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on Axial Compressor Blading

G. J. WALKER

INTRODUCTION

As the operating Reynolds number of an
aerofolil is reduced, the location of boundary
layer btransition gradually moves rearwards, and
separation of the laminar shear layer may even-
tually occur. Where laminar separation is quick-
ly followed by transition and reattachment of
the free turbulent shear layer, a small closed
region of flow separation or "laminar separation
bubble" will be formed. With further reduction
in Reynolds number, the initially short separa-
tion bubble may suddenly increase in size or
"ourst," causing marked changes in the aerofoil
performance and surface pressure distribution.

The bursting phenomenon is responsible for the
undegirable leading edge tType of stall on isolated
aerofoils; it also causes the sudden increase in
losses observed when the Reynolds number of an
axial compressor cascade is reduced below a cer-
tain "eritical value,

Early work on low-speed flows around iso=-
lated aerofoils with bubble separations has been
reviewed by Tani (1).l1 Some detailed studies of
separation bubbles generated on a flat plate have
been reported by Young and Horton (2}, Gaster
{3), Woodward (%) and Horton (5). Various obser-
vations of flow separation and Reynolds number
effects on cascades have been described by Blight
and Howard (6, 7), Crooks and Howard (8), Rhoden
(9), Stuart (10), Citavy and Norbury (11),
Schlichting (12) and Roberts (13). Investigations
of flow separation on axial compressor blades
have mostly been limited to descriptions of
changes in overall performance or surface pres-
sure distributions, such as that given by Shaw
(14); however, the writer (15, 16) has made 2
fairly detailed study of separated flow regions
on the blading of a single~stage axial compressor.
The only other detailed measurements of separation
bubbles cn compresscr blades known to the writer
are those of Evans (17).

1 ynderilined numbers in parentheses desig-
nate References at end of paper

Observations of Separated Laminar Flow

This paper commences by outlining the flow
mechanism in laminar separation bubbles, and re-
viewing various empirical and semi-empirical
methods of predicting their growth and bursting.
Some detailed measurements of laminar separation
bubbles on axial compressor blades are then pre-
sented, and various modifications to Horton's
model of the laminar separation bubble are sug-
gested on the basis of these observations., In
conclusion, the problem of correlating the criti-
cal Reynolds number for an axial compressor cas-
cade is discussed.

FLOW MECHANISM IN SEPARATION BUEBLES

A diagram of the flow mechanism in a short
two-dimensional laminar separation bubble is
given in Fig. 1. Over the forward part of the
bubble, where the flow remains laminar, there is
very little entraimment of fluid by the separated
shear layer, and the velocity of reverse flow
underneath 1t is correspondingly small., This
gives rise to an almost stagnant, or "dead air”
region, which causes the surface pressure to
remain almost consbant, nearly equal to the pres-
sure at separation,

Theoretical models of flow in separation
bubbles usually assume instantaneous transition
in the laminar shear layer, but it is more real-
istic to assume that transition to turbulent flow
occurs over a finite distance, When transition
commences, the rate of entrainment by the shear
layer rapidly inereases, and the mean flow stream-
lines curve back btowards the bounding surface..
The dividing streamline turns over sharply and
returns to the surface at the reattachment point
to close the bubble., Continuibty requires a much
higher reverse flow velocity under the separated
turbulent shear layer because of the faster rate
at which fluid is entrained by the bturbulent flow.

In the rearward part of the bubble, the
flow is very unsteady because of the eddies
reaching out from the spreading turbulent shear
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NOMENCILATURE
¢ = blade chord -
1 = incidence Va
= streamwise distance AX = Xp = Xg
Li = Xt - X = length of unstable laminar AU = U - T
flow - VR S
i = XT - XS = length of separated laminar
shear layer
Lo = xR - XT = length of separated turbu- B1
lent shear layer
p = static pressure B2
X = chordwise distance from
leading edge a*
A = parameter depending on sur- €
face pressure distribution 0
B = parameter depending on sur- Hg
face pressure disbribution v
P

Cd = dissipation coefficient
Cp
D = overall diffusion factor
H = 38%/0 = boundary layer shape factor
H.=¢/8 = boundary layer shape factor

2
P = (Qs/v) (AU/Ax) = pressure gradient parameter

for laminar separation
bubble
Reb = chord Reynolds number at
bursting
Re, = Upe/v = blade Reynolds number
Rgll= US“I/V = Reynolds number based on
length of separated laminar

flow
Res* = Us*/v = boundary layer Reynolds
number
Reg = U§/v = boundary layer Reynolds
number

U = velocity at outer edge of
boundary layer
Uy, = rotor velocity at mid-blade

pist
height

U, = vector mean velocity for a
cascade

= static pressure coefficient

7= (pg- ps)/% pU;

Subscripts

= mean axial veloeity

= length of laminar separa-
tion bubble

= change in free stream veloc-
ity over laminar separation
bubble

= dirvection of camber line atf
leading edge (fto axial)

= direction of camber line at
trailing edge (to axial)

= displacement thickness

= kinetic energy thickness

= momentum thickness

= dynamic eddy viscosity

= kinematic viscosity

= density

papeoju

= pressure rise parameter
for laminar separation
bubble

= value at bursting
= value at point of neutral
stability to small two-
dimensional disturbances in
laminar boundary layer
= mean value over unstable
laminar flow region
= value at point where turbu-
lent flow first appears
= value at turbulent reattach
ment point
= value at laminar separation
point
= value at instantaneous tran-<,
sltion point assumed in Hor%
ton's model 3
= value at point where flow
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becomes wholly turbulent

layer, and there is a zone of vigorous recircula-

tion which limits the downstream exbtent of the

dead alr region.

A strong rise in surface pres-

sure is required to balance the inertia forces
generated by Tthe curvature of the mean stream~
lines in the reversing flow immediately upsbtream

of the reatbachment point.

to rise rapidly for a short distance after re-

attachment due to the boundary layer displacement

thickness initially tending to decrease,

"1ong" bubble, a somewhat different flow behavior

2

After a short bubble has burst to form a

The pressure continues

is observed,

As nobted by Woodward (4), the sepa-
rated shear layer in a long bubble bends over
much more smoothly and continuously to effect re-
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attachment; the point at which the surface pres-
sure commences fo rise may then be well down-
stream of the transition region in the separated

shear layer,

In contrast to this, the reattach-

ment process in a short bubble is much more rapid,
and the commencement of surface pressure rise
corresponds quite closely to the onset of the

turbulent flow.
Short bubbles

interact very little with
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Fig. 1 TFlow mechanism in a short two~dimensional
laminar separation bubble

the external flow around an aerofoil, and cause
only small perbturbations to the surface pressure
distribution. But long bubbles have a much more
marked effect, tending to collapse the suction
peak and reduce the 1ift. Typical forms of the
suction surface pressure distribution on aero=-
foils with short and long bubbles near the lead-
ing edge are shown in Fig. 2.

PREVIOUS WORK ON IAMINAR SEPARATION BUEBLES

The earliest attempbts to describe the
behavior of laminar separation bubbles used cor-
relations involving properties of the laminar
boundary layer at separabion. The philosophy
underlying this approach was that bubble bursting
might have been assoclated with a sudden change
in flow stability causing a marked increase in
length of the separated laminar shear layer.

Owen and Klanfer (18) analysed the resulbs
of tests on NACA 63-009 and 64-006 aerofoils,
and suggested that bubbles would either be shortg,
with a non-dimensional length ¢/8% = 0l102 7, or
long, with /8% = 0(107 - 10%7, dépending on
whether the boundary layer Reynolds number at
separation, Res , was greater or less than about
L50, Crabtree ?;2), however, noted that bursting
appeared to occur at higher Reynolds numbers in
some isolated cases observed by McGregor (20),
and this led him to introduce an additional param-
eter

2
(W, /U

1 2
/ =
PS)IZ'DU =1

c=(pR— S

(1)

S, . S
_INVISCID PRESSURE DISTN.

PRESSURE DISTN. WITH
SHORT BUBBLE

PRESSURE DISTN. WITH
LONG BUBBLE
—

X
Fig. 2 Typical pressure distributions on an iso-

lated aerofoil with different types of laminar
separation bubbles

based on the pressure rise over the bubble,
Crabtree!s hypothesis was that bursting would
occur elther through Regx falling to 450, or by
o riging to a critical value of about 0.35, butb
this model gave only moderate agreement with
experiment,

To obtain more data about the bursting
problem, Gasbter (3) carried out a series of de-
tailed measurements on laminar separation bubbles
formed on a flat plate under carefully controlled
conditions. From the results obtained, he formu-
lated a two-parameter bursting criterion based
on the separation Reynolds number, Rea » and the
non~dimensional pressure gradient over the bubble,

P = (82/v) (aU/%) (2)

Here, AU = (UR - US) is the change in free-stream
veloclty over the length of the bubble, Ax = X -
X,. Gaster's data indicated a unique relation-
ship between the parameters, Regy, and P, at burst-
ing, which can be seen in PFig. 7. It appeared
from this result that Owen and Klanfer'!s single-
parameter bursting criterion was a special case
of the more general two-parameter criterion.
Another notable feature of Gaster's measurements
was that the separated flow rpegions on the flat
plate underwent a gradual transition from the
short to the long bubble regime, rather than the
sudden bursting process observed on isolated aero-
foils,

Wallis (21) followed a completely different
approach by suggesting fthat bubble bursting oc-~
curred through separation of the reattached tur-

3
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Fig, 2 Simpliried model of a shert laminar sepa-
ration bubble == after Horten (5)

bulent boundary layer downstream of the bubble,
but this model did not enjoy early acceptance by
other workers, However, the later investigations
of Woodward (4, 22) and Horton (5) have now firmly
esbablished that bursting is caused by a failure
of the fturbulent shear layer to reattach. The
invalidity of the laminar stability hypothesis

for bubble bursting was demonstrated by Woodward
(22), who observed transition to ocecur in very
nearly the same physicel position Just before and
Just afber bursting. It is noted that Gaster!s
bubble bursting boundary in the P‘»Regl plane may
be roughly approximoted by a straight line through

the origin; the equation to this line is

[(GS/US)(AU/QX)]b = constant (3)

which may be crudely interpreted as a Turbulent
separation criterion,

Horten's Semi-Empirical Model

Tollowing Woodward's suggestion that bubble
bursting was associated with the behavior of the
turbulent shear layer, Horton (5) sought to de-
velep a criterion fer turbulent reattachment
analogous to existing boundary layer separation
criteria, Using the momentum integral and kinetic
energy integral equations, together with the as-
sumption that the energy shape factor, I, =c/8,
passed through a minimum at the reattachment
point gave the relation

4

Fig, % China clay test on stator suction surrace
i = -6.2 deg, Rey, = 1.72 x 107 at mid~blade height
{viewed through rotor looking downstream; hub

at right, tip at left)

[(9/0) (dU/dx) ]y = = L€,/ (H (i - 1)1, )
where C, is the turbulent dissipation ccefficient

and I =§8%/9 is the velocity profile shape factor,
Assuming a constant eddy viscosity specified by

*
Me = 0.020 US (

%))

together with infomation derived from the meas~
ured velocity profile at reattachment gave

(@]
]
[w]

2
q L0222 (6)

Substituting this into eguation (5), together
with mean empirical values of H = 3,50 and H, =
1.51 for the reattachment profile yields the
reattachment criterion

[(S/U)(dU/dx)}R = -0.0059 (7

However, the experimental data analyzed by
Horton gave a slightly different result from
equation (7), indicating an average value cf

[(5/U)/(au/dx) ], = ~0.0082 (8)

with a standard deviation of 0,0016, Iorton
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Tiz, 5 MNon-dimensioral length of the dead air

region in laminar separaticn bubbles on the rotor
and stator blade sucticn surfaces

suggested that this could be explained by the
rate of entraimment and the dissipation ceceffi-
cient for a reattaching turbulent shear layer
being rather higher than that for a corresponding
atbached layer,

Having developed a turbulent reattachment
criterion, Horton proceeded to formulate a simple
riodel for the growth and bursting of shoert laminar
separation bubbles, based on the following as~
sumptions:

1 An external velocity distribution in
the neighborhood of the bubble as shown in Fig.
3. The commencement of pressure rise is coinci-
dent with the point of transition in the separated
shear layer, Xp (transition being assumed to oc-
eur instantaneously);

2 A length of con

nstant pressure reglon,
1 = x7 - xg {equal to the length of separated

/-3

0 20 40 60 80 100

. r 3
Mg, © on the

Influence of Reynclds number

stator blade suetion surface velocity distribution

at mid~blade height for i7¥ -6 deg ~= showing
effect of developing separated flow region {(See
Table 1 for location of separation, transition,
and reattachment points).

o =

aninar flow), gilven by the emplrical correla-
ion
0 /e = 4
1/8g = 4 x 107 /Re o
s {9)

The assumption of constant pressure gives

T S (10)

Z A

3 A value of {8/U} (dU/dx) = -0.0082 2%
the point of turbulent reattachment, xR, where
the veloclty gradient 1s taken as

(dU/dx) = (Up = U/ (e = %) (11)

'
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Table 1

Shear Layer Behavior in Separation Bubbles on Stator

Suction Surface at i

-6 deg.

{See Fig. 6 for corresponding surface velocity distributions)

Speed
{rpm) (deg) (percent) (percent}) {percent) (percent)
750 1.72 x 105 -6.2 62 68 70 32
500 1.13 x 103 -5.6 60.5 71 73 85
250 5.57 x 10% -6.0 5 70 83 85
150 3.24 x 104 -5.5 57 70 ok *

The predictions of this model were in good Jquali-
tative and fair quantitative agreement with ex-
periment, and thus confirmed that bubble bursting
was caused by a fundamental breakdown of the
turbulent reattachment process.

OBSERVATIONS OF SEPARATION BUEBLES ON AXTAL
COMPRESSOR BLADES

Ixperimental Detail

This section describes the writer's obser-
vations of separated flow regions on the blading
of a single-stage axial compressor (15). The
experimental technigues employed included the
measurement of surface pressure distributions,
and the use of china clay surface visualisation
cn both rotating and stationary blades., A hot
wire anemometer was used to measure mean velocity
profiles in the boundary layer, and separated
flow regions on the suction surface of an outlet
guide vane at mid-blade height. Surveys with a
stethoscope connected to a total head tube were
also carried out tec 2assist in lecating transition.

The compressor speed was varied from 150
to 750 rpnm, giving values of chord Reynolds nime-
ber, Rec, for the outlet guide vanes (i.e. sta-
tors) in the range 3 x 10lF to 2 x 10°. By chang=~
ing the compressor throcughflow, the stator inci-
dence was varied from about -1l tec +5 deg, while
the rotor incidernce ranged from about -11 to +9
deg at mid-blade height; this covered the flow
range from Just above surge to the maximum cb-
tainable flow, Measurements of the streamwise
veloclby fluctuations near the stator leading
edge indicated average values c¢f 2 percent free
stream turbulence at 750 rpm rising to & percent
at 150 »pm; Burbulence levels of around 10 percent
were obtained near stall at 150 rpm., Values of

6

axial veloelty ratio at mid~blade height measured
by Oliver (23) at a compressor speed of 750 rpm
ranged from 0.995 at maximum flow to 1.05 at
stall for the rotor; the corregponding range of
axial veloeity ratio values for the stator was
1,02 to 1.065,

The axial flow compressor used in this in-
vestigation was designed and built at the Aus-
tralian Department of Supply's Aeronautical Re-
search Jaboratories in Melbourne, and is now
operated at the University of Tasmania in Hobart,
Only brief details of this machine will be gilven
here: a more complebe description has been
given by Oliver (23). Alr enters radially through
a cylindrical screened inlet 2.13 m dia and 0.€1
m wide. A flared bend with a 6l to 1 contractiocn
ratic then turns the flow through 90 deg into a
concentric cylindrical duct with 1.14 m outside
diameter and 0.69 m inside diameter which contains
the compressor blade rows. Downstream of the
compresser there is an annular diffuser, and a
cylindrical sliding throttle at the outlet is
used to control the throughflow,

The compressor is a single~stage machine
with three blade rows: inlet guide vanes (IGV),
rotor and statcr. There are 38 blades in each
of the guide vane rows, and 27 blades in the
rotor, giving a space/chord ratio at mid-blade
height of 0.99 and 1.02, respectively. The
axial row spacings in these tests were 91 mm
(1.20 ¢) IgV-rotor, and 80 mm (1,05 ¢) rotor-
stator. The blades are all 228 mm long, with =2
constant chord of 76 mm, giving an aspect ratio
of 3.0, The blade profile used in the British
Cl section (10 percent chord maximum thickness)
on a circular arc camber line. The blade sec~
tions were designed to give free vortex flow,
with 50 percent reaction at mid~blade height at
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EMPIRICAL BURSTING LINE / T
~ GASTER (3) _
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A -3 %
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o] -10
0 1 e, ! L J
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Re
%

Mg, 7 Trajectories of P ﬂJReG for laminar
separation bubbles on the stator suction surface

at negative incidence and comparison with Gaster's

bursting criterion

a flow coefficient (Va/Umb) of 0.76‘ The blade
angles at mid-blade height are as follows:

8, (deg) B, (deg)
e 0.0 27.8
Rotor 45,0 4.0
Stator 45,0 14,0

Instrument slots in the outer shell of
the compressor allow for radial and axial travers-
ing of measuring probes at a fixed circumferen~
tial position., The IGV and stator rows are each
mounted on rotatable supporting rings to permit
circumferential traversing of these blades rela-
tive to a stationary probe.

Taminar Boundary Ilayer Behavior

Surface Visualisation, Extensive regions
of laminar flow wWwere observed on both rotor and
stator blades in the compressor despite the high
level of free stream disturbance to which blades
were subJected. The extent of laminar flow did
not differ greatly from that observed on identi-
cal blade sections tested in a two-~dimensional
cascade under low turbulence conditions (§, ).
Laminar flow was observed up to 75 percent of
chord on the suction surface of the compressor
blades at high negative incidence, and it ap-
peared that the flow could easily have been made
entirely laminar by suitable choice of the sur-
face pressure distribution.

Fig, 4 shows a typical result of a china

-0-0012 — - - - .
SPEED ¢ AW
(rRPM) (°) |
o 750 -62
a 500 -56 I
-0.0010 L v 250 -6-0 i
- 150 -55 |
|
£QN- (8)
-~ 00080 -
) K
348
DD
-0-0060
- 0-0040 r
- 00020 t+
0 2 - 1 J- J
40 50 60 70 80 90
x/c (%)

Fig. 8 vVariation of pressure gradient parameter
(8/U) (du/dx) on the stator blade suction surface
at mid-blade height for 1:¥ -6 deg (see Table

1) for location of separation, transition and
reattachment points)

clay visualization test on the suction surface
of a stator blade at moderate negative incidence
(i = -6,2 deg at mid-blade). A white drying
zone near the leading edge extends to about 30
percent chord; it is followed by a dark region
over the central part of the blade where drying
is incomplebte; finally, there is another more
intense drying zone over the rearward part of
the blade, This drying pattern indicates the
presence, near the leading edge, of a region of
accelerating laminar flow with a moderately high
wall shear stress; this is followed by a region
of decelerating laminar flow, where the wall
shear stress is much lower and laminar separation
probably occurs; the sudden increase in wall
shear stress at the rear of the separation zone
is due to the reattachment of a turbulent shear
layer, following transition in the separated
shear layer,

The line of turbulent reattachment in
Fig, 4 is quite sharply defined, and runs almosst
parallel to the stator trailing edge over most
of the blade height, probably because the blade
incidence varies little with radial position in
this case., Near the stator hub and tip, however,

7
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Fig, 9 Variation of pressure recovery parameter
with length of turbulent flow in separation
bubbles on the stator blade suction surface

the reattachment line curves sharply forward,

This effect is most pronounced at the hub, where
the secondary flows in the armulus wall boundary
layer produce a large streamwise vortex in the
corner between the stator suction surface and the
hub wall of the compressor. The regions of strong
secondary flow on the suction gurface occupy

10 to 15 percent of the blade height at the

stator hub, and 5 to 10 percent of the blade
height at the stator tip; they vary in extent
with the blade incidence, being largest near
positive stall., There appears to be a rough
correlation between the extent of the secondary
flow regions and the magnitude of the axial veloc~
ity ratios,

Fig, U clearly shows a number of white
lines of more intense drying, trailing from
small isolated roughness elements near the lead-
ing edge of the blade., These lines give a rough
indicabtion of the direction of the limibting
streamlines at the blade surface, and their small
radial movement implies that the boundary layer
flow near the leading edge is closely two-dimen-
sional over the central 80 percent of the blade
height.

Boundary Iayer Measuremenbts. The measured
values of momentum thickness in laminar boundary
layer regilons on the stator suction surface were
in quite good agreement with the values predicted
by Thwaites's method (24) using the measured
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surface pressure distributions, The differences
between the calculated and measured values of ¢
were about 4 percent, on the average, and seemed
to be fairly randomly distributed, Some of these
deviations could have arisen from errors in meas-
uring the boundary layer thicknesses and surface
velocity distributions; the remainder would have
been due to the approximaticns involved in
Thwaites!s method, and to departures from the
physical model such as three-dimensional and un-
steady flow effects. It is interesting to note

that the relative differences between the calcu-
lated and measured momentum thickness values did
not vary significantly with Reynolds number.
Values of boundary layer shape factor I (used

to caleculate the displacement thickness from 8%

= HO) were predicted to about the same accuracy
as the momentum thickness. The differences be-
tween the measured and predicted values of H

also showed no significant variation with Rey-
nolds number, However, there was a definite
tendency for the measured values of H to fall
below the theoretical values immediabtely upstream
of the transition point. This effect, which was
particularly notable in the case of a boundary
layer measured at -3.1 deg incidence, was probably
due to a reducticn in displacement thickness
generated by the mixing from three~-dimensional
laminar flow disturbances, or from occasional
bursts of turbulence starting to appear in the
boundary layer.

An indication of the magnibtude of flow
convergence effects in these tests was obtained
by comparing locally measured momentum thickness
values with those obtained by applying the two-
dimensional momentum integral equation up to the
point in question (using measured values of the
appropriate parameters). The departures from
the two-dimensional momentum thickness value
thus defined, were generally less than 5 percent
in regions of attached laminar flow. However, a
marked increase in flow convergence effects was
noted in separated flow regions.

Towinar Separation

The experimental positions of laminar
separation on the stator suction surface were
taken as the points where the value of boundary
layer shape factor, H, obtained from the hot
wire measurements reached 3.70, the critical
value adopted by Thwaites (g&). These were com-
pared with calculated positions of laminar sepa-
ration obtained by Thwaites's method, using the
measured blade surface velocity distributions,
U{x)., In calculating the separation point, the
veloclty gradient du/dx was obtained by using a

220z ¥snbny /| uo 3senb Aq ypd-£9-16-G /-1 00BZ0II L 0N/Z6Z L6EZ/L00VZ0LEL0N/ L LL6L/SL61 1DAPd-sBuipesdoid/ | ©/610-swse uonos|jooje)bipawse//:dny woly papeojumog



linear £it to the measured values of U and assum~
ing a discontinuity in dU/dx %o ocecur at separa-
tion,

The hot wire measurements indicated that
there was no laminar separation from the stator
blade suction surface at small positive incidénce
(O to 5 deg), even though the caleculated separa-
tion point preceded the observed transition point
by a few percent of chord, In these cases, sepa-
ration was apparently suppressed by the mixing
from three-dimensional disturbances in the rear-
ward part of the laminar instability region, or
from oceasional bursts of turbulence which were
starting to appear in the boundary layer. Thus,
a comparison of the measured and calculated sepa-
ration points on the stator is only possible for
the boundary layers obtalned at negative incidence,
where the separation regions became fairly well
developed,

At the highest Reynolds numbers investigated
(corresponding to a compressor speed of 750 rpm),
tlie geparation regions on the stator blade were
generally less than 10 percent chord in length,
The peak values of H only slightly exceeded the
eritical value of 3,70, and the measured separation
points lay dounstream of those calculated from
Thwaites's method by 5 to 8 percent of chord.
This difference could have been partly due to oc-
caslonal turbulent mixing delaying separation,
and partly due to errors from applying Thwaites!'s
method in a situation where the surface velocity
distribution was slightly convex.

At the lower compresscor speeds of 500,

250, and 150 rpm, where separation from the
sbator blade was much more highly developed, the
experimental and calculated separation points
agreed to within 2 percent of chord in most
cases, The good agreement was possibly the
fortultous result of the surface velocity distri~
butlons on the stator suction surface at negative
incidence being approximately linear in the
neighborhood of the separation point., (The
approximate functions chosen by Thwaites are a
close fit to the exact solutions for a laminar
boundary layer in linearly decelerating flow,)

The laminar separation points were also
calculated from the modification of Thwaites's
method suggested by Curle and skan (25), and
compared with the experimental separation points
obtained by using a critical value of H = 3.55,
However, the agreement was significantly poorer,
in most cases, than that obtalned by using a
critical value of H = 3,70.

China clay %tests showed the behavior of
separated laminar flow regions on the rotor
blade suction surface to be closely similar to

that on the stator over the common incidence
range of -11 to 5 deg. A%t incidences greater
than +5 deg (not attainable on the stator), a
small well-developed laminar separation bubble
was observed to reappear on the rotor suction
surface close to the leading edge,

Iength of Separatbted Taminar Shear Iayer

It is seen from Fig. 1 that the length of
separated laminar shear layer in a short laminar
separation bubble is approximately equal to the
length of the dead air region., Fig, 5 shows the
non~-dimensional length of the dead air region,
;1/98, plotted against the boundary layer Reynolds
number at separation, Ree , for laminar separation
bubbles on the suction surfaces of both rotor and
stator blades. The experimentally determined
separation points defined by H = 3,70 were taken
as the upstream limit of the dead air region on
the stator blade; for the bubbles on the rotor
blade, the separabtion points calculated from
Thwaites'!s method were used. The point of apparent
turbulent flow reabbachment obtained from the
china clay tests was taken as the downsbream
1limit of the dead air region in all cases.

The china clay drying pattern is related
to the evaporation rate of the surface 0il-film,
which is expected to depend more on the magnitude
of the wall shear stress than on its direction.
Hence, the vigorous fluctuations in velocity
which occur at a mean reattachment point should
cause the drying rate there bo be quite apprecia-
ble, even though the time mean value of the wall
shear stress 1s zero. As there is also likely
to be a significant surface drying rabte under-
neath the turbulent flow region in the rear of a
separation bubble, the apparent point of reatbach-
ment obtained from the china clay tests should
indicate the downsbream limit of the dead air
region under the separabted shear layer, rather
than the true mean reattachment point. The re-
attachment point indicated by the china clay
tests on the stator blade suction surface general-
1y lay close to the point at whieh pressure re-
covery commenced, but well upstream of the reat-
tachment point defined by Hp = 3.50,

The values of,;l/es, shown in Fig. 5, do
not exhibit any definite variation with Revqs
and certainly do not follow equation (9), used
by Horton (5) to correlate the measurements of
Gaster (3) and other workers. Equation (9) can
alternatively be written as
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which indicates that the dead air region should
occupy an increasingly large proportion of the
surface of an aerofolil as the chord Reynolds
number, Reg, is reduced. In the separation bub-
bles on the compressor blades, however, the length
of the dead air region at a given blade incidence
remained essentially constant as the compressor
speed was changed by a factor of 55 and whereas
equation (12) indicates that the bubbles should
have been longer than the blade chord at a com-
pressor speed of 150 rpm, where RecCiB x 10u,

the measured bubble lengths were only 10 to 30
percent of chord,

Finally, it is interesting to note that,
although there is a considerable scatter in the
measured values of Xl/ﬁs, shown in Fig. 5, no
major difference between the flow behavior on the
rotating and stationary blade surfaces is apparent.

Velocity Profiles in Separation Bubbles

The mean velocity profiles measured in
separated laminar flow regions on the stator blade
suction surface were very similar toc the velocity
profiles measured by Gaster (3) in separation
bubbles generated on a flat plate, No points of
zerc velocity away from the surface were indicated
by the measurements on the stator blade, but this
was to be expected because of the probe response
to the large velocity fluctuations present in the
separation zone. Nevertheless, it was quite
common to obtain veloecity readings of only 1 to 2
percent of free stream velocity in the area be=~
neath the separated laminar shear layer. It is
not possible to deduce from the hot wire readings
(obtained with a single wire probe) whether con-
tinuous reversed flow was present underneath the
separated shear layer in separated flow regions on
the compressor blades. But in view of the small
mean velocities observed, and the large disturb-
ances associated with the passage of blade wakes,
it does seem likely that intermittent forward
flow could have existed close to the blade surface
in the bubbles obtained at the higher compresscr
speeds, Where laminar separation was not so highly
developed,

Influence of Separation Bubbleg on the Surface
Pregsure Distributicn

The shape of the surface pressure distribu-
tion on a body is often used, in the absence of
more debailed informaticn, to determine whether
regions of flow separation are present on the body
surface. TFollowing Fig. 2, it is usually supposed
that a separation bubble causes the appearance of
a "flat," or region of zero pressure gradient
(dp/dx = 0). The assumpbion of zero pressure
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gradient over the separated laminar flow region
1s also an essential part of Horton's model for
the short separation bubble, described in a previ-
ous section, It is, therefore, of interest %o
examine the influence of separated laminar flow
regions on the compressor blade surface pressure
distributions.

Fig. 6 shows the surface velocity distribu~
tions U(x) obtained on the stator suction surface
at about -6 deg incidence for the four different
compressor speeds investigated; complementary data
are glven in Table 1. There 1s a laminar separa-
tion bubble starting at about 60 percent chord,
which increases in length from 8 to 27 percent of
chord, as the compressor speed is decreased from
750 to 150 rpm, giving a corresponding reduction
in Re, from 1.72 x 105 to 3.24 x 104. The result-
ing perturbations to the surface velocity distribu~
tion are confined mainly to the neighborhood of the
separation bubble, and there is little change in
the shape of the velocity distribution near the
leading edge of the blade as the speed 1s albered.

At Re_ = 1.72 x 10%, there is certainly
no flat in the surface velocity distribution in
the neighborhood of the separation bubble, Only
a slight change in dU/dx is discernible near the
transition point at the dcwnstream end df the
bubble, where there is a discontinuity in the
rate of growth of the boundary layer displacement
thickness. As the blade Reynolds number is re-
duced, the length of the separaticn bubble gradual-
1y increases, and the separated shear layer is
able to move further from the blade surface, as
indicated by the higher peak values of H =§%/§
obtained frcm the hot wire measurements. This is
accompanied by a graduval flattening of the veloc-
ity distribution in the neighborhood of the bubble,
but even at the lowest Reynolds number of 3,24
x 10" c¢btained at 150 rpm, a small positive pres-
sure gradient still appears to exist over the
separated flow regicn.

Judging from these measurements, it seems
that peak values of H = 5 cr 6 are required before
a true "flat" in the surface pressure distribution
will be observed in the neighborhood of a laminar
separation bubble., With less well-developed sepa-
ration, the streamwise pressure gradient over the
forward part of a separation bubble shculd certain-
ly be reduced, but would be unlikely to fall %o
zerc, A separated flow region which is only Jjust
commencing to develop (say Hmax = 4) would have
such a minor effect on the surface pressure dis-
tribution that its presence might not be detected
at all if the surface pressure tappings were
widely spaced.
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Iaminar separation point from hot
wire measurements (H = 3,70)

Onset of turbulent flow from stetho-
scope

Turbulent reattachment point from hot
wire measurements (H = 3.50)

Point of wholly turbulent flow from
stethoscope (¥ = indeterminate)

Bubble Regime
Taking 3; Zufy, it is seen from Fig. 5

that all the separation bubbles on the compressor
blades had lengths of 0{1052 This at first
suggests that they fall in the short bubble regime,
although it is usually supposed in the literature
that short bubbles have lengths of 0 107 Z
which is an order of magnitude greatér. But where~
as short bubbles on isolated aercfoils operating

at high Reynolds number usually occupy only 1 per-
cent of chord or so, the separation bubbles on the
compressor blade suction surfaces cccupy up to

30 percent of chord, which is more typical of the
long bubble regime, It is obviously very difficult,
if not impossible, to infer the bubble flcw regions
from the values of such relative length scales.

In an attempt tc resclve the guesticn of
bubble clagsification,
parameter, P, against separation Reyrnolds number,
Reg _, were plotted for the bubbles formed on the

trajectories of QGaster's

stator suction surface at negative ircidernce,
The results are shown in Fig. 7. Values of P
calculated using the points of turbulent reattach-
ment defined by Horton's criterion, Hp = 3.50.

At the highest compressor speéd cf 750
rpm, a2ll the points in the P~~Rey plance lie in
the short bubble regime to the right of Gaster's
empirical bursting line. As the compressor speed
falls, the bubble trajectories apprecach the burst-
ing line, and appear tc meet it when the speed is
a little above 250 rpm; they then turn and follow
the bursting line quite closely as the speed drops
from 250 %o 150 rpm. This behavior is very similar
to that observed by Gaster (3) in his Series II
tests, and suggests that the bubbles
750 and 500 rpm are "short" bubbles,
250 and 150 rpm should be classified
bubbles.

It 1s seen from Table 1 turbulent
reattachment occcurs within 2 percent of chord from
the transition pcint in the short bubbles cbtained
at 750 and 500 rpm, With a fall in cocmpresscr
speed to 250 rpm, The distance from transiticn
to reattachment suddenly increases by about 10
percent cf chord, but there is little further
change in this distance as the speed is reduced
to 150 rpm. The sudden change in reattachment

were

cecurring at
while those at
as "long"

that

behavior between 500 and 250 rpm seems %to confirm
that bubble bursting occurs somewhere within this
speed range.

Table 1 also shows that the transition
point in the separated shear layer remains almost
stationary as bursting of the separation bubble
ocecurs., This is in agreement with the observation
of Woodward (22), and reinforces the view that
bubble bursting is related to the turbulent reat-
tachment process, rather than to the stability of
the laminar shear layer,

Accepting that the bubbles formed at 250
and 150 rpm are, in fact, long bubbles, it is
noteworthy that their non-dimensional lengths,
1&8;, are two or three corders of magnitude smaller
than the values suggested by Owen and Klanfer (l@),
Another intesesting feature is that the appearance
of a long bubble on the rearward part of the statoer
suction surface does not cause the marked collapss
in the suction peask which is commonly observed
when a long bubble is formed close to the leading
edge of an isolated aerofoil (see Fig. 2). Al-
though the nen~-dimensional velocity distributions,
shown in Fig, 6, differ significantly over the
forward 60 percent of the stator suecticn surface,
these variations are very largely explained by
small changes in the axial velocity and blade
incidence., The velocities in Fig. 6 are made non-
dimensional with respect to the mid-blade rotor
velocity, Uy, and the flow coefficient, V,/Uyy .,
changes slowly with compressor speed. Thus,
this particular case, the perturbaticn of the

urface presgssure distribution caused by the long
bubble formation, is mostly a displacement effect
which is confined to the neighborhoed of the
bubble,

The formaticn of a lcng bubble con the
rearward part of an aerofcil must, of course,
affect the pressure distributicn near the leading
edge to some extent, as the change in bceundary
layer thickness accompanying i1ts appearance will
shift the trailing edge separation point, and sc
alter the circulation arcund the aercfoil, How-
ever, it appears that such circulation changes
need not be very large, unless the locatiocn of
the bubble does not permit the full pressure
rise during reattachment to be achieved befcre
the trailing edge is reached.

in

Turbulent Shear layer Behavior
At a compressor speed of 750 rpm, where
the laminar separation bubbles on the statcr

sucticn surface at negative incidence were nct very
well developed, the pcint of wholly turbulent

flow, x!, cccurred well downstream of the sepa-
rated flow regicn; in this case, the separated

11
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shear layer was able to reattach while only inter-
mittently turbulent. As the compressor speed was
reduced, the value of H at the point of wholly
turbulent flow gradually increased until it event-
ually exceeded 3.50, indicating that transition
had been completed before reattachment occurred.
At a speed of 250 rpm, transition occurred entirely
within the separated shear layer in at least two
cases (i = 8.0 deg and ~10.1 deg); here it seemed
that continucus turbulent mixing was required to
enable the separated shear layer to reattach.

The behavicr of the turbulent shear layer
in separation bubbies observed on the stator suc-
tion surface at i = -6 deg has been indicated in
Table 1, A very similar behavior was observed by
gGaster (3), who noted that the turbulent mixing
region occupied an inereasingly large proportion
of a laminar separation bubble on a flat plate
as the tunnel speed was reduced.

To examine the validiyy of Horton?s_turbu-
lent reattachment criterion, |(6/U) (du/dx) _ =
-0,0082, the measured variation of (8/U) (dU?dx)
on the stator suction surface at about -6 deg
incidence has been presented in Fig, 8. Curves
have been plotted for each of the four different
compressor speeds investigated. At the point
of reattachment behind the shost bubbles obtained
at speeds of 750 and 500 rpm, (f/U) (4U/dx) attains
values of only -0.001 to -0.002, which are sig-
nificantly smaller than the values suggested by
Horton. The values observed on the compressor
blades are not necessarily inconsistent with Hor-
ton's model, however, as the reatbaching shear
layer is only intermittently turbulent in these
particular cases, and would, therefore, be expected
to have a lower btime mean value of the dissipation
coefficient than a fully turbulent layer. Accord-
ing to Herton's theory, equation (%), this should
lead in turn to a smaller value of (§/U) (du/dx)
at the reattachment point.

In the long separation bubbles obbtained
at 250 and 150 rpm, the flow is essentially fully
turbulent at the point of reattachment fer i =-6
deg. Here, (8/U) (dU/dx) takes values in the
range -0,009 tc -0.010 which agrees reasonably
well with the value of -0,0082 suggested by Horton.
Very similar values of {(8/U) {dU/dx) were obtained
behind long bubbles on the stator suction surface
at other negative values of blade incidence., The
agreement with Horton's model is within the range
of experimental error, considering that du/dx,
which varies rapidly with x near reattachment,
was determined from values of U measured at 10
percent intervals of chord. However, it is note-
worthy that the values of (§/U) (dU/dx)~-0.0010
obtained behind long bubbles on the ccmpressor

1z

blades are in general agreement with the long
bubble data analysed by Horton,

Pressure Rise During Turbulent Reattachment
Provided that the shear layer is fully
turbulent cver the 1ength,,pz, of the pressure
recovery region at the rear of a separation bubble,
the assumption of a linear surface velocity dis-
tribubtion during reattachment (Fig. 3), together
with a value of (6/U) {du/dx) = -0.0082 at the
reattachment point, leads to a unique relationship
between the non~dimensional pressure rise over the
bubble, o, and the non-dimensional length,_jé/gs.
This relation, which forms the basis of Horton's
bubble bursting theory, is reproduced in Fig, 9,
together with the measured values of pressure riss
in separation bubbles on the stator plade suction
surface. In calculating values of gé for the
bubbles on the cumpressor blade, the pressure re-
covery was assumed to commence at The point of
apparent turbulent reattachment obtained from the
china clay tests, as this approximates the down-
stream 1imit of the dead air region in which the
surface pressure remains nearly constant. {Inspec-
tion of the blade surface velocity distributicns
showed that at negative incidence there was usually

a sudden increase in pressure gradient within 3 or
4 percent chord downstream of the china clay reat-
tachment point, )
recovery region was defined as the point where the
measured value of H fell tc 3.50,

It is seen froem Fig, 9 that, although the
measurements show a similar trend te the thecry,
the streamwise distance regulred to achieve a given
vressure rise on the compresscr blade is at least
double that predicted by Horton. This difference
is considered significant in spite of the possible
errors of at least 50 percent in determining Lo
The present observaticns do not completely invali-
date Horten's thecry, hewever, as bthe reattaching
shear layers on the ccmpressor blade are only in-
termittently turbulent, while the thecretical model
assumes the flow tec be fully turbulent. A reduc~
tion in the mean rate cf entrairment by the shear
layer would be expected toc increase the distance
to reatbtachment, and there is, in fact, a notable
tendency for the values of 2/0 tc be greater at
the higher compressor spseds, where the intermit-
feney of turbulence and the magnitude of (8/7)
(du/dx) at reatbachment are both much lewer,

It 1s interesting toc ncte that in the
short separation bubbles obtained on the stater
suction surface at cocmpressor speeds of 750 ard
500 rpm, the peint of reattachment indicated by
the china clay tests was, on average, almost iden-
tical with the peint at which turbulent flow was

The downstream end of the pressure
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first observed with the stethoscope, This agrees
fairly well with Horton's model of the flow in a
short separation bubble (Fig. 3), which assumes
that the length of the constant pressure region
is approximately equal to the length of the sepa-
rated laminar shear layer, and that pressure re-
covery commences abt the transition point. In
the long bubbles obtained at 250 and 150 rpm,
however, the transition point was consistently 4
to 5 percent of chord upstream of the china clay
reattachment point, and the length of the {(ap-
proximately) constant pressure region was at
least 50 percent greater than the length of the
separated laminar shear layer. The assumption
that pressure recovery commences at the
transition point in a long bubble would, there-
fore, lead to a serious underestimation of the
total bubble length.

MODIFICATIONS TO HORTON'S MODEL

Introduction

The foregoing discussion has indicated
that some of the empirical correlations used by
Horton (5) are not sufficiently general to give
an accurate description of the separation bubble
behavior on the compressor blades. In particular,
equation (9) overestimates the length of the
constant pressure region at low Reynolds numbers,
and equation (8) underestimates the length of the
pressure recovery region when the reattaching
shear layer is not fully turbulent. The assump-
tion of constant pressure over the separated
laminar flow region is also open to question.

Some modifications to these correlations
will now be proposed in order to improve the pre-
dictions of bubble length given by Horton'!s model,
The problem of allowing for a variation in pressure
over the separated laminar flow region will not
be discussed, as this would involve a detailed
consideration of external flow interactions which
would mean abandoning Horton's simple type of
model entirely,

Tength of the Constant Pressure Region
The 1ength,‘Ll, of the constant pressure

region in a laminar separation bubble is basically
dependent on the location of the transition point
in the separated laminar shear layer. The transi-
tion point, in turn, is determined by the amplifi-
cation of disturbances in both the attached laminar
boundary layer and the separated shear layer. If
the surface pressure distribution upstream of the
the length
in general,

laminar separation point is arbitrary,
cf the constant pressure region cannot,
depend entirely on the local conditions at sepa-

ration, as implied by equation (9). The only
physically realistic method of predicting the
length of separated laminar flow in a bubble is,
therefore, to employ a correlation giving the en-
tire length of unstable laminar flow (i.e., the
distance,/{i, from the point of neutral stability,
X5 in the attached boundary layer to the transi-
tion point xt where turbulence first appears in
the separated shear layer).

The writer (26) has found the correlation

(Re'3 - Ree‘)/Ree =1.70 - 0.32 Ho

t i m

(13)

to describe the transition behavior on several
different aerofoil sections under a wide range of

conditions. An alternative form of this correla-
tion is
(Ri/ﬁm)/Reem = (0.606 Hoo- 0.414)/(Hm - 2.29)

where the subscript, m, denobes a mean value over
the region of unstable laminar flow, Equation
(18) successfully describes the transition behavior
in flows with both short and long separation bub=-
bles on the compressor blades, and is also a
reasonable fit to the data from Gaster!s Series
IT measurements of separation bubbles generated
on a flat plate (3). The values of instability
length show an average deviation of scme 10 per-
cent from the mean curve given by equation (14).
Thig correlation should at least give a good guali~
tative description of the laminar separation
bubble behavior, and it should be more generally
applicable than equation (9) which it replaces.

Woodward (4) has also noted the failure
of correlations, such as equation (9), to give a
generally accurate description of the length of
laminar flow in a sebaration bubble., Wocdward's
work indicated that the length of the laminar
shear layer could be represented in a number of
cases by the relation

l/ds =

X

A Ree + B/Reg
S °S (15)

where A and B are both functions cof the imposed

Pressure distribution. It is noted that the

A Regg term in equation (15) is qualitatively

consistent with the transition correlation

given by equation {(14)}.

No allowance for the effects of free
stream turbulence or unsteadiness has been sug-
gested in the foregeing transition correlations.
The influence of free stream disturbances on transi-
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tion, where significant, depends on so many fac=-
tors that no generally valid correlation of their
effect is likely %to be obtained., Equations (13)
and (1%) correlate data from tests with turbulence
levels ranging from near zerc to over 6 percent,
and this indicates that free stream disbturbances
have only a minor direct influence on the btransi-
tion process on an aerofoil in a great many cases.
There will, of course, be some situations where
free stream disturbances have a marked influence
on transition, notably where the suction peak
location on a body is very sensitive to incidence
change. The use of equabions (13) and (1W) will
then significantly overestimate the length of
unstable laminar flow. A fuller discussion of the
effects of free stream disturbances on transition
can be found in References (27) and (28).

Tength of the Pressure Recovery Region

It appears that Horton's model of the
reattachment process should provide an adequate
estimate of the distance between the end of the
constant pressure region, and the reattachment
point when the separation bubble is sufficliently
well-developed for the shear layer to be fully
turbulent over most of the pressure recovery re-
gion, If the shear layer is only intermittently
turbulent at the reattachment point, however, the
distance to reattachment will be seriously under-
estimated., In the latter case, some modification
of Horton's method 1s required to take into account
the lower dissipation coefficient of the partly
turbulent flow, which leads to a smaller value of
(8/U) (du/dx) at reattachment. Tt is suggested
that even a crude model, such as the assumption of
a linear variation of eddy viscosity over the
length of the transition region, would lead tc
greatiy improved agreement with experiment.

The inadequacy of Horton's point ftransition
model in the case of separation bubbles on the
compressor blades is readily apparent from the
data in Table 1. This shows that the length of
intermittently turbulent flow on the compressor
blade was typically about 15 percent of chord.

The large extent of the transition region is
thought to have been caused by free stream un~-
steadiness associated with the passage of blade
wakes, as discussed in Reference (27).

CORRETLATIONS FOR THE CRITICAL REYNOLDS NUMBER OF
AN AXTAL COMPRESSOR CASCADE

The sudden increase in logses of an axial
compressor cascade, which occurs as the Reynolds
number 1s reduced below a certain critical value,
is associated with the bursting of laminar separa-
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tion bubbles on the blade surfaces. Roberts (13)
has proposed an empirical correlation of the
bursting Reynolds number, Reb, in terms of the
overall diffusion factor, D, by means of the rela-
tion

5

Re, = (1.83D + 0.8) x 10 (16)

which was obtained from tests on cascades of NACA
65 - series blades with an inlet turbulence level
of about 0.5 percent. Egquation (16) which is
broadly analogous to Gaster!s bursting criterion
based on local flow parameters, indicates that
Rey, should increase as the diffusion factor (and,
hence, 1ift coefficient) is increased.

Correlations such as equation (16), how-
ever, can only be expected to be valid for a
limited class of surface pressure disbtributions.
It is the velative variation of 8 and du/dx for
the reattaching turbulent shear layer which deter-
mines the behavior of Rep, and this, in turn, de-
pends on the nature of the surface pressure distri-
bution., The work of Howard et al, (6-8) on blad-
ing with different forms of surface pressure
distribubion showed that a wide range of Rep values
could be obtained with the same values of D and
inlet turbulence; Rep was generally increased by
moving the suction peak rearwards. These results
are clearly in conflict with the predictions of
equation (16), Another series of tests by Rhoden
{9) on British C4 circular arc cambered blades
showed a considerable operating range over which
Reb fell with increase in D; this trend is fthe re-
verse of that indicated by equation (16).

Woodward (4) has made similar comments
about the general validiby of Gaster!s bursting
criterion. Ie noted that the bursting boundary
indicated by tests on NACA 663- 018 and 0010 aero-
foil sections appeared to differ significantly from
that proposed by Gaster.

As regards the influence of free stream
disturbances on the critical Reynclds number for
a cascade, the experimental evidence indicates
that an increase in fturbulence level will generally
cause a fall in Rey, through prometing earlier
transition in the separated shear layer. It
should be noted, however, that only small move-
ments of the transition point are usually required
tc produce there performance changes, The infiu-
ence of free stream disturbances on transition
1s very complex, and depends on a number of fac=-
tors including the surface pressure distributicn,
WAith many btypes of surface pressure distributicn,
the influence of turbulence cn transition may be
quite small; with others it can be quite large
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[see Reference (g&) for a fuller discussion}.
Correlations of bursting behavior in terms of the
free stream turbulence properties alone are,
therefore, unlikely to be generally valid.
(13) tenbtabive correlation for the influence of
turbulence on the bursting Reynolds number of an
axial compressor cascade certainly does not de-
scribe the whole range of behavior observed in
the tests of References (6-15).

SUMMARY

Previous work on the growth and bursting
of laminar separation bubbles has been reviewed.
Some detailed observations of laminar separation
bubhle behavior on the blading of an axial com-
pressor have been presented, On the basis of
these measurements, some modifications to Horton's
semi-empirical theory for the growth and bursting
of laminar separation bubbles have been suggested,
Finally, it has been stressed that correlations
of the critical Revnolds number for axial compres-
sor cascades should be applied with exbtreme cau-
tion, since they are only likely to be valid for
a narrow range of conditions.
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