propagating stall behavior in compressor cascades.

Introduction and Literature Review 6



As mentioned previously, since the cascade experiments are being carried out in a test section
with solid walls, the periodicity at entry to the blade row and the two-dimensionality in the blade

passage is of concem. On the topic of periodicity, several authors [7,16,l7| report that if the

boundary layers on the horizontal endwalls are allowed to interact with the boundary layers on the

end blades of the cascade, then these blades will stall prematurely. This event could alter the inlet

flow direction to the middle blades of the cascade from that which is desired. The interference from

the end blades can be more pronounced near the stalling point, when the cascade is susceptible to

such dynamic behavior as propagating stall. The periodicity can be improved by maintaining some

. clearance between the end blades and endwalls. In addition, it is recommended that the cascade be

comprised of at least seven blades.

The boundary layers developing on the vertical sidewalls of the tunnel cause departures from

two-dimensionality by producing secondary flows and a contraction of the midspan flow [18,19].

Secondary flows are created in and behind the blade passages when the entering shear flow is turned

by the blade row. The path followed by the secondary flow is illustrated in Figure 3 on page 9.

At the sidewall the circulatory flow travels from the pressure to the suction surface of the blade

passage, causing an overtuming of the downstream flow. In the middle of the blade passage the

- circulatory flow direction is just the opposite, effecting an underturning of the downstream flow.

The effects of secondary flow are more severe as the cascade deflection, and thus the angle of attack

is increased.

The contraction of the midspan flow is brought about by a premature separation in the comer

bounded by the suction surface of the blade and the tunnel sidewall. This comer stall occurs at

design angles of attack and becomes physically more severe as the incidence is increased. Because

of the corner stall the exit axial velocities at midspan are higher than would exist under two-

dimensional conditions. For two·dimensiona1 flow the axial velocity ratio across the cascade is

unity. The axial velocity ratio is defined as

VxzAVR = (H)

h
Introduction and Literature Review 7



The effects of axial velocity ratio greater than unity on cascade performance have been studied
by many researchers, see for example references 7, 20, and 2l. These investigations indicate that an

increase in axial velocity ratio is accompanied by an increase in turning angle, but by a decrease in
static pressure rise across the cascade. The reduced downstream pressures are reflected in lower

_ pressure levels on the blade pressure surface; and gentler adverse pressure gradients on the suction
surface, which tend to suppress the stall at midspan to higher angles of attack.

With solid sidewalls, corner stall poses the most difficult problem in achieving the required

two-dimensionality. Pollard and Gostelow [20] have determined that the secondary flow effects on
the turning angle at midspan are minirnized with an aspect ratio of three; however, the contraction
effects in this region persist to aspect ratios greater than five. In view of this, the two-dirnensionality

of the flow is most appropriately indicated by a measure of the axial velocity ratio at midspan [17].

The contraction effects at midspan are more severe as the aspect ratio is decreased. Shaalan [22]

tested two cascades of different chord lengths, giving aspect ratios of two and five. He found that

the comer stall extended further on the blade surface for the larger blade chord and lower aspect

ratio. He believed the larger chord gave the lower momentum fluid more time to rotate into the

blade passage by secondary flow effects. The difference in the amount of blade stall was reflected

in the axial velocity ratio effects. He discovered that the high aspect ratio cascade stalled first and

suddenly, but gave higher deflection than the low aspect ratio cascade which stalled gradually. The

stalling of the high aspect ratio cascade was due to ordinary two-dirnensional profile separation,

only the stalling incidence was deferred; however, stalling of the low aspect ratio cascade was more

the emergence of the comer stall into the midspan region. Since an aspect ratio of about 4.7 exists

in the blade cascade presently under investigation, stalling characteristics of the high aspect ratio

cascade are expected.

Tip leakage is suggested by Horlock et al. [l9] as a means for preventing corner stall, thus

lessening the contraction effects at midspan. As illustrated ir1 Figure 3, a clearance between the

blade tip and near sidewall allows leakage flow from the blade pressure surface to roll into a vortex

near the suction surface, inducing spanwise flow on the suction surface toward the clearance in

opposition to the secondary and separated flows. On the pressure surface the leakage and secondary

Introduction and Literature Review 8
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l

flows are in the same direction. Through surface flow visualization studies, Horlock et al. [19] de-
termined that there is an optimum tip clearance (in their case a gap/chord ratio of four) at which
the extent of comer stall is minimized and the opposing leakage and secondary flows are balanced.

V Khabbaz and Senoo [23], investigating tip clearance effects on the stall limits of a compressor cas-
cade (in absence of a sidewall boundary layer) have concluded (1) that, near the clearance, stall
occurred at higher angles of ·attack than that for the rest of the blade, and (2) that the direct influ-
ence of the clearance is concentrated in a region near the clearance whose magnitude is of the order
of 25 percent of the chord. Tkacik [5] employed a single gap in his original high·angle-of-attack
studies at VPI & SU; however, Yocum [6] is testing without tip clearance because he desires a

symmetrical flow through the cascade to avoid any possible crossflows at midspan. The present

blade support design did not allow a clearance at both ends of the blade.

In the present study, surface flow visualization was employed to document the structure of the

boundary layers on the blade suction and pressure surfaces across the whole blade span. This
method offered a relatively quick and easy way to identify three-dimensional surface flows. General

studies on the transition from corner stall to full blade stall, and the nature of the blade surface flow
under fully stalled conditions, were conducted for three stagger angles. Special tests were conducted

to ascertain whether testing was done above the critical Reynolds number range, and also to study

tip clearance effects. Photos of the visualization results are presented and analysed. In addition to

the above work, measurements were made upstream of the cascade to evaluate the inflow uni-

forrnity and periodicity with special attention given to the entry sidewall boundary layers. Compu-

tations of the secondary flow in the trailing edge plane of the cascade from the boundary layer

measurements are also presented.

Introduction and Literature Review 10 ‘



. 2.0 Experimental Facilities and Methods

The experimental program included measurements of the cascade inflow velocity distribution

and visualizations of the boundary layer ilows over the cascade blades. The equipment and tech-

niques used to perforrn the experiments are described in this chapter.

2. I Wind Tunnel und Compressor Cuscude

The experimental work was conducted in the high-angle-of-attack cascade test facility designed

by Tkacik [5]. This subsonic open-circuit wind tunnel, located inzthe turbomachinery laboratory

of the Mechanical Engineering Department at VPI & SU, is shown schematically in Figure 4.

Some retinements have been made to the tunnel and new blading has been installed since Tkacik’s

[5] original tests. The following is a_ description of the present test facility.
A

Atmospheric air is forced through the tunnel by a l5·horsepower, Aerovent Model 630 BIA,

centrifugal blower. A valve has been installed at the blower intake so that the velocity of the cascade

. inflow and thus the blade chord Reynolds number can be controlled. From the blower the flow
passes through a diffuser into a 1.22 mz settling section, where straightening and smoothing of the

Experimental Facilities and Methods ll
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1

flow is done by a 8,000 cell, 76.2 mm thick honeycomb section and a series of three screens. Fol-
lowing the settling section, a 16:1 area ratio contraction accelerates the flow and prevents excessive

wall boundary layer thicknesses at the entrance of the cascade test section.

At the time the inlet velocity surveys were taken, the tunnel was modified with apparatus
necessary for Yocum [6] to conduct his smoke flow visualization studies. A supplementary settling

section, containing a full length vertical strut centered in the cross section, was added between the
present settling and nozzle sections. This strut is divided internally into two compartments; the

upstream half removes air from the tunnel and the downstream half accepts a returning smoke—air
mixture. The smoke is added to the bled air in an extemal loop consisting of a secondary blower
and a mixing chamber. From this strut, the smoke-air mixture is delivered into two ducts which run
down the center of the tunnel along the top and bottom walls of the nozzle section. Near the nozzle
exit, the ducts merge with an airfoil—shaped strut which injects the mixture as a thin, uniform sheet

into the main flow field. A valve on the secondary blower makes it possible to match velocities.

During the reported velocity surveys, this injection system was run without introducing smoke to

the bled air. For the blade surface flow visualization tests the above apparatus was removed from

the tunnel.

From the contraction, a horizontal duct with a span of about 308 mm and a height of about

305 mm leads the flow to the cascade. The blade row is mounted between two disks so that the

angle of attack can be varied by rotating the whole cascade. This keeps the middle blade passage

in the center of the working section. ln addition, the stagger angle can be varied by rotating each

blade about its mounting axis. These angles combined constitute the inlet angle. With a solidity

(chord/pitch) of one, the number of blades in the working section varies from six to eighteen, de-

pending on the inlet angle. The maximum combination of stagger and angle of attack that can be

tested is 75 degrees.
To accommodate the various inlet angles, the horizontal endwalls of the inflow duct are

interchangeable panels. Since this duct operates below atmospheric pressure for compressor cas-

cades, these panels are both self·supporting and self-sealing. Futhermore, since the duct’s height is

fixed, the practice was to run the panels up to the cascade entry plane, and to accept whatever
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condition resulted with the end blades of the cascade (no control was exercised over the amount
of clearance between the panels and the end blades).

The maximum air velocity that can be obtained at entry to the cascade is about 50 m/s, which
corresponds to a blade chord Reynolds number of 2.08 >< 10* and a Mach number of 0.145. Ac-
cording to reference 24, below a Mach number of 0.3 the flow can be treated as incompressible.
Yocum [6] measured an average inflow turbulence level of 1.1 percent for the complete range of
tunnel speeds offered by the blower. The smoke injection apparatus was not present in the tunnel
at the time the turbulence measurements were conducted.

The test blades were manufactured from aluminum, without twist, and have the profile shown
in Figure 5. The blade camber is about 18 degrees. The blade chord is 65.53 mm and the blade
height is 304.8 mm, giving a high aspect ratio of 4.65 to reduce the interference from the sidewalls.
Three cascade stagger settings of 25, 36.5, and 45 degrees were tested. The 36.5 degree stagger set-

ting corresponds to the stagger found in the first stage of the compressor of the General Electric
T64-GE-6B gas turbine engine, which has been tested at the VPI & SU High·Speed
Turbomachinery Laboratory. y

The blades are 3.2 mm (1/8 in.) shorter than the test section span. This deficit is manifested

as a single clearance in the cascade. Yocum [6] cast epoxy resin pieces of the correct airfoil shape

to close the gaps. Bolts, inserted through the near wall and the bridge pieces, and screwed into the

tapped holes in the tips of the blades, secure the bridge pieces and support the blades. With the
gaps closed, the aspect ratio is about 4.70.

2.2 Instrumentation

A three-tube cobra probe type CA·l20, manufactured by United Sensor, was employed to

measure the time-averaged velocity profile of the flow entering the cascade. The cobra head shape
was chosen to allow measurement of the sidewall boundary layers.

”
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A five·hole "gooseneck” probe type DC-125, manufactured by United Sensor, was used to
adjust the blade chord Reynolds number of the inflow to the cascade.

Both probes were calibrated for static pressure in a small calibration tunnel attached to the exit

of the nozzle section. For testing purposes, these probes were mounted on a traverse which is

readable to i 0.25 mm ir1 rectilinear measurements and to zb 0.2 degrees ir1 angular measurements. °

The probe traversing slot was taped or filled with foam rubber to prevent atmospheric air from
l

leaking into the tunnel and feeding the sidewall boundary layers.

A computer-based data acquisition system developed by Yocum [6] was used to acquire the

pressure probe data. The probe leads were connected to a scanivalve, manufactured by Scanivalve

Corporation, consisting of four fluid switch wafers assembled on a solenoid drive. Each wafer pro-

vides twelve pressure ports. The wafer which samples the pressure data is selected manually.

The various ports are sequentially connected to a single differential pressure transducer model
· PDCR22, specifically manufactured for use with scanivalves. The transducer is capable of measur-

ing gage pressures up to :}:6.89 kPa (t l psi) with an accuracy of 0.06 percent B.S.L., based on

combined linearity and hysteresis. The output from the transducer is amplified to i 5 V.

A TRS-80 Model III microcomputer, manufactured by Radio Shack, was used to control the

scanivalve sampling, and to process and store the transduced pressure data. This microcomputer is

based on the 8-bit, Z-80 rnicroprocessor and has two disk drives. Three of the 256 available
l

input/output ports were used to read the transducer output voltage, to read the scanivalve port

position, and to command the solenoid controller to step the scanivalve.

The TRS-80 Model III microcomputer cornmunicates with the scanivalve through a DE-80

. multichannel interface which houses and powers a RTI- 1260 analog input card and a PIO-8 digital .

input/output card. The RTI-1260 provides sixteen input channels and incorporates a fast 12-bit

analog/digital converter with a resolution of 2.44 mV at the :t 5 V range. The PlO·8 provides six-

teen output channels.

In addition to the computer-based data acquisition system, a thirty·one channel manometer

inclined 60 degrees from the vertical was used to balance the yaw probes, calibrate the transducer,
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and display pressures indicative of the test conditions, e.g., the settling section pressure. The
manometer uses red gage oil (S.G. = 0.826) and is readable to 1 0.25 mm of water.

2.3 Surface Flow Visualizatiorz

The surface oil-flow technique, as described by Squire et al. [25], was used to visualize the

. blade surface flows. Specifically, this technique indicates local flow directions and regions of sepa-

rated flow. Squire et al. [25] have shown by means of a theoretical analysis that this visualization

method indicates separation early, but has a maximum error of less than two percent of the distance

from the leading edge to the point of detachment.

Using a brush and a spanwise painting motion, the blade surfaces were coated with a mixture

consisting of 40 ml of diesel fuel, 10 g of titanium dioxide (TiO2), and 2 drops of oleic acid. The

I titanium dioxide particles are the whitest of pigments used by paint manufacturers and are nontoxic.

To achieve a smooth paint, the titanium dioxide particles were ground and sifted through a 60 mesh

(250 um openings) screen to a fine powder. The diesel fuel flows with the airstream, leaving behind
[

streaks made by the titanium dioxide particles, coinciding with the limiting (surface) streamlines.

The oleic acid acts as a dispersing agent to produce finely detailed streaks. Before applying the paint,

the blades were wetted with a thin film of diesel fuel. The blades were painted flat black to enhance

the visibility of the oil—flow pattern.
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3.0 Results and Discussion

In this chapter experimental results consisting of inlet velocity measurements and surface flow
visualizations, and numerical calculations of secondary flows are presented and discussed. The ex-
periments performed are summarized in Table l. The coordinate system on which this presentation
is based is depicted in Figure 6.

3.1 Inlet Velocity Measurements

In order to evaluate the uniforrnity and periodicity of the inflow, spanwise and pitchwise sur-
veys of the mean velocity distribution were conducted with a three-tube cobra probe in a plane ‘

about 0.8 chords upstream of the coordinate origin (x = — 52.4 mm), as indicated by the probe

traversing slot shown in Figure 6. The spanwise traverses included both sidewall boundary layers.

Each sampling of the flow field was made with the yaw probe balanced (the probe was rotated until

the two side measuring holes indicated equal pressures). The inlet measurements were taken with

the blade row set at a stagger angle of 36.5 degrees and an angle of attack of 25 degrees. For this

angle of attack the blades are fully stalled, and a picture of the inflow under severe conditions is

Results and Discussion [8



Table 1. Experiments Performed

Note: The nomenclature used in Table 1 is defmed in "List of Symbo1s" on page vii,
Figure 2 on page 5, and Figure 6 on page 20.

(a) Upstream Velocity Surveys Performed at x= -52.4 mm

-131 From sidewall 36.5 25 61,000 140,000
to sidewall 206,000
From sidewall 36.5 25 62,000 144,000
to sidewall 209,000

131 From sidewall 36.5 25 64,000 144,000
to sidewall 209,000

-131 to 131 79.4 36.5 25 60,000 145,000
209,000

-131 to 131 156 36.5 25 61,000 146,000
206,000

-131 to 131 232 36.5 25 63,000 143,000
207,000

(b) Blade Surface Flow Visualization Tests PerformedTEST ‘“”*m@·Effectsof stagger 25 0-45 200,000
and angle of attack 36.5 0-35 200,000

45 0-30 200,000
Reynolds number 36.5 5-35 100,000 150,000 200,000
effects
Tip clearance 36.5 15-30 200,000
effects
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obtained. Operating the blower from part to full throttle conditions, each survey was performed for
three blade chord Reynolds numbers. The procedure for reducing the survey data is described in
Appendix A.

3.1.1 Spanwise Surveys

The spanwise velocity surveys were taken at three pitchwise locations, corresponding to
y = -131, 0, and 131 mm, covering a distance of two pitches on either side of the x axis. The dis-
tance from the nozzle exit to the blade row increases in the +y direction. The measured mean ve-
locity profiles are shown in Figure 7 through Figure 9.

The flow diverted from the tunnel by the smoke injection system (as described ir1 "Wind
_ Tunnel and Compressor Cascade") could not be completely returned at the tunnel speed for the

high and low Reynolds number surveys. For the high Reynolds number surveys the secondary

blower did not have enough horsepower to supply the necessary flowrate, so the velocity profiles

show a shallow wake near rnidspan. For the low Reynolds number surveys the valve on the sec-

ondary blower did not offer enough throttling capability, so the wake becomes a jet. In either case,

the velocity deficit/gain is less than l m/s.

An exarnination of the high Reynolds number velocity profiles reveals slightly lower velocities
on the right half of the survey area. At first it was thought that this predjudice could be attributed

to the endwalls of the inflow duct not being truly level with the blades, producing a greater flow

area on one side of the tunnel span, and thus lower velocities. However, these walls were not moved

during the entire survey program, and this pattern of nonuniforrnity does not appear consistently

in the lower Reynolds number velocity profiles. Nevertheless, this nonuniforrnity is limited to 1
m/s, and hence its effect on the cascade performance would be minimal.

F To provide a clearer view of the mean velocity distribution in the sidewall boundary layers, the

details of the boundary layer velocity profiles measured on the left sidewall are shown in

Figure 10, and those on the right sidewall in Figure 11. Although the shape of these velocity pro-
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files is seen to vary, the entry boundary layer on both sidewalls is turbulent for the range of
Reynolds numbers tested.

For purposes of quantitatively describing the sidewall boundary layers, the calculated bound-
ary layer parameters, boundary layer thickness 5, displacement thickness 5*, and momentum
thickness 9, are listed in Figure 7 through Figure 9. No order is seen in the variation of these pa-
rameters from wall to wall, or with Reynolds number. As expected, these parameters increase in
the +y direction, a result of the longer distances from the nozzle exit to the blade row in which the
wall boundary layers have to develop. Across four pitches the blockage due to the sidewall
boundary layers, based on the displacement thickness, is seen to double. Collectively speaking, thel
variations are negligible in comparison with the scale of the working section. For the surface flow
visualization tests carried out predominantly at a Reynolds number of 2.0 >< 105 and a wide range
of inlet angles, the entry boundary layer to the middle blade passage, where the tests are focused,
is believed to be less than 19 mm thick.

I

The conclusion reached from Figure 7 through Figure 9 is that the necessary level of uni-
formity in the inflow is achieved for the range of Reynolds numbers tested, even with the smoke
injection system present. ln the absence of this equipment highly uniform flows are expected.

3.1.2 Pitchwise Surveys

The pitchwise mean velocity surveys covered two pitches on either side of the x axis, from V

y = — 131 to 131 nun, and were taken at three spanwise locations corresponding to z = 79.4, 156,
and 232 mm. The resulting velocity profiles are shown in Figure 12 through Figure 14.

These figures reveal a highly periodic inflow for all Reynolds numbers tested. The velocity
profiles appear sinusoidal which is believed to be the result of streamline convergence and diver-
gence due to the presence of the cascade. For a decreasing Reynolds number the profiles become
more uniform. The inference drawn from this observation is that, as the Reynolds number is re-

duced, the presence of the cascade is not felt as far upstrßafn. The two lower Reynolds number
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velocity profiles shown in Figure 12 are not as smooth as the others; the reason for this is un-
. known.

3.2 Secondary Flow Calcalations

According to reference 20, for aspect ratios greater than three the effect of secondary flow on
the turning angle in the main stream is negligible. Considering that the present test blades have an
aspect ratio of 4.7, the secondary flow could be ignored based on the above reference. However,
as part of the tunnel evaluation, numerical calculations were carried out to investigate the extent
of the passage vortex and the magnitude of the induced velocities.

2 A simple analysis [26] was used to estimate the secondary stream function and secondary ve-
locities in the cascade trailing edge plane. The coordinate system used in the analysis is the same
as that shown in Figure 6 on page 20. The secondary stream function xy is defined by

w= —@lL and v=éL, (3.1)dy dz

where w is the velocity induced in the z direction, and v in the y direction.
Inside the wall boundary layer, 0 < z < 5, the secondary stream function satisfies the

streamwise vorticity equation

2 „2 Ö '
622 öyz öz

where 6 is the tuming angle and is the entry normal vorticity. Outside the boundary layer this
equation becomes

Ag- + -1 = 0. (3.3)
dz dyz
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The boundary conditions for this problem are satisfied by setting the stream function and
” normal velocities on the blade and wall surfaces of the blade passage equal to zero.

Employing central difference approximations for the above equations, an overrelaxation sol-
ution was obtained for the secondary stream function and the secondary velocities across one blade
passage, from the sidewall to midspan [27}. The input parameters applied in this analysis were se-
lected to simulate a worst case of secondary flow at the test Reynolds number of 2.0 >< 105. The
entry normal vorticity was calculated from the thickest boundary layer velocity profile measured
on the right sidewall in the high Reynolds number inflow surveys. A turning angle of 23 degrees

j was applied, corresponding to the maximum mean deflection measured by Tkacik [5] in a cascade
of similar blading.

Contours of the calculated secondary stream function, plotted in equal increments, are shown
in Figure 15. The circulation is in the clockwise direction. The core of the passage vortex is seen
about 15 mm from the sidewall. On the wall side of the core, overturning occurs due to the induced
pitchwise velocities. As the wall is approached the streamlines appear closer together, indicating

I

higher secondary velocities. At the wall, induced pitchwise velocities of up to 30 m/s (about 60
percent of the inlet velocity) were calculated.

Underturning results in the main stream. The maximum undertuming, based on the Squire
and Winter analysis [26], occurs at one boundary layer thickness from the wall which is just to the
left of the vortex core. Here, the calculated modification to the pitchwise component of velocity is
about 2 m/s (about 4 percent of the inlet velocity).

Beyond this point, in the midspan direction the streamlines are seen to grow further apart,
indicating lower secondary velocities. Past the stream function contour of 10, the induced pitchwise
velocities were calculated at less than 0.4 m/s (about 0.8 percent of the inlet velocity). At midspan
these velocities are less than 0.02 m/s (about 0.04 percent of the inlet velocity).

The computed secondary velocity vectors are plotted in Figure 16. This figure illustrates the
relative scale of the induced velocities across the tunnel span.

The conclusion reached from the secondary flow calculations is that the tunnel provides a re-
gion of at least two chords, centered at midspan, where cascade performance measurements can be
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made free of secondary flow effects. The question arises as to whether comer separation would
cause the transport of vorticity into the main stream. Horlock et al. [19] performed a similar relax-
ation solution to that above with the exception that they included a triangular separation region

S ”

which extended halfway across the pitch and halfway into the boundary layer. They reported that
the resulting streamlines differed little from the conventional solution. [

3.3 Surface Flow Visualizatiorzs

The flow on the opposing pressure and suction surfaces of the two blades at the center of the
cascade was visualized with the oil·flow technique. Surface flow visualizations were obtained
showing the effects of angle of attack, stagger angle, Reynolds number, and tip clearance. For these
experiments the inflow turbulence level remained at an average value of about l.l percent. All of
these tests, except those pertaining specifically to Reynolds number effects, were carried out at a
constant Reynolds number of 2.0 >< 105. With the exception of the tip clearance tests, the gap at
the left sidewall end of the blades was closed with a 3.2 mm wide bridge piece. The visualization
on the surface of this small bridge piece was always ruined in the process of removing the blades
from the tunnel for photographing, and for this reason does not appear in the following photo-
graphs. In the photographs, the blades are orientated with the left sidewall end to the left and the
right sidewall end to the right; the direction of flow varies according to the surface, and the leading
and trailing edges are noted.

In the following discussion of the surface flow visualization results, where the limiting (blade
. surface) streainlines were observed to be symmetrical about midspan and straight (parallel to the

blade chord) for a large percentage of the blade height, the boundary layer flow was called "two—
dimensional". It is recognized that sidewall boundary layer effects displace the central flow
streamlines in a cascade, and in this sense, the flows observed lll these experiments were never truly
two-dimensional. The axial velocity ratio is a measure of this flow displacement and boundary layer
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blockage. Changes observed in the axial velocity ratio are discussed ir1 "Summary and Further
Discussion".

3.3.1 Effects of Angle of Attack and Stagger Angle

l
General studies were made of the profile stalling behavior across the whole blade height, and

the surface flow under fully stalled conditions. The physical nature of the three·dimensiona1 surface
flows was of particular interest. This investigation included a wide range of angles of attack in
combination with stagger settings of 25, 36.5, and 45 degrees.

For clarity, the photographie results obtained for the medium stagger angle of 36.5 degrees
will be described first in great detail, establishing the general trends. Afterwards, the presentation
of the results for the remaining two stagger angles will be directed toward showing the differences
observed in the blade flow development. As a whole, the pressure surface flow was found not toE
vary significantly with angle of attack or stagger, so only a few representative photographs corre-
sponding to the 36.5 degrees stagger angle are shown. Each photograph is aecompanied by a sup-
porting sketch of the surface flow pattem.

3.3.1.1 Stagger Setting of36.5 Degrees

Figures 17 through 30 display photographs taken of the surface flow visualizations obtained
at a stagger angle of 36.5 degrees. For this cascade setting, the angle of attack was varied in 5 degree
intervals from 0 to 35 degrees. Additional tests were perforrned at angles of attack of 17.5 and 22.5
degrees to more fully map the transition to a complete leading edge separation.

The flow pattems developed on the suction surface at angles of attack of 0 and 5 degrees are
shown in Figure 17 and Figure 18, respectively. These angles of attack eoxrespond to negative in-
cidence angles, with an angle of attack of about 9 degrees being equal to an incidence of 0 degrees.
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At zero degrees angle of attack, the boundary layer flow appears highly two—dimensional. The
boundary layer is seen to have separated near the mid-chord region, as indicated by the pool of
paint accumulated in this area. The detached shear layer did not reattach to the blade surface as
bacldlow was observed in the trailing edge region. From the leading edge to the point of
detachment, the flow is believed to be laminar. This interesting hypothesis is in agreement with the
findings cited by Horlock [14]. Also, this is a reasonable conclusion, considering that a turbulent

· separation is usually associated with high angles of attack. Furthermore, for negative incidence
angles the stagnation point moves to the suction surface. This relaxs the adverse pressure gradient,
allowing the laminar boundary layer to remain attached for a greater distance. At the ends of the
blade some deflection of the limiting streamlines is observed toward midspan. No comer stall is
observed, but secondary flows may have played a part in this. In addition, it appears that separation
was delayed

here.Simila.rresults are observed for an angle of attack of 5 degrees, as shown in Figure l8.;'T
However, the separated region has extended slightly toward the leading edge, and the three-
dimensional region at the ends of the blade appears to have grown a little in the spanwise direction.
The detachrnent line appears more irregular, but this was due to gravity effects on the paint as the
blade was removed from the tunnel.

An example of the boundary layer development on the pressure surface for negative incidences
is shown in Figure 19. This figure corresponds to an angle of attack of 5 degrees. The boundary
layer flow appears to have been virtually two-dimensional. A separation bubble is observed at the
leading edge, as indicated by the accumulation of paint in this area. The detached shear layer flow
is believed to reattach a small distance downstream of the leading edge as a turbulent boundary
layer. The reattachment line is difficult to see in the photograph, but is found just past the dark
region left by drifting paint. Using this area as an indicator, the reattachment is observed to occur
earlier at the ends of the blade than at midspan. At the ends of the blade there is some slight de-
flection of the lirniting streamlines away from midspan. During the flow visualization process, some
of the accumulated paint at the leading edge broke free, producing the bold streaks seen to the left
of midspan. Although the above comments are based on observations at an angle of attack of zero
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degrees, a similar pattern was observed at an angle of attack of 5 degrees, with the exception that
the laminar bubble and three-dimensional region was a little larger.

The flow patterns developed on the suction surface at angles of attack of 10, 15, 17.5, and 20
degrees (positive incidence angles) are shown in Figure 20 through Figure 24. These photos il-
lustrate the boundary layer behavior prior to full stall. Caution is required in interpreting the photos
corresponding to angles of attack from 10 to 17.5 degrees. This applies for all three stagger angles.
At these angles of attack, a method employed to reduce the test time caused accumulated paint at
the leading edge to run downstream and accumulated paint near the trailing edge to run upstream.

l Such observations are therefore not an indication of the actual surface flow. Also, it should be kept

A in mind that some "runs" in the flow pattems are due to the removal of the blades from the tunnel.
At an angle of attack of 10 degrees (about a 1 degree incidence) the laminar separation ob-

served at negative incidence moves to the leading edge. Reattachment takes place a short distance
downstream, occurring earlier at the ends of the blade, and forms a laminar separation bubble. The;

i reattaching boundary layer is most likely turbulent. Across most of the blade span the turbulent
boundary layer separates near the trailing edge. At the blade ends, however, separation occurs pre-
maturely due to comer stall. Such behavior at small positive incidences is in agreement with the1 U findings of Shaalan [22]. For this angle of attack, the extension of the corner stall region on the_
blade surface is limited to the rear portion of the blade chord. The resulting flow blockage effects
the deflection of the near wall limiting streamlines toward rnidspan. As rnidspan is approached, the
deflection is seen to diminish. Backflow was detected within all of the separated regions.

As seen in the photos, the laminar separation bubble is present right up to full stall and does
not appear to change significantly with increasing angle of attack. On the other hand, the turbulent
separation zone (inclusive of the comer stall region) shows a steady growth toward the leading edge.
The comer stall region has also spread in the spanwise direction, decreasing the two-dimensional
flow area. Nevertheless, the central part of the blade span exhibits profile stalling behavior right up
to full stall.

At an angle of attack of 20 degrees there are some noteworthy developments in the surface
flow. Here the blades are on the verge of stalling completely, and the stalled condition was found
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to be very unstable as demonstrated by Figure 23 and Figure 24. In Figure 23 a considerable re-
gion of two-dimensional flow still exists in the central part of the blade span. This is not seen in
Figure 24 as part of the main flow has separated completely. In both tests, an unsteady flow re-

I

versal was observed in the zone upstream of the mean turbulent detachrnent line. The heavy paint
splotches seen in the photos are evidence of this behavior. It could not be confirmed if the unsteady
separation region extended to the leading edge.

An interesting discovery at this angle of attack is the fact that turbulent separation was delayed
in the areas just inside of the comer stall regions. Most likely, the flow blockage caused a localized
addition of mass in these areas which gave the boundary layer enough momentum to advance fur-
ther into the adverse pressure gradient. The high aspect ratio blades employed prevented such effects
in the middle region of the blade span. Another phenomenon of importance to subsequent flow
developments is the areas of swirling flow observed at the leading edge comers just downstream of
the laminar separation bubble; they appear as heavy paint splotches. The circulatory motion is in;

the counter—clockwise direction on the right end and just the opposite on the left end. Smaller re-
gions of swirling flow can be detected in Figure 22, corresponding to an angle of attack of 17.5
degrees.

Figure 25 is representative of the flow character observed on the pressure surface for this range
of operation. Here the angle of attack is 20 degrees, and the surface flow appears virtually two-
dimensional. The limiting streamlines at the blade ends show a little deflection away from rnidspan.
The boundary layer is attached for the full length of the blade chord. From the surface flow vi-
sualization it could not be determined whether the boundary layer is laminar or turbulent, but the
literature [14] suggests it is entirely laminar.

The flow pattems developed on the suction surface at angles of attack of 22.5, 25, 30, and 35
degrees are shown in Figure 26 through Figure 29. In this range of operation the blades are fully
stalled; the flow was observed to move toward the leading edge. As can be seen in the photos, the
two-dimensionality of the surface flow ir1 the fully stalled range is govemed by the growth of the
recirculating flow regions positioned at the blade ends. These regions impart curvature to the near
limiting streamlines. At an angle of attack of 22.5 degrees, where the recirculating flow regions

Results and Discussion 53



appear the largest, the curvature imparted to the lirniting streamlines is observed almost up to
midspan. As the angle of attack is increased the size of the recirculating flow regions decreases, as
does the effect on the midspan flow. At an angle of attack of 35 degrees the blade surface flow is
again largely two-dirnensional. Again, the circulatory motion is in the counter·clockwise direction
on the right end of the blade and in the clockwise direction on the left end. The core of the recir-
culating flow regions remains at the leading edge comers for all the angles of attack tested.

Figure 30, corresponding to an angle of attack of 35 degrees, represents the surface flow on
the pressure surface in the fully stalled flow regime. The pattern is very similar to that previously
described for an angle of attack of 20 degrees. Greater deflection is noted at the blade ends, but the
surface flow is predominantly two·dirnensional. Again, the boundary layer is fully attached and
believed to be mostly lamiriar.

3.3.1.2 Stagger Setting of25 Degrees

For a stagger angle of 25 degrees, the flow visualization tests were perforrned in 5 degree in-
tervals of angle of attack from 0 to 45 degrees, and also at 17.5 and 22.5 degrees. Flow patterens
representative of the boundary layer behavior on the suction surface are shown in Figure 31
through Figure 37. These photos correspond to angles of attack of 5, 17.5, 20, 22.5, 25, 35, and
45 degrees, and show much the same boundary layer development as observed for a stagger angle
of 36.5 degrees. With respect to the stalling process, it was found for the lower stagger angle that
separation is less severe at equal angles of attack. For example consider Figure 34, corresponding
to an angle of attack of 22.5 degrees. Here, although the central part of the blade span is fully
stalled, a large zone of unstalled flow still exists to the left; whereas, for the 36.5 stagger angle the

blade was fully stalled across the entire blade span. The only difference observed in the local flow
phenomena occurs in the fully stalled range. Here the recirculating flow regions are also present,
but the rotation is now about cores positioned in the central part of the blade chord and a short
distance away from the blade ends. At the blade ends, the flow was observed to move downstream
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feeding these regions. Again, the extent of the recirculating flow regions is greatest at the origination
of the fully stalled condition. For increasing angles of attack, the recirculating flow regions diminish
in size, and the cores moves closer to the leading edge and toward the blade ends. This results in a
large zone of two·dimensional surface flow in the fully stalled flow regime.

3.3.1.3 Stagger Setting of45 Degrees .

For a stagger angleof 45 degrees, the flow visualization tests were performed in 5 degree in-.
tervals of angle of attack from 0 to 30 degrees, and also at 17.5 and 22.5 degrees. Flow patterns
representative of the boundary layer behavior on the suction surface are shown in Figure 38
through Figure 43. These photos correspond to angles of attack of 5, 15, 17.5, 20, 22.5, and 30
degrees. Again, the boundary layer behavior was found to be similar to that for the 36.5 degreesi
stagger angle. The only difference realized for the higher stagger cascade is that full stall occurs at
a lower incidence, corresponding to an angle of attack of 20 degrees.

· 3.3.1.4 Summary and Further Discussion

A map summarizing the boundary layer development at the I1'1ld·Sp3.I1 section of the cascade,
for all stagger angles tested, is presented in Figure 4-4. This figure was constructed from detachment
and reattachment points measured directly from the blade surfaces. A general curve was fit through
these points to divide the different boundary layer regions. i

At negative incidences, the stagger appears to have little effect. Larninar flow exists on the
suction surface for the first 60 percent chord, whereupon the boundary layer detaches completely.
Separation occurs earlier as the angle of attack is increased. On the pressure surface, aside from the

laminar separation bubble at the leading edge, the boundary layer is turbulent. The bubble region
decreases with increasing angle of attack; and disappears as the incidence becomes positive, at which
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the flow is fully attached. The nature of the boundary layer could not be deduced from the vi-
sualizations, but the literature [14] suggests it is mostly laminar.

For small positive incidences, a laminar separation bubble forms at the leading edge of the
suction surface and remains present until stall is complete. The reattachment data show much
scatter. It is felt that the bubble length did not actually change much with respect to angle of attack
or stagger angle, and that the scatter is due to an error in measurement. The reattachment line in
most cases was difficult to distinguish. Moreover, it is believed that the appearance of the leading
edge separation bubble on the pressure surface at negative incidences and on the suction surface at
positive incidences is due to the relative sharpness of the blade nose, and that its effect on the overall
features of stall is insignificant. -

The change in the blade surface flow characteristics as the angle of attack is varied from neg-
ative to positive incidence is believed to occur suddenly. No physical evidence was obtained in this:
work to fix the incidence of transition. However, as shown in the figure, it is reasonable to assumel
that transition occurs at zero incidence.

The predominant characteristic of the suction surface stall at positive incidence is the rapid
progression of the turbulent separation zone toward the leading edge of the airfoil. The effect of the
stagger angle is manifested in the severity of stall at equal angles of attack. The higher stagger cas-
cade has a narrower operating range. At rnidspan, full stall occurred by an angle of attack of 20
degrees for the 45 degree stagger setting, and by 22.5 degrees for the two other staggers.

The general nature of the observed three-dimensional stalling process and surface flow under
fully stalled conditions is summarized in schematic form in Figure 45. Preceding and following the
inception of complete separation at the leading edge, the flow at the blade suction surface is essen-
tially two-dimensional. Corner stall is the predominant mechanism for three-dimensionality pre-
ceding full stall. Corner stall appears at small positive incidence and becomes physically more severe
with increases in the angle of attack. At operation near full stall, the turbulent separation was de-
layed by the corner stall, but because of the high aspect ratio blades used, this effect was concen-
trated in regions away from midspan. It is easy to imagine from these results how the turbulent
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separation in the midspan region would have been altered and delayed if a lower aspect ratio cascade
had been employed in this investigation.

In the fully stalled range of operation, the three·dimensiona.l mechanism takes the form of re-
circulating flow regions at the ends of the blades. These regions strongly affect the surface stream-
lines at the onset of full stall, but they and their effects dirninish with further increases in angle of
attack. The mechanism responsible for the recirculating flows is not completely understood. It is
thought that this phenomenon is established prior to complete separation at the leading edge by the

R
delayed turbulent separation regions. The downstream flow deflected by the comer stall follows this

l depressed region in the profile stall and is bent back upstream. The key to the recirculating flow
existing in the fully stalled flow regime then depends on a favorable pressure gradient at the blade
suction surface-tunnel sidewall interface, allowing flow to move downstream in the corner region.

It is possible the junction vortex phenomenon, as described by Harsh [28], could play an im-?
portant part in this problem. Harsh [28] in his experimental studies of the three-dimensional flow
around a faired cylinder protruding from a flat floor, found that the comer between the flat floor
and vertical side of the body was filled with relatively high streamwise momentum fluid, induced

_ by the junction vortex.
’ Finally, an attempt will be made here to relate the observed boundary layer behavior to

Yocum’s [6] axial velocity ratio (AVR) measurements. It was found that an increase. in the angle
of attack results in a rise in the AVR. The rate of increase slows in the fully stalled flow regime.
The AVR data show a maximum value of about 1.15. The rise in the AVR above unity parallels
the growth seen in the comer stall region. In the fully stalled flow regime, the diffusion by the
cascade levels off, as does the pressure rise, thereby lirniting any further increase in the corner stall
region and the AVR. Here, the surface streamlines were found to be straight for a large percentage
of the blade height, but the AVR does not return to unity. This illustrates the danger in describing
tests as being truly two-dirnensional based solely on surface flow visualization results.
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3.3.2 Reynolds Number Effects

_ Additional blade surface flow visualization tests were conducted to provide physical evidence
of whether testing at a Reynolds number of 2.0 >< 105 is above the critical Reynolds number range,
as discussed in "Introduction and Literature Review". This series of experiments was carried out
with the blade cascade set at a stagger of 36.5 degrees. Visualizations were obtained for Reynolds
numbers of 2.0 >< 105, 1.5 >< 105 , and 1.0 >< 105 at angles of attack of 5, 15, 20, 25, and 35 degrees.
The Reynolds number was varied by adjusting the inlet velocity. Select results are presented in the
form of photographs and supporting sketches in Figure 46 through Figure 57.

The flow patterns developed under the different Reynolds number conditions on the suction
surface at an angle of attack of 5 degrees (negative incidence) are compared in Figure 46.
Qualitatively, all three photos show similar development, that is complete laminar separation oc-?
curring over the rear portion of the blade chord. Measurements made at midspan show the
detachment point moving forward from 61 to 58 percent chord with decreasing Reynolds number.
This growth in the laminar separation bubble is of such small scale that its effects on losses and
tuming must be minimal for the range of Reynolds numbers tested. The remaining question (and

· here, unanswered) is whether the separated laminar boundary layer can be made to reattach to the
blade surface in turbulent form by testing at a higher Reynolds number.

Figure 48 presents the flow pattems developed on the pressure surface at an angle of attack
of 5 degrees. This incidence is characterized by a short laminar separation bubble at the leading edge
with turbulent reattachment. Little difference was found in the bubble lengths, measurements at
midspan revealing only a 1.5 percent growth with decreasing Reynolds number.

Figure 50 shows the results obtained at the suction surface for an angle of attack of 15 degrees,

a positive incidence representative of normal operating conditions. For all positive incidences prior
to full stall, the profile boundary layer is characterized by a larninar separation at the leading edge
with turbulent reattachrnent, followed by a turbulent separation. For this particular incidence, the
laminar bubble was measured largest at the middle Reynolds number but was about the same for
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the high and low case, indicatirrg no real pattern. The most noticeable development is that the
turbulent separation progresses forward on the blade with decreasing Reynolds number, at midspan
from 85 to 73 percent chord.

Figure 52 presents the flow patterns developed on the suction surface at an angle of attack of
20 degrees. At this positive incidence the blade is operating close to the point of a complete leading

Y edge separation. Even at a constant Reynolds number the surface flow pattern was not repeatable,

W · so it is difficult to distinguish between Reynolds number effects and the general instability of the
stalled condition. The laminar bubble was observed to become larger as the Reynolds number
decreased. The total growth amounted to an increase of about 4 percent chord. At midspan, the
turbulent separation is surprizingly delayed by as much as 4 percent chord with decreasing Reynolds
number. But, overall the blade is more severely stalled at the lower Reynolds numbers because the
regions of delayed turbulent separtation inside of the corner stall areas fill in with stalled fluid.

Photos of the flow patterns formed on the suction surface at an angle of attack of 25 degrees,}
typical of the fully stalled condition, are compared in Figure 54. lt is observed that the region of
accumulated paint at the leading edge extends rearward for decreasing Reynolds number. Similar
growth occurred at an angle of attack of 35 degrees (not shown) except the accumulated paint oc-
cupied a larger percent of the blade chord. This development indicates lower surface shear stresses
in the front portion of the chord as the Reynolds number is reduced. No hypothesis can be made g
as to whether this significantly affects the main blade·to-blade flow. A possible Reynolds number
effect is the decrease in size of the three-dirnensional recirculating regions at the blade ends as the
Reynolds number is decreased to 1.5 >< 105. No further changes in these regions are observed as the
Reynolds number is dropped to 1.0 >< 105. At an angle of attack of 35 degrees no marked difference
was detected in the three-dirnensional regions over the tested Reynolds number range.

An example of the results obtained on the pressure surface at positive incidences is shown in
Figure 56. The angle of attack is 25 degrees. The variation of Reynolds number seems to have
no effect. The boundary layer is virtually two—dimensional and is attached across the whole blade
chord. No deterrnination could be made from the visualizations as to the nature of the boundary
layer.
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To summarize, the rapid deterioration in the performance of a compressor cascade with de-
creasing Reynolds number is generally thought to result from the appearance and growth of laminar
separation bubbles on the suction surface of the blades [9,10,11]. The Reynolds number test results

- described above have shown relatively small changes in boundary layer development with decreas-
ing Reynolds number, and any increase in losses is believed to be minimal. Whether or not the
increase in losses is significant will be verified by Yocum’s [6] loss measurements at different '
Reynolds numbers. The pressure surface shows no variation with Reynolds number. On the
suction surface some small increases occurred in the size of the larninar and turbulent separation
zones. The leading edge separation bubble observed on the pressure surface at negative incidences,l
and on the suction surface at positive incidences, is believed due to the relative sharpness of the
blade nose (as stated in "Summary and Further Discussion") and is not a Reynolds number effect.
The only real doubt as to whether the Reynolds number of 2.0 >< 105 is above the critical range
involves the laminar separation observed on the suction surface at negative incidences. lt is possible?
that at a higher Reynolds number or1ly a partial separation could be obtained with turbulent reat-
tachment.

‘ 3.3.3 Tip Clearance Effects

Surface flow visualization was used to investigate the effects of tip clearance on boundary layer
development across the blade span. For this investigation, the bridge pieces were removed from the
test section leaving a clearance of gap/chord ratio equal to 4.8 percent between the left sidewall and
blade tips. With the blade cascade set at a stagger angle of 36.5 degrees, tests were perfomred at
angles of attack of 15, 20, 25, and 30 degrees. Sample photos and supporting sketches of the blade
surface flow patterns obtained with and without tip clearance are compared together in Figures 58

i

through 65. In the figures, the gap end is to the left.
Figure 58 compares the flow pattems developed on the suction surface at an angle of attack

of 15 degrees, near design conditions. The gap prevented the premature turbulent separation seen
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on the right end of the blade. For a short distance inward of the gap the turbulent separation was

actually delayed. Beyond thisregion the gap appears not to have had any effect. In the vicinity

under direct influence of the leakage flow for the forward half of the chord, the flow moves at an
angle toward the gap. In the rear half of the blade surface, the flow is more nearly chordwise.
Outside this region the limiting streamlines are deflected toward the middle of the blade, in a man-
ner similar to that on the right end of the blade. This effect is associated with the sidewall stall.

Figure 60 compares the flow pattems developed on the suction surface at an angle of attack
of 20 degrees, near transition to a complete leading edge separation. The turbulent separation in the
region near the clearance was again delayed, but at this angle a greater spanwise distance from the
blade end was affected. The flow near the gap under the direct influence of the leakage flow follows

the same pattem described at an angle of attack of I5 degrees.

At an angle of attack of 25 degrees (not shown), the suction surface is fully stalled except for:

a small region under the direct influence of the leakage flow near the clearance. At an angle of attack

of 30 degrees, as shown in Figure 62, there is still a small unseparated area adjacent to the clearance.

Inward of this is a cell of recirculating fluid.

Figure 64 is qualitatively representative of the flow pattems developed on the pressure surface.

This figure corresponds to an angle of attack of 20 degrees. Near the clearance the lirniting

streamlines show that the flow moved at a sharp angle toward the gap. The region affected grew a

little with increasing angle of attack. On the zero clearance end, only slight deflection of the limiting

streamlines away from midspan was observed.

In summary, at positive incidences prior to full stall, tip leakage was very effective in preventing

the premature separation on the blade surface associated with corner stall. Separation was actually

delayed for a short distance from the gap. This distance increased somewhat with increasing angle

of attack. Inward of the region under the direct influence of the leakage flow, the limiting stream-

lines converged towards midspan, but at an angle somewhat less than that caused by corner stall

with zero clearance. For operation in the fully-stalled region, the gap produced some unstalled flow
near the gap, but for all practical purposes the effect was considered small. Further, a three-
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dimensional flow resulted at the gap end which was equal in extent to that found at the zero
clearance end.
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T _ 4.0 Conclusions

Oil-flow visualizations were conducted in a solid wall, high aspect ratio, compressor cascade

for the purpose of describing the transition from corner stall to full blade stall, and the blade surface;
3

flow under fully stalled conditions. Results were obtained for stagger angles of 25, 36.5, and 45 de-

grees.

Similar trends in boundary layer development were exhibited for the three stagger angles. At

negative incidences the suction surface showed substantial areas of laminar flow. The laminar

boundary layer terminated in a complete separation from the blade surface. On the pressure surface V

a laminar separation bubble existed at the leading edge with the remaining boundary layer turbu-lent. -
At small positive incidences a laminar separation bubble suddenly developed at the leading

edge of the suction surface, followed by turbulent reattachment a short distance downstream. The

turbulent boundary layer separated near the trailing edge. As the angle of attack was increased to

the point of a complete leading edge separation, the turbulent separation progressed upstream, with

no large changes in the laminar bubble. The boundary layer on the pressure surface was fully at-

tached for the range of positive incidences tested; the boundary layer structure could not be deter-

mined from the experiments.
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The effects of stagger were revealed in the severity of the stall at positive incidences. Transition
to complete separation at the leading edge occured at lower angles of attack for the higher stagger
angles.

The most interesting discoveries from the work deal with the profile boundary layer three-
dimensionality. Geometrically speaking, the flow on the pressure surface was found to be virtually
two·dimensional for all tested angles of attack. The suction surface flow was shown to be essentially
two-dimensional precedirig and following the transition to a fully separated flow at the leading edge.
Corner stall was observed at small positive incidence and grew in severity with increasing angles of

S

attack. Near full stall at midspan, turbulent separation was delayed in regions adjacent to the comer
I V

stall zones. For fully-stalled conditions, the three-dimensional mechanism took the form of recir-
culating flow regions at the ends of the blades.

Special oil-flow tests were conducted to study Reynolds number and tip clearance effects on
the blade boundary layer development under normal and fully-stalled conditions. No pronounced’
changes in boundary layer development were observed in the Reynolds number range from
1.0 >< 10* to 2.0 >< 10* . The tip clearance tests showed for this cascade that the gap/chord ratio of
4.8 percent prevented corner stall and actually delayed turbulent separation for some distance from
the gap. After the flow is fully separated, the gap has only small effects concentrated near the end

e S
of the blade.
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5.0 Recommendations

The oil·f]ow technique has proven to be a relatively quick and easy means to derive informa-
tion on the steady state behavior of the blade boundary layer. Some suggestions for further study;
are:

l. An oil-flow investigation of other blade cross-sections and solidities. Of interest is whether
laminar separation in the blade nose region can be avoided.

2. A correlation of results from blade surface flow visualizations and downstream loss measure-
ments.

3. An investigation to determine the mechanism for the recirculating surface llows in the fully-
stalled region, and whether this phenomenon is confned to the blade suction surface.

4. An investigation with high·response electronic instrumentation into the unsteady blade sepa-
ration behavior observed prior to full stall.

5. An investigation to look for coherent structures downstream of the blade row.
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Appendix A. Reduction of the Inlet Velocity E

Measurements T

A three·tube cobra probe was used to survey the static and total pressure distribution in
ai

plane about 0.8 chords upstream of the cascade, as indicated by the probe traversing slot shown in
Figure 66. The slot is in the left sidewall. The coordinate system used to describe the measure-
ments is also depicted in Figure 66. The probe was calibrated for static pressure in the free jet of

l a small calibration tunnel. The calibration data is shown in Figure 67.

The pitchwise velocity profiles shown in Figure 12 through Figure 14 of "Pitchwise Surveys"
were calculated directly from the locally measured pressures. However, a certain modification of
the data reduction procedure was required to generate the spanwise velocity profiles as seen in
Figure 7 through Figure 9 of "Spanwise Surveys". The spanwise traverses were made from right
to left. Experiments showed that the cobra probe static pressure readings were sensitive to the na-
ture of the approach to the sidewalls. The pressure tube openings are located at the probe tip, and
hence are extremely suceptible to changes in streamline pattems about this region. Figure 68 shows l
an example of the spanwise velocity profiles calculated from the local pressure data. This figure
reveals the expected profiles on the right half of the tunnel span, but indicates a cell of unusually
low velocities on the left half, which extends from the sidewall well into the main flow region. An
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» examination of the pressure data revealed a normal total pressure profile, uniform across the ma-
jority of the flow channel with losses occuring in the sidewall boundary layers. The velocity deficit
was found to be the result of abnormalities in the static pressure distribution. In a two-dimensional
channel with relatively thin wall boundary layers, the static pressure is expected to be relatively
constant across the span. To determine whether the tunnel or the cobra probe was at fault the
questionable region near the left wall was traversed with a three·hole cylindrical probe, which has

· pressure taps 6.35 mm from the probe tip. The cylindrical probe was calibrated through a transfer
of the static pressure calibration coefiicient of the cobra probe. The velocity profile measured with
the cylindrical probe is shown in Figure 69. A comparison of the velocity profiles of similar

l
Reynolds number obtained with both probes confirms that the cobra probe was responsible for the

, velocity nonuniformities. To obtain the proper velocity profiles, an average of three static pressures
is taken at a distance from each wall where the profile is observed uniform, and then applied to the
near wall regions. Away from these regions the locally measured static pressures are employed. i

A
The usual boundary layer parameters were found from the spanwise velocity profiles. The

boundary layer thickness ö was estimated as the distance from the wall where

u— = 0.99. lUe ( )

·

The velocity U, was taken as the average of five velocities measured in the free stream just outside
the boundary layer. The free stream was assumed to begin where successive velocities differed by

„ less than 0.06 m/s (this magnitude was arbitrarily chosen from observations of the nominal velocity
· differences in the free stream flow). In addition the no-slip condition was applied at the wall.

The displacement thickness

* - 8 - Lö (2)

and the momentum thickness

= ÖL - L0 IO Ue (1 Ue )dz (3)
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Figure 69. Spanwise, lnlet Velocity Distribution Measured with the Three-Hole Cylindrieal Probe
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were calculated using the trapezoidal rule [27] to approximate the above integrands. To improve the i

accuracy of the calculations, the functions were fitted with parametric splines and the integration
was performed for equal increments of arc length. ”

\‘ To produce smooth curves lll some instances, it was necessary to add extra velocities between
the wall and the position of the nearest velocity measurement. Spalding’s law of the wall [30]

+ 2 + 3y+ =u+ (4)2 6

with K = 0.4 and B = 5.5 was used for this purpose. To obtain the unit values of the dimensionless
quantities

yu:¤+ = 7;* and y+ = T. (5)

the wall friction velocity u, was found by applying the data from the near wall measurements to the
law of the wall. The y term expressed in equation (5) is not the coordinate defined in Figure 66,
but refers to the normal distance from the wall.
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